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This paper investigates the effects of hydrogen/reformate gas addition on flame temperature and NO
formation in strained methane/air diffusion flames by numerical simulation. The results reveal that flame
temperature changes due to the combined effects of adiabatic temperature, fuel Lewis number and
radiation heat loss, when hydrogen/reformate gas is added to the fuel of a methane/air diffusion flame.
The effect of Lewis number causes the flame temperature to increase much faster than the corresponding
adiabatic equilibrium temperature when hydrogen is added, and results in a qualitatively different
variation from the adiabatic equilibrium temperature as reformate gas is added. At some conditions, the
addition of hydrogen results in a super-adiabatic flame temperature. The addition of hydrogen/reformate
gas causes NO formation to change because of the variations in flame temperature, structure and NO
formation mechanism, and the effect becomes more significant with increasing strain rate. The addition
of a small amount of hydrogen or reformate gas has little effect on NO formation at low strain rates,
and results in an increase in NO formation at moderate or high strain rates. However, the addition of a
large amount of hydrogen increases NO formation at all strain rates, except near pure hydrogen condition.
Conversely, the addition of a large amount of reformate gas results in a reduction in NO formation.

Crown Copyright  2008 Published by Elsevier Inc. on behalf of The Combustion Institute.
All rights reserved.

1. Introduction

Hydrogen enrichment is a promising concept for reducing fuel
consumption and pollutant emissions. It has been shown that hy-
drogen enrichment can improve flame stability and thus reduce
NOx formation in premixed flames [1–5], as well as increase burn-
ing velocity [6–8]. For diffusion combustion, hydrogen enrichment
can suppress the formation of soot particles [9,10] and shorten ig-
nition delay [11,12].

Relatively, not enough attention has been paid to the effect of
hydrogen enrichment on NOx formation in diffusion flames. When
hydrogen is added to a hydrocarbon diffusion flame, it is expected
that the NO formation rate by the prompt route is reduced. On the
other hand, the addition of hydrogen may modify flame tempera-
ture, which in turn may change NO formation rate by the thermal
route. The net effect of hydrogen enrichment on NO formation in a
hydrocarbon diffusion flame depends on the relative variations of
the thermal and prompt routes. Naha and Aggarwal [13] investi-
gated the effect of hydrogen addition on NOx formation in strained
nonpremixed methane and n-heptane flames at a fixed strain rate
(100 s−1). They found that the addition of hydrogen had a mi-

* Corresponding author. Fax: +1 (613) 957 7869.

E-mail address: hongsheng.guo@nrc-cnrc.gc.ca (H. Guo).

nor effect on NO formation in methane flames and reduced the
formation of NO in n-heptane flames. The variation in strain rate
modifies the residence time of reactants in the reaction zone of a
flame, and thus affects NOx formation mechanism [14]. The effect
of hydrogen enrichment on NOx formation depends on strain rates.
Therefore, it is of great interest to further investigate the effect of
hydrogen addition on NOx formation in diffusion flames at various
strain rates.

Besides, hydrogen is an energy carrier, and has to be obtained
from other hydrocarbon fuels or water. One way to generate hy-
drogen is fuel reforming. The product of fuel reforming, known as
reformate gas (RG), contains not only hydrogen, but also carbon
monoxide and some other components. Instead of using hydrogen,
it is more practical and economical to directly use RG for fuel en-
richment. In addition, the study of RG enrichment combustion is
directly related to the application of syngas that is an important
alternative fuel. Therefore, it is also of practical importance to in-
vestigate the effect of RG addition.

This paper presents a detailed numerical study on the effect
of hydrogen and RG addition to fuel on NO formation in laminar
methane/air diffusion flames at different strain rates. Since NOx

formation is closely related to flame temperature, the effect of hy-
drogen and RG addition on temperature is also examined. Methane
was selected as the base fuel, because its reaction scheme is rela-

0010-2180/$ – see front matter Crown Copyright  2008 Published by Elsevier Inc. on behalf of The Combustion Institute. All rights reserved.
doi:10.1016/j.combustflame.2008.07.009
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Fig. 1. Flame configuration.

tively well known. The study is limited to NO formation, the main
component of NOx.

