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Abstract

Synthesis gas or ‘‘Syngas’’ is being recognized as a viable energy source worldwide, particularly for stationary power generation due to
its wide availability as a product of bio and fossil fuel gasification. There are, however, gaps in the fundamental understanding of syngas
combustion and emissions characteristics, especially at elevated pressures that are relevant to practical combustors. This paper presents a
numerical and experimental investigation of the combustion and NOx characteristics of syngas fuel with varying composition, pressure
and strain rate. Experiments were performed at atmospheric conditions, while the simulations considered different pressures. Both exper-
iments and simulations indicate that stable non-premixed and partially premixed counterflow flames (PPFs) can be established for a wide
range of syngas compositions and strain rates. Three chemical kinetic models, GRI 3.0, Davis et al., and Mueller et al. are examined. The
Davis et al. mechanism is found to agree best with the experimental data, and hence used to simulate the PPF structure at different pres-
sure and fuel composition. For the pressure range investigated, results indicate a typical double flame structure with a rich premixed
reaction zone (RPZ) on the fuel side and a non-premixed reaction zone (NPZ) on the oxidizer side, with RPZ characterized by H2 oxi-
dation, and NPZ by both H2 and CO oxidation. While thermal NO is found to be the dominant route for NO production, a reburn route,
which consumes NO through NO + O + M! NO2 + M and H + NO + M! HNO + M reactions, becomes increasingly important at
high pressures. The amount of NO formed in syngas PPFs first increases rapidly with pressure, but then levels off at higher pressures. At
a given pressure, the peak NO mole fraction exhibits a non-monotonic variation with syngas composition, first decreasing to a minimum
value, and then increasing as the amount of CO in syngas is increased. This implies the existence of an optimum syngas composition that
yields the lowest amount of NO production in syngas PPFs, and can be attributed to the combined effects of thermal and reburn
mechanisms.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In the wake of increasingly strict emission laws imposed
by the US Environmental Protection Agency and limited
fossil fuel availability, there is a worldwide interest in the
utilization of alternative and environmentally benign energy
sources. Hydrogen represents potentially an unlimited source
of energy since it can be produced through electrolysis of
water as well as partial oxidation and reforming of natural
0016-2361/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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hydrocarbons. However, due to its high flammability and
low volumetric energy density, many critical issues pertaining
to hydrogen safety and storage still need to be addressed.
Consequently, blending hydrogen with other hydrocarbon
fuels is an attractive option. In this context, synthesis gas
(mainly a mixture of CO/H2) or ‘‘syngas’’ is being recognized
as a viable energy source worldwide, especially for stationary
power generation. Syngas is formed through gasification pro-
cesses, and can be produced from virtually any fossil fuel,
including coal, biomass, organic waste, and refinery residual
[1,2]. It is particularly attractive for stationary power gener-
ation, since it allows for a wide flexibility in fossil fuel sources,
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and most of the harmful contaminants and pollutants can
be removed in the post-gasification process prior to combus-
tion. Moreover, improvements in gas turbine efficiency and
reliability have made syngas a viable fuel for electric power
generation using Integrated Gasification Combined Cycle
(IGCC) systems [3]. However, environmental feasibility of
syngas usage needs to be fully established, in particular,
NOx emissions from syngas combustion must comply with
the current and future emission regulations. Recent Depart-
ment of Energy (DOE) initiatives aim to reduce NOx emis-
sions from syngas combustion systems to less than 3 PPM,
well below the current US regulations [3]. Hence, fundamen-
tal research focusing on syngas combustion and emissions
forms a major motivation for the current study.

Several studies have been reported on the combustion
and emission characteristics of non-premixed syngas–air
mixtures. Drake and Blint [4] numerically investigated the
effect of stretch on thermal NO in laminar, counterflow
CO/H2/N2 diffusion flames, and observed that NO concen-
tration decreases dramatically as the flame stretch is
increased. Chung and Williams [5] analyzed the structure
and extinction of a CO/H2/N2 diffusion flame using an
asymptotic approach with the kinetic scheme systematically
reduced to the two-step mechanism CO + H2O ¢ CO2 +
H2, 2H2 + O2 ¢ 2H2O, the water–gas shift, and hydrogen
oxidation. It was shown that a three-step mechanism is
needed to obtain a reasonably accurate description of
the water–gas freezing. Fotache et al. [6] examined experi-
mentally and numerically the ignition characteristics of a
CO/H2/N2 mixture using heated air in a counterflow config-
uration. The experiments confirmed the numerical model-
ing observation of the existence of three ignition regimes
as a function of the hydrogen concentration. Rumminger
and Linteris [7] reported an experimental and numerical
investigation on the burning velocity of premixed CO/H2/
O2/N2 flames with the objective of assessing the fire inhibi-
tion characteristics of iron pentacarbonyl. Jurgen et al. [8]
modeled and measured a 16KW turbulent non-adiabatic
syngas diffusion flame in a cooled cylindrical combustion
chamber. Their calculated CO, CO2, O2, and NO concen-
trations compared well with measurements. Recently, Giles
et al. [9] studied the NOx emission characteristics of coun-
terflow syngas diffusion flames with air-stream dilutions at
p = 1 atm. The results indicated that addition of methane
in syngas decreases the peak flame temperature but
increases prompt NO significantly.

