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Abstract

The requirement to significantly reduce NOx and particulate emissions while maintaining combustor
mance is one of the main drivers for internal combustion engine research. Partially premixing and using fue
represent two promising approaches for reducing both the NOx and the particulate emissions from flam
paper reports on the results of a numerical investigation on the effects of using different fuels on NOx emis
counterflow partially premixed flames. The fuels investigated include methane,n-heptane, and their blends wi
hydrogen. The methane flame is computed using the GRI-3.0 mechanism, while then-heptane flame is compute
by combining the Held et al. oxidation mechanism with the Li and Williams NOx mechanism. Results in
that, with regard to their NOx characteristics, partially premixed flames can be grouped into two distinct re
namely a double-flame regime, characterized by high levels of partial premixing and/or low strain rates(as) with
two physically separated reaction zones, and a merged-flame regime, characterized by low levels of pa
mixing and/or highas with nearly merged reaction zones. In the first regime, NOx characteristics of both me
andn-heptane flames are strongly affected by changes in equivalence ratio (φ) and strain rate, while in the secon
regime, they exhibit a relatively weak dependence onφ andas. In addition, then-heptane and methane flam
established under identical conditionsexhibit widely different NOx emissionbehavior in the first regime but qua
itatively similar behavior in the second regime. Major differences include (i) significantly higher NO leve
NOx emission index, (ii) much wider double-flame regime with regard toφ andas, (iii) dominance of the promp
mechanism over the thermal mechanism in the entire partially premixed regime, and (iv) noticeable redu
NOx emission with hydrogen addition forn-heptane flames compared to methane flames. These differenc
attributable to the different fuel pyrolysis/oxidation chemistry of the two fuels, as the consumption ofn-heptane
occurs mainly through the C2 path, while that of methane occurs mainly through the C1 path. As a result, the
amounts of C2H2 and, consequently, of CH radicals formed inn-heptane flames are significantly higher th
those in methane flames and are responsible for the observed differences in NOx characteristics of the tw
 2004 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Due to their immense practical relevance, N
emissions from various types of flames and co
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bustion devices have been extensively investiga
Barlow and Carter[1] investigated experimentally th
effects of temperature and mixture fraction on N
emission in H2 jet flames. Hayhurst and Lawren
[2] reported an experimental investigation of NO
emission in a fluidized bed combustor during bu
ing of coal volatiles. Meunier and Carvalho[3] per-
e. Published by Elsevier Inc. All rights reserved.
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formed experimental and numerical investigatio
on NOx emissions from turbulent propane diffusi
flames. Schlegel et al.[4] reported an experimenta
numerical study on NOx emissions from cataly
cally stabilized lean premixed methane–air flam
Poppe et al.[5] investigated control of NOx emis
sions from confined methane–air premixed flames
imposing oscillations. Many researchers have also
cused on the development of appropriate NOx me
anisms for more detailed prediction and investigat
of NOx emissions from flames. These include the
and Williams mechanism[6], the Warnatz and Klau
mechanism[7], the Leeds mechanism[8], and the
mechanisms discussed by Miller and Bowman[9].

The NOx reduction strategies based on using
diluents and fuel blends have also been examin
Roberts[10] performed an experimental investigati
and observed reduction in both NOx emission a
soot formation using water injection. Rortveit et
[11] investigated the effect of diluents such as NO2,
CO2, and He on NOx formation in H2–air counter-
flow flames. Zhao et al.[12] studied the effect o
OH radical on NOx emission in methane–air diff
sion flame with steam addition. It was noted that,
though steam addition increased OH concentration, i
reduced CH concentration, which led to subsequ
reduction in NOx emission.

Rortveit et al. [13] reported an experimenta
numerical study of NOx emissions in methan
hydrogen mixtures in a counterflow configuratio
Al-Baghdadi[14] examined NOx emissions in spa
ignition engines using a hydrogen–ethanol mixture as
fuel and observed a significant reduction (about 33
in NOx production when such a fuel mixture was us
instead of gasoline. This was attributed to lower p
temperatures due to the higher heat of vaporizatio
alcohol. Choudhuri and Gollahali[15] studied the ef-
fect of using a hydrogen–hydrocarbon composite f
in turbulent jet flames. Although increase of hydrog
content was shown to decrease CO and soot pro
tion, NOx was found to increase.