2. Numerical model

The flame configuration studied is a traditional axisymmetric
laminar counterflow diffusion flame, as shown in Fig. 1. By assum-
ing the stagnation point flow approximation [15], the governing
equations are written as

dρ

dt
+

dV

dx
= −2ρG, (1)

L(G) =
d

dx

(

µ
dG

dx

)

− ρG2
+ ρ

(

da

dt
+ a2

)

, (2)

Cp L(T ) =
d

dx

(

λ
dT

dx

)

−

K K
∑

k=1

ρYkVkCpk

dT

dx
−

K K
∑

k=1

hkωkMk + qr, (3)

L(Yk) = −
d

dx
(ρYkVk) + ωkMk, (4)

where L(φ) = dφ/dt + V (dφ/dx); t is the time; x is the axial coor-
dinate; V is the axial mass flow rate and a is the strain rate. Quan-
tity G is a combined function of the strain rate and the stream
function; ρ is the density of the mixture; T the temperature; Yk

the mass fraction of the kth species; µ the viscosity of the mix-
ture; Cpk the constant pressure heat capacity of the kth species;
Mk the molecular weight of the kth species; hk , Vk and ωk are,
respectively, the species enthalpy, the diffusion velocity and the
molar production rate of the kth species; and K K the total species
number; and qr is the term due to radiation heat loss.

The potential boundary condition was used. They are given as:

x = xair; T = Tair, Yk = Yk,air, G = a

√

ρfuel

ρair
, V = Vair,

x = xfuel; T = T fuel, Yk = Yk,fuel, G = a, da/dt = 0.0

where xair and xfuel represent the axial positions of air and fuel
nozzles, respectively.

The calculations were carried out with a code revised from that
of Kee et al. [16] for counterflow flame configuration. In the code,
upwind and central difference schemes are used for the convective
and diffusion terms, respectively, in all the governing equations.
Adaptive mesh refinement is done to obtain grid independent re-
sults. Radiation heat loss is accounted for by an optically thin
model [17], considering radiation from species CH4, CO, CO2 and
H2O. The reaction mechanism used is GRI-Mech 3.0 [18], which
has been shown to offer reasonable prediction of NO formation for
various flames [19,20]. The thermal and transport properties are
obtained by using the database of GRI-Mech 3.0 and the algorithms
given in [21,22]. Both ordinary and thermal diffusion are taken into
account. The multicomponent formulation [21] is employed for the
calculation of diffusion velocities. The distance between the two
nozzles was maintained as 4.0 cm in all the calculations, while the
mass flow rate of air (Vair) was varied so that the stagnation plane
is located near the middle of the two nozzles.

Fig. 2. Effect of hydrogen addition on flame temperature. Solid lines with filled
symbol: temperatures at different strain rates; Dashed line with open circle: equi-
librium adiabatic temperature of the stoichiometric mixture (R1) at corresponding
αH2 ; Dashed line with open square: temperatures of flames at strain rate of 100 s−1

and with Le of all species being artificially set to unity.

The pressure and the fresh mixture (both air and fuel stream)
temperature are 1 atm and 298 K, respectively. While hydrogen or
RG is gradually added to the fuel stream, air is maintained as the
oxidant. The RG is assumed to be the product of partial oxidation
of methane by air via the reaction 2CH4+O2+

79
21N2 = 2CO+4H2+

79
21N2 . Therefore, the RG contains not only H2 and CO but also N2.
The volume composition of the RG is (42CO + 84H2 + 79N2)/205.
The fraction of enrichment additive, αH2 or αRG, is defined as the
volume fraction of H2 or RG in the fuel stream, i.e. the ratio of H2

or RG volume flow rate to the sum of CH4 and H2 or RG volume
flow rates.

The complete combustion of the fuel mixture in air at stoichio-
metric condition goes via reactions

(1 − αH2)CH4 + αH2H2 +
4− 3αH2

2
O2 + 1.88(4 − 3αH2 )N2

= (1− αH2 )CO2 + (2− αH2 )H2O+ 1.88(4 − 3αH2 )N2 (R1)

and

(1 − αRG)CH4 + αRG

(

42

205
CO+

84

205
H2 +

79

205
N2

)

+

(

2− 2αRG +
63αRG

205

)

O2 + 3.76

(

2− 2αRG +
63αRG

205

)

N2

=

(

1− αRG +
42αRG

205

)

CO2 +

(

2− 2αRG +
84αRG

205

)

H2O

+

(

7.52 −
1225.72αRG

205

)

N2, (R2)

respectively, for H2 and RG addition. Note that N2 in (R2) comes
from two sources—RG and air.