Combustion and emission characteristics of premixed
syngas–air mixtures have also been studied. Charlston-
Goch et al. [10] reported measurement and computation
of NO concentrations in premixed CO/H2/CH4/air flames
for a range of equivalence ratios, fuel compositions, and
strain rates at high pressures (p 6 11.9 atm). GRI 2.11
mechanism was observed to uniformly overpredict NO
concentrations, and failed to predict key experimental
trends. Natarajan et al. [11] also reported measurement
and computation of laminar flame speeds of H2/CO/CO2

mixtures over a range of fuel compositions, lean equiva-
lence ratios, and reactant preheat temperatures. Alavandi
and Agrawal [12] investigated experimentally the lean pre-
mixed combustion of CO/H2/CH4/air mixture, and
observed that at a given flame temperature, the presence
of CH4 in a CO–H2 mixture increases CO and NOx emis-
sions. The effects of syngas addition on the laminar flame
speeds and flammability limits of n-butane and iso-butane
flames have been reported by Sung et al. [13]. Huang
et al. [14] computed the laminar flame speeds of primary
reference fuels and syngas mixtures and observed that the
flame speed of hydrocarbon/air mixtures increases with a
small addition of syngas, and that of syngas/air mixtures
decrease dramatically with a small addition of hydrocar-
bon fuel. Saxena and Williams [15] developed a relatively
small mechanism for CO/H2 combustion. The mechanism
was tested against the available data and some rate param-
eters were modified to obtain a new reduced mechanism.
Recently, Sun et al. [16] measured laminar flame speeds
for CO/H2/air (p 6 2 atm) and CO/H2/helium (p 6 40 atm)
mixtures at different equivalence ratios by the constant
pressure spherical flame technique. A kinetic model was
also developed which accurately predicted the measured
flame speeds at different pressures, and also exhibited good
agreement against other validation targets.

Considerable efforts have been expended in studying the
combustion characteristics of the carbon monoxide–hydro-
gen system, motivated primarily by its essential role in the
hierarchical structure of oxidation models of hydrocarbon
fuels [17]. Allen et al. [18] studied the oxidation chemistry
of CO/H2O/N2 mixtures by performing flow reactor exper-
iments over the pressure range of 3–15 atm and temperature
range of 950—1123 K. The developed chemical kinetic
mechanism was validated against CO, CO2, N2O, NO,
O2, H2O, and temperature profiles. The ongoing quest to
improve H2–CO chemical-kinetic models has seen the evo-
lution of two detailed chemistry models by Davis et al.
[19] and Mueller et al. [20]. The H2 chemistry from the
Mueller et al. mechanism was modified by Li et al. [21].
The Davis et al. model incorporates the recent thermody-
namic, kinetic, and species transport updates relevant to
high-temperature H2–CO combustion. The model was val-
idated against reliable H2–CO combustion data (shock-tube
ignition delays, laminar flame speeds and extinction strain
rates). Mueller et al. [20] performed flow reactor experi-
ments over a wide range of pressure and temperature to
study H2/O2 and O2/H2O/O2 kinetics in the presence of
trace amounts of NO and NO2. Experimentally measured
species and temperature profiles were used to guide the
development of this mechanism. Model predictions were
in good agreement with the experimental data over the
entire range of conditions explored. Hence, the H2–CO oxi-
dation chemistry which forms an integral part of other
hydrocarbon reaction chemistry is relatively well under-
stood. Both the above mechanisms will be used for the cur-
rent investigation.

Our literature review indicates that emission and extinc-
tion characteristics of non-premixed syngas flames have
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been studied in some detail under atmospheric condi-
tions. Laminar flame speeds have been measured at differ-
ent pressures (p 6 11.9 atm). Ignition characteristic of
syngas mixtures have also been investigated. However,
combustion in many important applications like, gas tur-
bine combustors, occurs at high pressures and involves par-
tially premixed flames (PPFs). Partially premixed flame in
counterflow configuration is established using two oppos-
ing jets, one containing fuel-rich mixture and other con-
taining air. A PPF typically contains two or more
reaction zones that are synergistically coupled. For exam-
ple, in a methane–air PPF containing two reaction zones,
the fuel is consumed in the rich premixed zone producing
the ‘‘intermediate fuels’’, such as CO and H2, which are
then transported to and consumed in the non-premixed
zone. The latter zone in turn provides heat and radical spe-
cies to the rich premixed zone. As a result of these interac-
tions, PPFs can exploit the advantages of both non-
premixed and premixed flames with regards to safety and
flame stability, and also provide higher energy output with
lower emissions [22]. While PPFs have been extensively
investigated in recent years [23,24], none of the previous
studies have considered such flames burning syngas mix-
tures. Moreover, the effect of pressure on the structure
and emission characteristics of such flames has not been
characterized. Consequently, there are important gaps in
our basic understanding of this important class of flames
burning syngas–air mixtures.
2. Objectives

In this paper, we report a numerical and experimental
study of non-premixed and partially premixed syngas
flames at different pressures. The syngas fuel is assumed
to contain H2 and CO species. The experimental investiga-
tion is performed under atmospheric conditions to identify
parametric regime, in terms of syngas composition and
strain rate, for which syngas flames can be established in
a counterflow configuration. Note that this represents the
first experimental study of partially premixed syngas flames
in a counterflow configuration. In order to perform numer-
ical simulations of syngas flames at different pressures, a
detailed chemical kinetic model for syngas fuel oxidation
is validated using the available experimental data on lami-
nar flame speeds as well as our measurements of non-pre-
mixed and partially premixed flames. This model is
combined with a detailed NOx chemistry model, and then
employed to examine the structure and NOx emission char-
acteristics of syngas partially premixed flames (PPFs) at
high pressures. This is motivated from the consideration
that syngas combustion in practical systems generally
occurs at elevated pressures, and the syngas composition
can vary widely depending upon the fuel source, gasifica-
tion process and post gasification treatment. Therefore, it
is important to examine the effect of pressure and syngas
composition on the structure and NOx characteristics of
syngas flames. The present study of syngas PPFs is also
motivated by the consideration of examining the differ-
ences and similarities between the structures and NOx

emission characteristics of syngas and hydrocarbon (such
as methane) PPFs.