Many recent studies dealing with NOx emissi
have focused on partially premixed flames (PP
[16–23], motivated by the considerations that the
flames may have superior pollutant emission ch
acteristics and that the emissions from these fla
may be minimized by appropriately modifying th
level of partial premixing. Partially premixed flam
are formed by mixing air (in less than stoichiom
ric amounts) into the fuel stream prior to the react
zone, where additional air is available for comple
combustion. These flames have also been studied
to their fundamental relevance to flame liftoff and s
bilization, nonpremixed turbulent flames, and sp
combustion. With regard to their NOx emission ch
acteristics, Gore and Zhan[16] performed a numeri
cal investigation on the effect of partial premixing
NOx production in methane–airPPFs and observe
the existence of an optimum level of partial premixi
that yielded the lowest NOx emission index. Tanof
al. [17] conducted a numerical–experimental study
counterflow methane–airPPFs and observed a dras
change in NO emission behavior as the flame chan
from a merged-flame to a double-flame structure
the equivalence ratio (φ) was reduced below a certa
threshold value. Ravikrishna and Laurendeau[18]
also reported a numerical–experimental investiga
on the effect of partial premixing on NO emissio
from counterflow methane–air flames. They co
pared the laser-induced fluorescence measureme
NO with predictions using the GRI-2.11 and GR
3.0 mechanisms and noted that the GRI-3.0 mec
nism overpredicted NO concentrations compared
the measurements and predictions based on the
2.11 mechanism. A similar observation was made
Barlow et al. [19] in their numerical–experimenta
study of counterflow methane–airPPFs. Dupont and
Williams [20] examined the dominant NOx formatio
mechanisms in rich methane–air flames. Xue and
garwal[21] reported a numerical investigation of th
NOx emission characteristics ofn-heptane counter
flow PPFs. Their results also indicated an optim
level of partial premixing that yields the lowest NO
emission index. In addition, it was observed that
NO formation rate in the nonpremixed zone is sign
cantly higher than that in the rich premixed zone. T
was attributed to the transport of acetylene from
rich premixed to the nonpremixed zone and the s
nificantly higher concentrations of O and OH radic
in the latter zone.

The possibility of using fuel blends including fu
diluents to obtain superior pollutant emission ch
acteristics seems to be a promising area of resea
While previous investigations have focused on N
emissions in a variety of flames and configuratio
issues pertaining to the use of fuel diluents and f
blends for reducing NOx emission have not been
amined in detail. Moreover, to characterize the effe
of fuel blends on NOx, it is imperative to unde
stand first how the NOx characteristics are affec
by the use of different fuels under identical con
tions. Motivated by this consideration, the pres
study focused on the comparison of NOx charac
istics of methane/air and heptane/air PPFs. A deta
examination of the dominant pathways and concen
tion profiles of key radical species is used to expl
the qualitative and quantitative differences in NO
emission behavior of the two flames at various l
els of partial premixing. In addition, the effect of fu
blends on NOx emissions was examined by emp
ing methane/hydrogen and heptane/hydrogen ble
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Fig. 1. Schematic of the counterflow flame configurat
used in the present study.

2. Objective

The major objective of this study was to inve
tigate the effects of using different fuels on NO
emissions in PPFs. Tounderstand the NOx emissio
behavior of fuel blends, it is essential first to pe
form a detailed comparison of the NOx characteris
of pure fuels. For this purpose, the methane andn-
heptane PPFs are simulated. Methane represents
haps the most investigated gaseous fuel, while h
tane is the most representative of liquid fuels. Mo
over, detailed chemistry models for the oxidation
these two fuels have been extensively studied and
idated. Thus, these two fuels provide a good star
point for studying the fuel effects on pollutant speci

Flame structures of heptane/air and methane
partially premixed flames are compared to expl
both the qualitative and the quantitative differences
the NOx emission behavior of the two flames. Wh
previous studies have investigated the NOx emiss
characteristics of methane andn-heptane flames sep
arately, they have not focused on the compari
of their flame structures and NOx emission beh
ior. In addition, the present study considers a co
plete partially premixed regime that includes both
double-flame and the merged-flame regimes and
tends to the diffusion flame limit. It is important t
consider these two regimes separately since the N
characteristics of methane andn-heptane flames ar
significantly different in the two regimes. Previo
investigations have not focused on this aspect.
present study also examines the issue of using
blends for reducing NOx emissions by employi
methane/hydrogen and heptane/hydrogen fuel ble
A counterflow configuration as illustrated inFig. 1
has been employed, since it facilitates detailed st
of the dominant pathways associated with the v
ous NOx mechanisms and the relative contributi
of the premixed and nonpremixed reaction zones
NOx formation and destruction. Moreover, this co
-

figuration makes it easier to separate the effect
stoichiometry and transport on the flame structure
NOx emissions.

3. Numerical model and boundary conditions

Simulations of partially premixed flames are p
formed using the OPPDIF code[24] in the Chemkin
package[25]. The OPPDIF code is written in Fortra
and used for computing the flow field in a counterflo
configuration. The temperature of the fuel stream
taken as 400 K to ensure that then-heptane fuel is
in the gaseous phase. The air stream temperatu
300 K. The velocities of the fuel and oxidizer strea
are chosen to conform to the global strain rate

(1)as = 2|VO|
L

(
1+ |VF|√ρF

|VO|√ρO

)

and to satisfy the momentum balance

(2)ρOV 2
O = ρFV 2

F .

Using these two equations, the fuel and air stre
velocities can be computed for a given value of
global strain rateas. The plug flow boundary con
ditions are used to specify the fuel and air stre
velocities at the respective boundaries.