3. Results and discussion

The fraction of hydrogen or RG in the fuel covers a range from
0.0 to 1.0 for completeness purpose.

3.1. Flame temperature variation

Fig. 2 shows the variation of the maximum flame tempera-
ture at strain rates (a) of 10, 100 and 300 s−1, when hydrogen
is added. The three values were selected to represent low, mod-
erate and high strain rates. The highest one (300 s−1) is close to
the strain extinction limit for steady state pure methane/air dif-
fusion flame at an atmospheric pressure and room temperature



Author's personal copy

H. Guo, W.S. Neill / Combustion and Flame 156 (2009) 477–483 479

condition. To explain the result, the adiabatic equilibrium flame
temperatures (Adia. T), obtained by equilibrium calculation at sto-
ichiometric condition (see (R1)) for each corresponding fuel com-
position, are also shown.

It is observed that the addition of hydrogen monotonically in-
creases flame temperature at all strain rates. The first reason for
this is the higher adiabatic equilibrium flame temperature of hy-
drogen relative to methane. However, it is noted that the rate of
flame temperature increase is much faster than that of the adia-
batic temperature at all strain rates, and the maximum tempera-
tures at some αH2 exceed the corresponding adiabatic equilibrium
temperatures at a strain rate of 10 or 100 s−1. This phenomenon is
referred to as super-adiabatic temperature. The faster temperature
increase and super-adiabatic temperature occur because of the sec-
ond reason, the variation in fuel Lewis number, defined as the ratio
of the thermal to mass diffusion rate. It is well known that for a
diffusion flame, temperature is increased/decreased with decreas-
ing/increasing Lewis number of either fuel or oxidant away from
unity [23]. Ultra-low Lewis number sometimes causes a super-
adiabatic temperature in a diffusion flame. The Lewis number of
fuel in pure methane diffusion flames is close to unity, and hence
has negligible effect on flame temperature. The Lewis number of
hydrogen is significantly lower than unity. As a result, the fuel
Lewis number is reduced to a value lower than unity, which tends
to increase flame temperature and causes super-adiabatic tempera-
ture at some conditions as hydrogen is added. To confirm the Lewis
number effect, we conducted extra calculations with the Lewis
number artificially set to unity for all species at a = 100 s−1 . These
results are also shown in Fig. 2. It is found that if there were not
the Lewis number effect, the increase rate of flame temperature
should have been similar to that of the adiabatic temperature, and
the super-adiabatic temperature would not have occurred. Flames
of other strain rates show similar results. Therefore, it is the effect
of fuel Lewis number that results in the super-adiabatic temper-
ature and the much faster increase of flame temperature than
that of the adiabatic equilibrium temperature, when hydrogen is
added.

It is also noted that at a = 10 s−1 and near αH2 = 1.0, the
temperature increase rate slows down, and the maximum temper-
ature becomes slightly lower than the adiabatic temperature again.
This is because of radiation heat loss, which becomes more sig-
nificant near αH2 = 1.0 due to the increased flame thickness. The
impact of radiation heat loss decreases with increasing strain rate
[24]. Therefore, the decreased temperature increase does not hap-
pen at a = 100 or 300 s−1, and the maximum temperatures at
a = 100 s−1 become higher than those at a = 10 s−1 when αH2

is close to unity. Although not shown, the results of the calcula-
tion that neglected radiation heat loss do show that at a = 10 s−1 ,
the decreased temperature increase near αH2 = 1.0 does not hap-
pen and the maximum flame temperatures are always higher than
those at a = 100 s−1 .