The counterflow partially premixed syngas flames are
simulated using the following fuel mixture volumetric com-
position: 98%CO–2%H2 (Flame E), 95%CO–5%H2 (Flame
B), 85%CO–15%H2 (Flame G), 75%CO–25%H2 (Flame C),
50%CO–50%H2 (Flame A), 25%CO–75%H2 (Flame D)
and 10%CO–90%H2 (Flame F). Two representative mix-
tures with 50%CO–50%H2 (Flame A) and 95%CO–5%H2

(Flame B) were selected for more extensive analysis.
50%CO–50%H2 (Flame A) was chosen based on fuel com-
position data from multiple power generation plants
worldwide. 95%CO–5%H2 (Flame B) was chosen as the
burning velocity for this mixture was identified to be most
sensitive to CO + OH reaction [25].
3. Experimental setup

A schematic of the experimental setup used to establish
syngas/air counterflow flames is presented in Fig. 1. A pre-
mixing chamber was used to generate a syngas mixture of
carbon monoxide and hydrogen fuel. For non-premixed
flames, the syngas fuel was introduced from the bottom
nozzle, and air from the top nozzle. For partially premixed
flames, a premixed mixture of syngas fuel and air at a spec-
ified rich equivalence ratio (/) was introduced from the fuel
nozzle, and air from the other nozzle. A nitrogen curtain
was established through an annular duct surrounding the
fuel jet in order to isolate the flames from ambient distur-
bances. This nitrogen and combustion products were vented
and cooled through another annular duct around the oxi-
dizer nozzle. The diameter of each nozzle was 27.4 mm,
and the separation distance (L) between them was
12.7 mm. Strong suction was used to drain the excess fuel.
The whole setup was enclosed in a sealed case to avoid
the escape of CO into the laboratory. The velocities of
the two streams define the global strain rate as as ¼
ð2jvoj=LÞ � f1þ jvf j

ffiffiffiffiffi
qf

p
=jvoj

ffiffiffiffiffi
qo

p g [26]. Here q represents
density, v gas velocity, and the subscripts o and f refer to
oxidizer and fuel nozzles, respectively. Table 1 presents
the fuel and oxidizer velocities at different strain rates for
various fuel mixture compositions used in the current inves-
tigation. It should be noted that for all results involving
experimental studies, velocity of fuel and oxidizer streams
were kept constant, i.e., vf = vo. However, for studies
involving simulations only, the fuel and oxidizer stream
momentum was balanced, i.e., qfv

2
f ¼ qov2

o. Temperature
profiles of various flames were measured using a Pt–Pt
13% Rh thermocouple with a spherical bead diameter of
0.25 mm and wire diameter of 0.13 mm. The measured val-
ues were corrected for radiation heat losses from the bead,
assuming a constant emissivity of 0.2 and a Nusselt number
of 2.0 [27].



Table 1
Strain rates and fuel and oxidizer velocities for different syngas mixtures used in the current study

Strain rate (s�1) PPF (/)/NPF Fuel composition [CO:H2] Numerical Experiments Vo (cm/s) Vf (cm/s)

35 NPF 50:50 X X 13.84 13.84
35 NPF 97:3 X 12.18 12.18
35 NPF 90:10 X 12.37 12.37
35 NPF 100:0 X 12.10 12.10
15 NPF 50:50 X 5.18 5.18
65 NPF 50:50 X 22.47 22.47

115 NPF 50:50 X 39.75 39.75
143 NPF 50:50 X 49.43 49.43
35 PPF (/ = 6) 50:50 (Flame A) X X 13.32 13.32
35 PPF (/ = 16) 50:50 (Flame A) X X 14.27 14.27
50 PPF (/ = 6) 50:50 (Flame A) X X 19.03 19.03
50 PPF (/ = 14) 50:50 (Flame A) X X 20.23 20.23

100 PPF (/ = 6) 98:2 (Flame E) X 31.75 33.27
100 PPF (/ = 6) 95:5 (Flame B) X 31.75 31.94
100 PPF (/ = 6) 85:15 (Flame G) X 31.75 33.04
100 PPF (/ = 6) 75:25 (Flame C) X 31.75 34.27
100 PPF (/ = 6) 50:50 (Flame A) X 31.75 38.07
100 PPF (/ = 6) 25:75 (Flame D) X 31.75 43.49
100 PPF (/ = 6) 10:90 (Flame F) X 31.75 48.12

Fig. 1. Schematic diagram of the experimental setup.
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4. Physical and numerical model

The counterflow flame configuration employed in the
present investigation has been discussed in our previous
studies [9,22,23,28]. Simulations of syngas/air premixed
flames at different equivalence ratios and pressures are per-
formed using the PREMIX [29] code in the CHEMKIN
[30] package. Simulations of counterflow syngas/air PPFs
at a given equivalence ratio (/ = 6.0), strain rate
(as = 100 s�1), and varying pressures (p) are performed
using the OPPDIF [31] code in the CHEMKIN [30] pack-
age. The effect of radiation is included by using an optically
thin radiation model. The inclusion of radiation reduced
the predicted flame temperature by 30 K for a low strain
rate flame (35 s�1), and by 5 K for a relatively high strain
rate flame (100 s�1). Moreover, the effect of radiation
decreased with increase in pressure. The fuel and air stream
temperatures were fixed at 300 K. The equivalence ratio
was fixed to 6 to ensure that the PPFs simulated are beyond
the rich flammability limit of freely propagating syngas
flames. The grid independence of the results was achieved
by controlling the values of the GRAD, CURV parameters
and using adaptive re-gridding in order to resolve the struc-
tures of both the premixed and non-premixed reaction
zones. This required the number of grid points to be 250
for the base case at 1atm. At high pressures the number
of grid points required to ensure grid independence
increased to 900.