Being different from pure hydrogen, the adiabatic equilibrium
temperature of pure RG is lower than that of pure methane at sto-
ichiometric condition. Therefore, it was expected that the addition
of RG would reduce the flame temperature. This has been shown to
be true for near stoichiometric premixed flames [4]. However, the
simulations here do not show such a result for diffusion flames,
as shown in Fig. 3. At a = 10 s−1 , the addition of RG actually
results in a monotonic increase in temperature. At a = 300 s−1 ,
the maximum temperature first increases, and then decreases, as
αRG increases. The situation at a = 100 s−1 is basically similar to
that at a = 300 s−1 , except for a slight difference near αRG = 1.0,
where the maximum temperature slightly rises again. Although the
super-adiabatic temperature phenomenon does not happen for RG
enriched flames, the maximum flame temperature is closer to the
corresponding adiabatic value at αRG = 1.0 than at αRG = 0.

Fig. 3. Effect of RG addition on flame temperature. Solid lines with filled symbol:
temperatures at different strain rates; Dashed line with open circle: equilibrium adi-
abatic temperature of the stoichiometric mixture (R2) at corresponding αRG; Dashed
line with open square: temperatures of flames at strain rate of 100 s−1 and with Le
of all species being artificially set to unity.

These temperature variation phenomena with the addition of
RG are also caused by the combination of the effects of adiabatic
temperature and fuel Lewis number. Radiation heat loss effect is
not significant for RG enriched flames, since the flame is not thick
enough and temperature is not sufficiently high even at a = 10 s−1

and αRG = 1.0. Although the addition of RG tends to reduce flame
temperature owing to the variation in adiabatic flame temperature,
it also changes the fuel Lewis number. The fuel stream consists
of methane, hydrogen, carbon monoxide and nitrogen in RG en-
riched flames. The Lewis numbers of methane, carbon monoxide
and nitrogen are close to unity, but that of hydrogen is signifi-
cantly lower. Consequently, the fuel Lewis number is reduced to
a value lower than unity. The temperature variation of a flame
depends on the balance between the effects of adiabatic tempera-
ture and Lewis number. This is also confirmed by the calculations
with the Lewis number artificially set to unity for all species at
a = 100 s−1 . We see that flame temperature would have monoton-
ically decreased if Le = 1.0.

At a = 10 s−1 , the effect of Lewis number is stronger than
that of the reduction in adiabatic flame temperature, leading to
a monotonic temperature increase. The effect of Lewis number be-
comes weaker with increasing strain rate. At a = 100 or 300 s−1,
when αRG is not big enough, the effect of Lewis number is still
stronger than that of the adiabatic flame temperature, resulting
in a temperature increase. However, further increasing αRG re-
verses the relative effects of the Lewis number and adiabatic tem-
perature, which leads to a reduction in flame temperature. The
slight temperature increase at a = 100 s−1 and near αRG = 1.0 is
due to the Lewis number effect becoming stronger again when
a large amount of hydrogen exists in the fuel mixture. However,
this slight temperature increase phenomenon does not happen
at a = 300 s−1 , since the Lewis number effect is further weak-
ened.

The super-adiabatic temperature does not happen in RG en-
riched flames, because the hydrogen content is not big enough. As
noted from the composition of the RG, the volume fraction of H2

in the pure RG is about 0.41. Fig. 2 indicates that super-adiabatic
temperature appears when αH2 is greater than 0.7 at strain rate of
10 or 100 s−1.

Therefore, the effect of Lewis number significantly affects flame
temperature when hydrogen or RG is added to a methane/air dif-
fusion flame. In the application of fuel enrichment combustion
technology, this effect should be carefully taken into account.
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Fig. 4. Effect of hydrogen addition on NO formation. (a) Peak NO mole fraction;
(b) NO emission index.

3.2. NO formation in hydrogen enriched flames

Fig. 4 displays the variations of peak NO mole fraction and NO
emission index, defined as the ratio of NO formed to total heat
release (g-NO/J-heat). It is revealed that at a given strain rate,
although the maximum temperature monotonically increases, the
behaviors of NO emission index and peak NO mole fraction are
complex, as αH2 increases. Moreover, the variation trends differ at
different strain rates.

At a = 10 or 100 s−1, there is a critical αH2 between 0.0 and 1.0,
at which NO emission index reaches its maximum value. The value
of the critical αH2 is higher at a = 100 s−1 than at a = 10 s−1 .
However, such a critical αH2 does not exist or becomes 1.0 at a =

300 s−1 . The peak NO mole fraction always reaches its maximum
value at αH2 = 1.0, regardless of the variation in strain rate.

At a = 10 s−1 , both NO emission index and the peak NO mole
fraction are fairly constant as αH2 increases from 0.0 to 0.4, and
then quickly increase until the maximum NO emission index is
reached at the critical αH2 (about 0.95). Finally, further increasing
αH2 from the critical value to 1.0, the NO emission index decreases,
while the peak NO mole fraction increases.

The situation changes at a = 100 or 300 s−1. When a small
amount of hydrogen is added, both peak NO mole fraction and
NO emission index increase. The increase is more significant at
a = 300 s−1 than at a = 100 s−1 . Then the increase of αH2 causes
a slight decrease in both peak NO mole fraction and NO emission
index. Finally, further increasing αH2 , both parameters quickly rise
until the critical αH2 (0.98) is reached at a = 100 s−1 , or αH2 = 1.0
is reached at a = 300 s−1 . When αH2 is greater than the critical
value, the variations of the two parameters at a = 100 s−1 are

Fig. 5. NO formation pathway at a = 10 s−1 . (a) CH4/air flame; (b) H2/air flame.

qualitatively similar to those at a = 10 s−1 . At a = 300 s−1 , they
both reach their maximum at αH2 = 1.0.

The above phenomena can be explained by the variations in
the mechanisms of NO formation and flame structure. It is known
that NO generally can be formed by the thermal, the prompt,
the N2O and NNH intermediate routes in a hydrocarbon flame
[25,26]. Fig. 5 displays the pathways of NO formation in pure
methane/air and hydrogen/air diffusion flames with a = 10 s−1 .
The paths with rates less than 1.0 × 10−8 mol/(cm3 s) have been
neglected. The species not participating in any reaction in the hy-
drogen/air flame are still kept for comparison. It is observed that
most NO is formed by the paths HNO (+H, OH) → NO and N
(+OH) → NO in the methane/air flame, and by N (+OH) → NO
and N2 (+O) → NO in the hydrogen/air flame. Apparently, the
path HNO (+H, OH) → NO in the methane/air flame belongs to
the prompt route, since species HNO is from the paths resulting
from the reaction of molecular nitrogen with CH radical. Although
both flames share the path N (+OH) → NO, the atomic nitrogen in
this path of the two flames comes from different sources. In the
methane/air flame, it is from the paths resulting from the reac-
tion N2 + CH = HCN + N that is the typical prompt route nitrogen
conversion reaction [26]. On the other hand, in the hydrogen/air
diffusion flame, the atomic nitrogen is from the reverse reaction of
N + NO = N2 + O that is the thermal route. This observation sug-
gests that the method to identify the mechanism of NO formation
in a flame should not be based on how NO is finally formed, but on
how molecular nitrogen is initially converted to atomic nitrogen or
nitrogen-containing species. For the sake of simplification, we ex-
amine the mechanism of NO formation of other flames according
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Fig. 6. Nitrogen consumption rates of hydrogen enriched flames.

to the consumption rates of molecular nitrogen, rather than the
final formation of NO.

Fig. 6 displays the molecular nitrogen consumption rates by dif-
ferent routes in flames at the three typical strain rates. Similar to
NO emission index, the nitrogen consumption rate is defined as
the ratio of total consumed N2 to total heat release (g-N2/J-heat).
A positive value means nitrogen is converted to NO or nitrogen-
containing species, and a negative value indicates the opposite.
For completeness, the nitrogen consumption rates by the N2O and
NNH intermediate routes are also shown. However, their varia-
tions will not be discussed since the contributions are generally
very small. The identification method of the nitrogen consump-
tion by different routes may be found elsewhere [3,4]. It is ob-
served that at αH2 = 0.0, the prompt route dominates the con-
version of nitrogen at all strain rates. The consumption rate of
nitrogen by the thermal route is slightly negative at αH2 = 0.0 be-
cause a large amount of atomic nitrogen is formed by the reaction
N2 + CH = HCN + N, resulting in the forward rate of the reaction
NO+N = N2 +O exceeding the reverse rate. Alternatively, the ther-
mal route contributes most at αH2 = 1.0. The combination of the
variations in the nitrogen consumption rates by the thermal and
prompt routes explains most of the phenomena observed in Fig. 4.