Three chemical kinetic models considered in the present
study were the Davis et al. [19], Mueller et al. [20] and GRI
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3.0 [32] mechanisms. The Davis et al. mechanism contains
14 species and 38 reactions, while the Mueller et al. mech-
anism contains 13 species and 25 reactions, and the GRI
3.0 mechanism including the NOx chemistry model con-
tains 53 species and 325 reactions. As discussed in a later
section, the Davis et al. mechanism performed the best in
terms of reproducing the experimental data. Consequently,
this mechanism was employed for the detailed simulations
of syngas flames under different conditions. In order to
examine the NOx emission characteristics, the NOx chem-
istry from GRI 3.0 was incorporated into the Davis et al.
mechanism, as this NOx chemistry model has been previ-
ously validated against measurements at different pressures
[24,28]. The modified Davis et al. mechanism (with NOx

chemistry) contains 38 species and 144 reactions. A few
hundred elementary gas phase reactions are involved in
the formation of NOx, which can be formed or destroyed
by at least five separate reaction processes [33]. They are
classified as: thermal, prompt, N2O, NNH, and reburn
routes. In order to identify the relative importance of each
route for NO formation, we have suppressed the reactions
responsible for NO formation by the other routes [34].
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5. Results and discussion

5.1. Validation

Fig. 2 plots the measured and predicted temperature
profiles for counterflow non-premixed syngas/air flames
established at p = 1 atm and as = 35s�1 for 50%H2–
50%CO mixture. The numerical results include the effect
of radiation; experimental results are also radiation cor-
rected. The peak values predicted by GRI 3.0 and Davis
et al. mechanisms are in close agreement with the data;
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Fig. 2. Measured and predicted temperatures versus distance from the fuel
nozzle for a counterflow non-premixed syngas/air flame established at
as = 35 s�1.
however, the peaks are shifted by �0.18 cm. This is due
to the strong suction employed to drain out the excess fuel
[27]. Mueller et al. mechanism underpredicts the tempera-
ture peak and its location is also different from those pre-
dicted by the other two mechanisms. Therefore, both
GRI 3.0 and Davis et al. mechanisms predict the tempera-
ture profile fairly accurately under atmospheric conditions.

Measurements of high-pressure syngas–air PPFs are yet
to be reported, hence, it is difficult to select a reliable mech-
anism for the present investigation. However, laminar flame
speed data for premixed syngas–air mixtures at p = 1 atm
for different syngas composition has been reported by
McLean et al. [25]. This data are used for further validation
of the three reaction mechanisms mentioned earlier.

Fig. 3a presents the variation of measured and predicted
laminar burning velocities for two freely propagating syn-
gas–air flames, namely Flame A and Flame B. The compu-
tational model included thermal diffusion and multi-
component transport. The effect of thermal radiation was
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fixed / = 2.0 (b).
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also considered using an optically thin radiation model.
For Flame A, the Davis et al. mechanism predicts the flame
speeds most accurately except for the peak values, which it
overpredicts slightly. The GRI 3.0 mechanism also does a
fair job except near the peak where it tends to overpredict
significantly. The Mueller et al. mechanism underpredicts
the flame speed for / < 4.0, but then overpredicts for
higher / values. Since the Davis et al. mechanism showed
the best agreement with measurements for Flame A, it
was used to compute laminar burning velocities for flame
B. As indicated in Fig. 3a, the agreement with experimental
values is again excellent. The rich and lean flammability
limits predicted by all the three mechanisms are / � 0.7
and / � 5.5, respectively, for both the flames considered.
The laminar burning velocity peaks at / = 2.0 for flame
A, and at / = 2.5 for flame B. Fig. 3b presents the laminar
burning velocity versus the volume percent of CO in syngas
fuel for a fixed / = 2. The agreement between simulations
using Davis et al. mechanism and experimental data are
again excellent. The laminar burning velocity decreases
with CO addition which is expected.

Since Davis et al. mechanism does the best job in pre-
dicting the laminar flame speeds for a wide range of condi-
tions, and also shows fairly good agreement with the
measured temperature profile for a non-premixed syngas
flame; it is used further in this work to study the flame
structure and NOx emission characteristics at elevated
pressures. Having identified a reliable chemical kinetic
model for syngas oxidation, we now present experimentally
obtained flame images as well as simulation results in order
to identify the range of parameters, i.e., syngas composi-
tion and strain rate, for which syngas flames can be estab-
lished in a counterflow configuration.
Fig. 4. Images of syngas/air non-premixed flames established at p = 1 atm, as =
0%H2–100%CO (d).
5.2. Stability analysis of syngas non-premixed mixtures

The stability analysis here refers to identifying paramet-
ric range, in terms of syngas composition and strain rate,
for which stable, nearly one-dimensional syngas flames
can be established under atmospheric conditions. The
experimental images shown in Fig. 4 were taken using dig-
ital camera with constant exposure time. For all mixture
compositions, an intense blue flame was observed. Blue
light emissions from hydrocarbon flames are usually attrib-
uted to the presence of CH and C2 excited bands [35]. In
syngas flames (with no hydrocarbon addition) these species
are expected to be absent in the flame (predicted numeri-
cally also). The intense blue color of carbon monoxide
flames is due to CO�2 continuum formed as CO reacts with
O to form excited CO�2 [35]. The strong CO2 continuum
extending over the spectral range from 350 to 450 nm
was observed both in premixed and diffusion CO flames.
The intensity of continuum is proportional to concentra-
tion of CO and atomic oxygen, but also a function of pres-
sure and the nature of any diluent gas. The latter is usually
attributed to the quenching of excited CO2 molecules by
the third body. In turn, the quenching rate strongly
depends on the nature of this third body [35]. Several
authors independently confirmed that hydrogen and mois-
ture addition greatly affects the strength of the blue CO-
emission [35]. The present experimental studies confirmed
this trend as can be clearly observed from the increase of
the blue light emissions with reduction of hydrogen content
(Fig. 4). There is no soot formation for these flames which
is in agreement with previous results.

Stable flames were observed for the range of H2 concen-
trations (50% to 0%). With decreasing H2 concentration
35 s�1 for 50%H2–50%CO (a), 10%H2–90%CO (b), 3%H2–97%CO (c) and
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radical species like OH (OH + CO! CO2 + H which is
the main exothermic reaction) diminish, making the flame
weaker. Hence, it is expected that there would be a critical
H2 concentration for burning with air below which there
would be no flame. Thus, the existence of a flame with
no H2 presence was surprising. To understand this more
clearly, simulations were run for different H2 concentra-
tions at the given strain rate and pressure. It was observed
that 0.5% H2 was needed to establish a flame. The chemical
purity CO (BOC, Inc.) was used in the experiments. The
overall CO content exceeded 99.5% with additional possi-
ble impurities such as N2 (up to 0.3%), CO2 (up to
0.15%), H2O (up to 200 ppm), and O2 (up to 50 ppm).
Hence, it may be concluded that the 0%H2–100%CO flame
is established due to the impurities in the CO cylinder. The
0% H2flame was also observed to be brighter than the other
flames which is attribute to the strong quenching of excited
CO�2 by H2 and H2O molecules as discussed above.

Fig. 5 presents images of the flame (Flame A) estab-
lished at different strain rates. For the range of strain rates
(as = 15–143 s�1) investigated, stable intense blue flames
were observed. With the increase in as, the velocities of
both the fuel and oxidizer streams increase. Consequently,
the flame moves towards the oxidizer nozzle. For the range
of strain rates investigated, the peak flame temperature
decreases with increasing as due to the reduced residence
time. At low strain rates it was difficult to establish a flat
flame due to the buoyancy and pronounced suction effect.
Higher values of strain rates (as P 143 s�1) were beyond
the limit of the used mass flow controllers. At higher strain
rates another flame in the background was observed as
some fuel escaped. Slight orange glow is observed upstream
of the flame location at high strain rates. The nature of this
Fig. 5. Images of syngas/air non-premixed Flame A established at p
glow requires further experimental studies. The light emis-
sions in the corresponding spectral range are typically not
observed in CO flames. The several existing observations
of the glow in this region were attributed to small Fe(CO)5

impurities [35]. Iron pentacarbonil is readily formed in steel
cylinders and supply lines containing carbon monoxide.
However, the aluminum cylinder and plastic supply lines
were used in the current experiments.

5.3. Effect of pressure, strain rate and equivalence ratio

on syngas/air PPF structure

For preliminary analysis of partially premixed flames,
digital images (cf. Fig. 6) of several PPFs were taken for
different values of strain rates and partial premixing. At
as = 35 s�1, / = 6 (cf. Fig. 6a) a typical double flame struc-
ture is observed with a weak rich premixed reaction zone
(RPZ) established very close to the fuel nozzle and a
non-premixed zone (NPZ) established near the stagnation
plane and characterized by the blue flame due to CO oxida-
tion in the NPZ. As / increases the RPZ moves away from
the fuel nozzle. At as = 35 s�1 and / = 16 (cf. Fig. 7) the
RPZ and NPZ are very close to each other. For as = 50 s�1

similar trends are observed. With increase in as, the loca-
tion of the RPZ is expected to move away from the fuel
nozzle; however, the change in strain rate is too small to
be distinguished. In Fig. 6c a yellowish orange flame is
observed near the nozzle edge. A system of stainless steel
screens is mounted �3 mm deep in the nozzle duct to pro-
vide the uniform distribution of the gas flow. With reduc-
tion of the equivalence ratio, partially premixed flame
travels upstream until it is stabilized on the top metal
screen. The characteristic orange glow is observed in this
= 1 atm for strain rates: 15 (a), 65 (b), 115 (c) and 143 s�1 (d).



Fig. 6. Images of syngas/air PPFs established at as = 35 s�1, / = 6 (a) as = 35 s�1, / = 16 (b) as = 50 s�1, / = 6 (c) and as = 50 s�1, / = 14 (d) for Flame A.
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case due to the flame interaction with the screen material.
This glow is generated by heated screen wires and strong
radiating iron atoms transferred to the gas phase.

The above flames were also simulated numerically using
the modified Davis et al. mechanism. Fig. 7 presents the
temperature and heat release rate profiles for these flames.
At / = 6.0, the flame structure is characterized by two spa-
tially separated reaction zones namely, RPZ and NPZ,
located by the two temperature and heat release rate peaks.
The RPZ is very close to the fuel nozzle which is in agree-
ment with the digital images presented in Fig. 6. The lower
strain rate flame (35 s�1) predicts slightly higher tempera-
tures owing to higher residence time. At higher / values
(/ = 16.0), the temperature peaks appear to indicate a
nearly merged flame structure. However, heat release rate
profiles indicate two distinct peaks close to each other
which is again consistent with the digital images in
Fig. 6. The strain rates employed in experiments were rela-
tively low. Since combustion in many practical systems
involve small residence times and high pressures, it is of
interest to study the syngas flame structure and NOx char-
acteristics at high strain rates and elevated pressures.

Fig. 8 presents temperature profiles computed using the
modified Davis et al. mechanism for Flames A and B estab-
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lished at as = 100 s�1, / = 6.0, and different pressures.
Based on the temperature profiles, the flame structures
for Flames A and B are similar, except that the peak tem-
peratures are higher for Flame A, since it has larger
amount of H2 than Flame B. In addition, Flame A is
broader than Flame B, which can be attributed to the dif-
ference in unstretched laminar flame speeds for the two
flames. The unstretched laminar flame speed for Flame A
is higher compared to that for Flame B (cf. Fig. 9), and,
therefore, the RPZ is stabilized more upstream, which
increases the distance between the two reaction zones for
Flame A.