At a = 10 s−1 , the consumption rates of nitrogen by the ther-
mal and prompt routes increase and decrease, respectively, leading
to a nearly constant net nitrogen consumption rate and NO emis-
sion index, as αH2 increases from 0.0 to 0.4. Further increasing αH2

from 0.4 to the critical value, the consumption rate of nitrogen
by the thermal route quickly increases, while that by the prompt
route gradually decreases, resulting in an increase in net nitrogen

Fig. 7. Variation of peak CH mole fraction.

consumption rate and NO emission index. The monotonic decrease
of nitrogen consumption rate by the prompt route is due to the
decrease in the concentration of CH radical, as shown in Fig. 7.
For the thermal route, when αH2 increases from 0.0 to the criti-
cal value, the increase of nitrogen consumption rate is caused by
the increase in temperature. When αH2 approaches unity, the fi-
nal decrease in nitrogen consumption rate and NO emission index
is caused by the decrease in the consumption of nitrogen by the
thermal route. This will be further explained later.

At a = 300 s−1 , as αH2 first increases from 0.0 to a certain
value, the consumption rate of nitrogen by the prompt route in-
creases, while that by the thermal route is almost constant, leading
to increases in net nitrogen consumption rate and NO emission in-
dex. At this stage, the almost constant nitrogen consumption rate
by the thermal route is due to the net effects of the temperature
increase that tends to raise the nitrogen consumption rate by the
thermal route, and the rise in the nitrogen consumption by the
prompt route that generates a large amount of atomic nitrogen and
thus intensifies the forward rate of the reaction NO + N = N2 + O.
The increase in the consumption rate of nitrogen by the prompt
route is caused by the fact that a small amount of hydrogen addi-
tion increases the concentration of CH radical, as shown in Fig. 7,
because the addition of hydrogen intensifies the fuel decomposi-
tion rate of a methane/air diffusion flame if the strain rate is not
very low. This effect does not happen at a lower strain rate, such
as at a = 10 s−1 , since the residence time of reactants in the reac-
tion zone of a lower strain rate flame is long enough to complete
the combustion process, and thus the addition of hydrogen only in-
creases temperature and reduces the concentration of CH radical.
With αH2 being increased beyond a certain value, the concentra-
tion of CH radical starts to decrease, resulting in a reduction in
the consumption rate of nitrogen by the prompt route and NO
emission index. Finally, further increasing αH2 to 1.0, the nitrogen
consumption rate by the thermal route and thus the net nitrogen
consumption and NO emission index increase again due to the sig-
nificantly increased temperature.

The result at a = 100 s−1 is qualitatively similar to that at
a = 300 s−1 , except that there is a critical αH2 (0.98). When αH2 is
greater than the critical value, the result at a = 100 s−1 is qualita-
tively similar to that at a = 10 s−1 , i.e. the increase of αH2 reduces
the nitrogen consumption rate and NO emission index, while in-
creasing the peak NO mole fraction, as shown in Fig. 4. This is
because the reaction zone is moved further away from the stag-
nation plane at a higher αH2 . The formation of NO in the primary
reaction zone keeps increasing because of the rise in temperature,
resulting in an increase in peak NO mole fraction. However, when
the formed NO is transported to the region close to stagnation
plane, part of the NO is converted back to molecular nitrogen by
the reaction NO+N = N2+O, leading to a decrease in NO emission
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Fig. 8. NO mole fraction distribution at strain rates of 10 and 300 s−1 .

Fig. 9. Effect of RG addition on NO formation. (a) Peak NO mole fraction; (b) NO
emission index.

Fig. 10. Nitrogen consumption rates of RG enriched flames.

index. This phenomenon does not happen at a = 300 s−1 , since the
reaction zone is closer to the stagnation plane at all αH2 . The loca-
tion of primary reaction zone at different αH2 and strain rates can
be observed from the distribution of NO mole fraction in Fig. 8.