As discussed earlier, the PPF structure is characterized
by the presence of two reaction zones, namely a RPZ on
the fuel side and a NPZ on the air side. As expected, the
thickness of both the reaction zones decreases with increas-
ing pressure [23,28]. In addition, as pressure increases, the
separation distance between the two reaction zones
decreases, which can be attributed to the effect of pressure
on the laminar burning velocity associated with RPZ. The
flame speed associated with RPZ decreases with increasing
p, and, consequently, this zone moves downstream to a
location where the axial flow velocity matches the stretched
laminar flame speed. The peak temperatures in RPZ are
essentially invariant to pressure changes. This is expected
as for the corresponding freely propagating flame simu-
lated at / = 5.5 (not shown) the peak flame temperature
with increasing pressure does not change appreciably.
The NPZ moves upstream with increasing pressure which
is due to the effect of pressure on mass diffusivity of species.
At higher pressures the mass diffusivity is lower which
causes the oxidizer to move towards the stagnation plane
in search of fuel, and hence the NPZ moves upstream.
The peak flame temperature at the NPZ increases apprecia-
bly with increase in pressure upto p = 10 atm. Above
p = 10 atm, the increase in temperature with pressure is
not as significant and the peak temperature values tend
to level off with pressure. In addition, the temperature
increases monotonically from RPZ to NPZ for syngas/air
PPFs. However, for methane/air PPFs it was seen that
there are regions of endothermicity in between the reaction
zones [23,28] at high pressures (p P 11 atm). At p =
20 atm, the temperature profiles exhibit a nearly merged
flame structure. However, the heat release rate profile
(not shown) still indicated two distinct peaks.

In order to further analyze the effect of pressure on the
location of the RPZ, we simulated the corresponding freely
propagating premixed syngas flames at different pressures.
Fig. 9 plots the unstretched laminar flame speed against
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pressure for Flames A and B, at / = 5.5. This equivalence
ratio is near the rich flammability limit for both Flames A
and B (cf. Fig. 3a), and, therefore, the premixed flame
structure may be expected to mimic the RPZ structure of
the PPF at / = 6.0. For pressure up to 10 atm, the
unstretched laminar flame speed ðS0

uÞ decreases rapidly
with increasing pressure, and thereafter exhibits a weak
dependence on pressure. This trend is seen for both Flames
A and B. S0

u as a function of p can be expressed as
S0

u ¼ pðn=2Þ�1 [36], where (n) is the overall reaction order

and computed from: n ¼ 2þ 2 o lnðS0
uÞ

o lnðpÞ

� �
. The stretched and

unstretched laminar burning velocities are related as:
Su ¼ S0

u � LK [37] where Su denotes the stretched laminar
burning velocity, L the Markstein length, and K the flame
stretch. In the limit of small stretch, this equation is simpli-
fied to Su ¼ S0

uð1�Ma1Ka1Þ [38] where Ka1 denoted the
Karlovitz number representing the flame stretch and Ma1
the Markstein number representing both the sensitivity of
laminar flame speed to stretch and preferential diffusion
instability. Hence, trends in unstretched laminar flame
speed directly affect the stretched flame speed and subse-
quently affect the location of RPZ. The inset plots the over-
all reaction order against pressure for Flame A. The overall
reaction order initially decreases with increase in pressure
up to p = 10 atm. This is due to the relative dominance
of chain termination reaction compared to branching reac-
tions (discussed later (cf. Fig. 10)) in this pressure range.
This decrease in overall reaction order also leads to the
rapid decrease in laminar flame speeds. Further increase
in pressure causes the overall reaction order to increase
due to the relative dominance of chain branching reactions
compared to terminating reactions.

Sensitivity analysis was performed to identify the domi-
nant reactions for Flames A and B at / = 5.5. Fig. 10 plots
the sensitivity coefficients defined with respect to mass
burning rate, indicating the sensitivity of the mass burning
rate to various reactions. Hence, a reaction not appearing
in this plot may not be important for mass burning rate cal-
culations. Sensitivity coefficient (Si) for ith elementary reac-
tion is defined as Si ¼ oflnðmbÞg

oflnðkiÞg , where ki is the reaction rate
of ith elementary reaction and mb is the mass burning rate.
The common points observed for Flames A and B are as
follows:

(1) In general, it is observed that mass burning rate is
more sensitive to H2 oxidation rather than CO oxida-
tion chemistry.

(2) The sensitivity of chain branching reactions
H + O2! O + OH and HO2 + H! 2OH initially
increases with increase in pressure up to p = 5 atm
and decreases thereafter.

As expected, CO + OH! CO2 + H is found to be the
major CO oxidation reaction for Flame A. However, the
mass burning rate is found to be sensitive to this reaction
for Flame A only. This is due to the absence of OH radicals
for Flame B owing to low concentrations of H2(5%) in fuel
mixture. Also, sensitivity of this reaction increases with
increase in pressure for Flame A. The magnitude of sensitiv-
ity coefficient (for Flame A) of the chain terminating reac-
tion H + O2(+M)! HO2(+M) initially increases with
pressure and then decreases. At p = 20 atm, the mass burn-
ing rate is not sensitive to this reaction, and hence, the
branching reactions relatively dominate causing the increase
in overall reaction order. A validation of our sensitivity data
are provided by the fact that sensitivity coefficients obtained
using the Davis et al. mechanism for / = 2.0 and / = 5.5,
95%CO–5%H2 mixture at p = 1 atm were in good agree-
ment with the sensitivity data reported by McLean et al.
[25]. Having examined the behavior of the RPZ, we now
analyze the PPF structure in greater detail.

Fig. 11 presents the mole fraction profiles of the fuel
constituents, i.e., H2 and CO, at different pressures for
Flame A. Typically in hydrocarbon (such as methane)
PPFs, CO and H2 are produced in the RPZ, and then
transported to and consumed in the NPZ [22,23,28]. The
H2 mole fraction profiles in Fig. 11a indicate that H2 is par-
tially consumed in the RPZ with the remaining being con-
sumed in the NPZ mainly through reaction: OH +
H2! H + H2O. The first trough locates the RPZ, while
the second trough locates the NPZ. Consequently, the dis-
tance between the two H2 consumption troughs corre-
sponds to the distance between the reaction zones, which
decreases with pressure as discussed earlier. It is also
important to note that the RPZ is characterized by the
H2 oxidation chemistry rather than CO oxidation chemis-
try, while the NPZ is characterized by both the H2 and
CO oxidation chemistries. The dominant reactions in the
RPZ in order of importance are:

• OH + H2! H + H2O
• H + O2 + M! HO2 + M
• HO2 + H! 2OH
• H + O2! O + OH
• O + H2! H + OH
• CO + OH! CO2 + H

The NPZ is characterized by the following dominant
reactions in order of importance:

• OH + H2! H + H2O
• H + O2! O + OH
• O + H2! H + OH
• CO + OH! CO2 + H
• H + OH + M! H2O + M

In contrast to hydrocarbon PPFs where CO and H2 are
produced in the RPZ, for syngas/air PPFs, CO being a
major fuel constituent is not produced in the RPZ, and is
mostly consumed in the NPZ; the main CO consumption
reaction being: CO + OH! CO2 + H in both RPZ and
NPZ. The CO peak and trough in Fig. 11b locate the
RPZ and NPZ, respectively. Moreover, it seems that CO
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is being produced at the RPZ, which is not true as the local
CO peak is due to the fact that H2 diffuses faster than CO,
which causes an increase in CO concentration locally at the
RPZ. With increase in pressure the CO peak values shift
towards the stagnation plane, which is in accordance with
the downstream movement of the RPZ (cf. Fig. 8a) with
pressure. Due to the nearly merged structure at high pres-
sures the CO peak (at RPZ) seems to coincide with the CO
consumption trough (at NPZ). CO consumption rate
increases with increasing pressure which is the cause for
higher peak temperatures at the NPZ (cf. Fig. 8a) and
higher consumption gradients in Fig. 11b. It is also inter-
esting to note that in contrast to our previous study dealing
with high-pressure methane PPFs [23,28], there is no region
of endothermicity and CO production between the two
reaction zones for syngas PPFs.
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5.4. NOx emission characteristics of syngas PPFs

Fig. 12 presents the computed NO mole fraction profiles
for Flames A and B, as discussed in the context of Figs. 8
and 11, at different pressures. Important observations are
as follows:

(1) There is a single NO peak located in the NPZ at all
pressures. The peak shifts towards the fuel nozzle
and becomes closer to the stagnation plane, since
the NPZ shifts towards the fuel nozzle with increase
in pressure.

(2) For the conditions investigated, the contribution of
NO2 to total NOx is found to be negligible.

(3) For the pressure range depicted in Fig. 12, most of
NO production occurs through the thermal route,
with the dominant reactions being R39: N2 + O!
NO + N, R40: N + O2! NO + O and R41: N +
OH! NO + H.
(4) The peak NO mole fraction increases as the pressure
is increased, since the flame temperature increases
with pressure, implying that the NO production pre-
dominantly occurs through the thermal route. It is
important to note, however, that the peak NO con-
centrations are higher for Flame B compared to those
for Flame A. This is somewhat surprising, since both
the flame temperature (cf. Fig. 8) and the rate of reac-
tion R41 are higher (due to significantly higher OH
concentration) for Flame A compared to those for
Flame B. This can explained; however, by examining
the NO reburn characteristics for these flames, as dis-
cussed later in this paper.

The global NO emission characteristics of syngas/air
PPFs can be studied by plotting the NO emission index
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as a function of pressure. The NO emission index is defined
as

EINO ¼
R L

0
MNO _xNO dx

�
R L

0
ðMH2

_xH2
þMCO _xCOÞdx

:

Here M represents the molecular weight, _x the net produc-
tion/consumption rate, L the distance between the nozzles,
and x the axial coordinate. The emission index is a global
parameter that has been commonly used to characterize
NO emission from different flames. Fig. 13 presents the
emission indices for total NO, as well as for NO produced
through thermal, prompt, N2O-intermediate, and NNH-
intermediate mechanisms, plotted versus pressure for
Flames A and B. The important observations are: (i) all
the emission indices increase as pressure increases, (ii) most
of NO is produced through the thermal route, (iii) prompt
route is negligible as expected, due to the absence of CHi

species, (iv) reburn mechanism consumes NO, as indicated
by the negative emission index for this mechanism, and (v)
EINO first increases rapidly as pressure is increased, and
then becomes nearly independent of pressure at higher
pressures. It is also interesting to note that the peak NO
concentration for Flame A is lower compared to that for
Flame B (cf. Fig. 12), although the peak temperature is
higher in Flame A (cf. Fig. 8). However, EINO of Flame
A is higher than that of Flame B, which can be attributed
to the fact that the NO production rate in Flame A is high-
er than that in Flame B.

The presence of reburn route in syngas flames is surpris-
ing since the initiating species for reburn mechanism in
hydrocarbon flames are CHi [33]. A rate of production
analysis was performed, and it was observed that reactions
R48: NO + O + M ! NO2 + M, and R73: NO + H +
M! HNO + M were the major consumers of NO. These
reactions are not a part of the classical reburn mechanisms
[33]. However, since these reactions consume NO in syngas
flames, we have retained this terminology. Since, these two
reactions are third body reactions, they become increas-
ingly more important at higher pressures, as indicated in
Fig. 13. The higher NO concentration in Flame B (com-
pared to Flame A) in spite of its lower temperature, as
noted in the preceding section (cf. Fig. 12), can also be
attributed to the reburn mechanism. Due to a significantly
higher concentration of H radicals in Flame A, the reburn
mechanism consumes larger amount of NO, through reac-
tion R73, in this flame compared to that in Flame B.

In order to further characterize the effect of syngas com-
position on NO emissions, we plot in Fig. 14a the peak NO
mole fraction as a function of pressure for syngas PPFs
established at / = 6.0, strain rate = 100 s�1, and different
syngas compositions namely, 98%CO–2%H2 (Flame E),
95%CO–5%H2 (Flame B), 85%CO–15%H2 (Flame G),
75%CO–25%H2 (Flame C), 50%CO–50%H2 (Flame A),
25%CO–75%H2 (Flame D) and 10%CO–90%H2 (Flame
F) by volume. Thermal NO was the dominant route for
NO production for all these flames. For all seven flames,
the peak NO mole fraction increases rapidly with the
increase in pressure upto p = 10 atm, implying that the
thermal NO is the dominant NO production route, since
the flame temperature also increases as the pressure is
increased. Above p = 10 atm, the peak NO mole fraction
seems to level off. This can be attributed to the fact the
increase in flame temperature becomes less rapid (cf.
Fig. 8), and the consumption of NO through the reburn
route becomes increasingly important at high pressures.