3.3. NO formation in RG enriched flames

Fig. 9 shows the variations of peak NO mole fraction and NO
emission index when RG is added. At a = 10 s−1 , although temper-
ature monotonically increases (Fig. 3), both peak NO mole fraction
and NO emission index first are almost constant and then decrease,
when αRG is increased. At a = 100 or 300 s−1, both parameters
vary in a slightly different way from a = 10 s−1 . They first increase
and then decrease, but the critical αRG at which the maximum is
reached varies with strain rate.

Fig. 10 shows the variation of molecular nitrogen consumption
rates at the three typical strain rates. At a = 10 s−1 , the nitrogen
consumption rates by the thermal and prompt routes increase and
decrease, respectively, leading to a relatively constant net nitro-
gen consumption rate and NO emission index, as αRG increases
from 0.0 to a moderate value. The increase and decrease in the ni-
trogen consumption rates by the thermal and prompt routes are
because of the increase in temperature and reduction in the con-
centration of CH radical, respectively. Further increasing αRG, the
nitrogen consumption rate by the prompt route quickly decreases.
On the other hand, although the consumption rate of nitrogen by
the thermal route increases due to temperature rise, the increase
rate is much smaller than the decrease rate of the prompt route.
Consequently, the net nitrogen consumption rate decreases as αRG
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increases from a moderate value to unity, resulting in a reduction
in peak NO mole fraction and NO emission index.

At a = 300 s−1 , as αRG first increases from 0.0 to a certain
value, the nitrogen consumption rate by the prompt route in-
creases, while that by the thermal route is almost constant, leading
to an increase in net nitrogen consumption rate. This results in the
increase in peak NO mole fraction and NO emission index. Similar
to hydrogen addition, the almost constant nitrogen consumption
rate by the thermal route is due to the net effects of the temper-
ature increase and the rise in the nitrogen consumption rate by
the prompt route that intensifies the forward rate of the reaction
NO + N = N2 + O. The increase in the nitrogen consumption rate
by the prompt route is because the addition of a small amount of
RG intensifies the combustion due to hydrogen and CO, and thus
the concentration of CH radical is actually increased. The increase
in both CH concentration and temperature causes the increase in
nitrogen consumption rate by the prompt route. Further increasing
αRG beyond a certain value, the concentration of CH radical and
flame temperature start to decrease, resulting in the reduction in
nitrogen consumption rate by the prompt route and hence peak
NO mole fraction and NO emission index. The change in the ni-
trogen consumption rate by the thermal route is still negligible at
this later stage, although the temperature reduces with increasing
αRG. This is because the effect of atomic nitrogen produced by the
prompt route on the forward reaction NO+N = N2 +O decreases.

The result at a = 100 s−1 is qualitatively similar to that at a =

300 s−1 . The slight temperature increase near αRG = 1.0 at a =

100 s−1 is not enough to cause an increase in net NO formation
rate.

4. Conclusions

A detailed numerical study on the effect of hydrogen/RG enrich-
ment on flame temperature and NO formation in strained CH4/air
diffusion flames has been conducted. The results indicate that
when hydrogen or RG is added, the variations in both the adia-
batic flame temperature and the fuel Lewis number significantly
affect the flame temperature. Because of the Lewis number effect,
the flame temperature increases much faster than the adiabatic
equilibrium temperature, and a super-adiabatic flame temperature
occurs at some conditions, when αH2 is increased. As for the ad-
dition of RG, the Lewis number effect can result in a qualitatively
different flame temperature trend from that of the adiabatic tem-
perature. Therefore, the Lewis number effect has to be carefully
taken into account in the application of hydrogen or RG enrich-
ment technology.

The addition of a small amount of hydrogen or RG has negli-
gible effect on NO formation in a methane/air diffusion flame at
low strain rates. At moderate or high strain rates, the addition of a
small amount hydrogen or RG leads to a small increase in NO for-

mation. Considering the fact that the absolute NO formation rate
at moderate to high strain rates is usually low, we can say that the
addition of a small amount of hydrogen or RG has a minor effect
on NO formation. However, the addition of a large amount of hy-
drogen or RG results in an increase or decrease in NO formation,
except that a complex phenomenon occurs near pure hydrogen
condition.
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