Another important observation from Fig. 14a is that the
peak NO mole fraction exhibits a non-monotonic variation
with syngas composition. This non-monotonic behavior is
presented more clearly in Fig. 14b. Results indicate that
for any given pressure, there is an optimum syngas compo-
sition in terms of the CO mole fraction, for which the peak
NO mole fraction has a minimum value. This CO mole
fraction increases slightly from about 0.65–0.7, as the
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pressure is increased from 1 to 20 atm. The peak flame tem-
perature for the above flames decreases in the following
order: Flame F > Flame D > Flame A > Flame C > Flame
G > Flame B > Flame E which is expected as the % of H2

in the mixture increases from Flame E to Flame F. How-
ever, at a given pressure, as the amount of H2 in syngas fuel
is increased, the peak NO mole fraction first decreases (for
H2 between 0 and 25% by volume), and then increases (for
H2 > 25% by volume). This non-monotonic behavior can
be attributed to the combined effects of thermal (through
flame temperature) and reburn mechanisms, as the syngas
composition is changed.

To explain this, we consider Flames B, C and D. Flame
C has higher temperature but lower NO concentration than
Flame B, since the NO consumption reaction (R73:
H + NO + M! HNO + M) is more pronounced, due to
the higher concentration of atomic hydrogen, in Flame
C. Therefore, the decrease in NO due to reburn route (reac-
tion R73) is more pronounced than the increase in NO due
to thermal route, as H2 concentration in syngas is increased
from 5% (Flame B) to 25% (Flame C). However, with fur-
ther increase in H2 concentration, the consumption of NO
by reburn route levels off, and, consequently, the increase
in NO due to thermal route becomes more pronounced,
and the peak NO mole fraction is higher in Flame D com-
pared to that in Flame C. Thus, an important observation
from these results is the existence of an optimum syngas
composition that yields the lowest amount of NO produc-
tion in syngas PPFs, especially at high pressures. For the
present results, this optimum composition corresponds to
a syngas (H2–CO mixture) containing between 65% and
70% CO by volume. This non-monotonic behavior was
also observed at other equivalence ratios.

For the flames investigated, the peak flame temperatures
were observed to range from 2000 to 2500 K. In this range,
the thermal route is the dominant route for NO production
which is expected. However, for state-of-art combustors
operating ultra-lean and/or using diluents, the flame tem-
peratures maybe lower than 1800 K. Under such condi-
tions, other routes of NO production such as, N2O-
intermediate mechanism may become important. In future
studies we intend to study the effect of diluents on syngas
flames wherein, this low temperature NO routes may
become critical.

6. Conclusions

In this paper, a numerical and experimental study of
syngas non-premixed and PPFs at different pressures has
been reported. The experimental investigation is performed
to identify parametric regime, in terms of syngas composi-
tion and strain rate, for which counterflow syngas flames
can be established under atmospheric conditions. Digital
images of syngas non-premixed and PPFs established at
different strain rates and syngas composition are presented
for the first time. Three reaction mechanisms, namely the
Davis et al., Mueller et al. and the GRI 3.0 mechanisms,
have been evaluated using the available experimental data
on laminar flame speeds and our measurements of non-pre-
mixed and partially premixed flames. Based on this evalu-
ation, the Davis mechanism, in combination with a
detailed NOx mechanism, has been used to examine the
structure and NOx characteristics of syngas PPFs at high
pressures. Important observations are:

1. Experiments indicate that stable syngas flames can be
established in a counterflow configuration over a wide
range of strain rates, syngas compositions, and equiva-
lence ratios. For instance, it was possible to establish
non-premixed flames using as little as �0.5% H2 by vol-
ume in CO–H2 syngas mixtures.

2. Davis mechanism provides the most accurate prediction
of the unstretched laminar flame speeds and non-pre-
mixed temperature profiles for flames under atmo-



S. Som et al. / Fuel 87 (2008) 319–334 333
spheric conditions. Consequently, this mechanism is
used to examine the structure and NOx characteristics
of syngas PPFs at high pressures.

3. The syngas PPFs exhibit a typical double flame structure
containing a RPZ on the fuel side and an NPZ on the
oxidizer side. For the conditions investigated, the RPZ
is characterized by H2 oxidation, while the NPZ is
characterized by both H2 and CO oxidation. Unlike
hydrocarbon PPFs, CO is not produced in the RPZ.
However, similar to hydrocarbon PPFs, as the pressure
is increased the thickness of each reaction zone and the
distance between them decreases, while the flame tem-
perature increases.

4. Results of sensitivity analysis indicate that the mass
burning rate is more sensitive to H2 chemistry rather
than CO chemistry. Also, the primary CO oxidation
reaction, CO + OH! CO2 + H, is important for only
Flame A, which is due to the absence of key radicals like
OH for Flame B, owing to low H2 concentration (5%) in
the fuel mixture.

5. For the syngas PPFs investigated, NO is produced pre-
dominantly through the thermal NO mechanism. How-
ever, a reburn route involving the consumption of NO,
due to the third-body reactions NO + O + M! NO2 +
M and H + NO + M! HNO + M, becomes increas-
ingly important at high pressures.

6. As the pressure is increased or the amount of H2 in syn-
gas fuel is increased, the flame temperature increases
monotonically. The amount of NO formed in syngas
PPFs first increases rapidly with pressure, but then levels
off at higher pressures. Moreover, at a given pressure, as
the amount of CO in syngas fuel is increased, the peak
NO mole fraction first decreases (for CO between 0%
and 65% by volume) and then increases. This non-
monotonic behavior can be attributed to the combined
effects of thermal and re-burn mechanisms, as the syngas
composition is changed. Thus, an important result from
the present study pertains to the existence of an opti-
mum syngas composition that yields the lowest amount
of NO in syngas PPFs, especially at high pressures.
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