Boundary conditions for the species conservat
equations require the specification of the species m
fractions at the two boundaries. For the simulation
flames burning pure fuels, the fuel side equivale
ratio provides the mole fractions of fuel, O2, and N2
species at the fuel nozzle, while the assumption
standard air composition provides the mole fractio
of O2 and N2 at the air nozzle. For the simulation
of flames burning fuel blends, we consider a ble
containing 1 mole of hydrocarbon (CxHy) fuel andf

mole (f being the molar ratio of H2 to CxHy in the
blend) of H2. For PPFs, the fuel stream contains
mixture of fuel blend and air according to a specifi
equivalence ratio (φ). The mole fractions of variou
species at the fuel boundary are then computed u
the following stoichiometric equation:

CxHy + f H2 + c(O2 + (79/21)N2)

(3)⇒ xCO2 + (f + y/2)H2O+ (79/21)N2.

The mass balance yieldsc = (x + f/2 + y/4). For
a given φ, c on the right-hand side is replaced
(x +f/2+y/4)/φ. Then the mole fractions of CxHy,
H2, O2, and N2 at the fuel stream boundary can
obtained as

X(CxHy) = 84φ/N,

X(H2) = 84f φ/N,

X(O2) = 21(4x + y + 2f )/N,
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X(N2) = 79(4x + y + 2f )/N,

where the total number of moles,N , is given by

N = 400x + 100y + 200f + 84φ + 84f φ.

It is important to note that for the pure hydroca
bon fuel case,f = 0, while for nonpremixed flames
the fuel stream does not contain any air(c = 0).

Then-heptane oxidation chemistry is modeled
using the Held et al. mechanism[26]. It is combined
with the NOx chemistry model developed by Li a
Williams [6], resulting in a full mechanism consis
ing of 54 species and 327 elementary reactions.
methane–air partially premixed flame is computed
ing the GRI-Mech 3.0 mechanism[27]. For both the
methane and then-heptane flames, the transport pro
erties are computed using the mixture–average tr
port model. The transport properties forn-heptane
flames were provided by Held et al.[26].

4. Results and discussion

4.1. Validation of reaction mechanisms

Both the methane and then-heptane reaction
mechanisms used in the present study have been
viously validated for different configurations. Th
GRI-Mech 3.0 mechanism[27] and its earlier ver-
sions have been validated by many researchers u
a variety of configurations. Sung et al.[28] validated
the GRI-Mech 1.2 mechanism using experimen
data for perfectly stirred reactors, autoignition a
shock tube ignition delay times, ignition-extinctio
limits in counterflowing systems, and laminar flam
propagation speeds. More recent studies reporte
Xue et al.[22] and Barlow et al.[19] provide valida-
tion of the GRI-Mech 2.11 and 3.0 mechanisms
methane–air partially premixed flames in a coun
flow geometry. Similarly then-heptane mechanism
used in the present study has been validated by H
et al.[26] using measurements in flow reactor, sho
tube, stirred reactor, and freely propagating lami
flames. Another validation using a perfectly stirr
reactor has been reported by Montgomery et al.[29].
Xue and Aggarwal[21] have provided additiona
validation of the mechanism for the simulation
premixed and nonpremixed heptane/air flames u
measurements of Davis and Law[30] and Seiser et al
[31], respectively.

The NOx mechanisms used in the present st
have also been validated in previous investigatio
Li and Williams [6] used the same NOx mechanis
to examine the effects of various diluents on N
Fig. 2. Comparison of simulated NO mole fraction profi
with experimental data from Ravikrishna and Laurend
[18] for a methane/air PPF established atas = 20 s−1 and
φ = 1.6 (a) andφ = 2.0 (b).

emissions in methane–air PPFs and reported exce
agreement between the measured and the pred
NOx profiles. The validity of using this mechanis
for NOx emissions inn-heptane flames has been
ported by Xue and Aggarwal[21]. The NOx mech-
anisms used in GRI-Mech 2.11 and 3.0 have b
evaluated by Ravikrishna and Laurendeau[18] and
Barlow et al.[19], who compared the measured a
predicted NO concentration profiles in methane–
PPFs. While both mechanisms providedgood qualita-
tive agreement with measurements, the GRI-Mech
overpredicted NO concentrations compared to
measurements and predictions based on the G
Mech 2.11. In the context of these two mechanis
it is important to mention that while the nonpremix
flame structures predicted using these mechan
are essentially the same, the differences between
mechanisms become more significant for PPFs. T
aspect has been examined further in[22].

In the present study, we report two additional v
idations of the reaction mechanisms. For the first v
idation, we compare the predicted NO concentra
profiles based on the GRI-Mech 2.11 and 3.0 me
anisms with measurements reported in[28]. Fig. 2
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Fig. 3. Comparison of temperature and major species m
fraction profiles computed using the Held et al. mechan
and a more comprehensive mechanism forn-heptane/air
PPFs established atas = 100 s−1 and φ = 5.0 (a) and
φ = 2.5 (b).

presents this comparison for methane–air PPFs e
lished at a global strain rate ofas = 20 s−1 and fuel
side equivalence ratios ofφ = 1.6 and 2.0. For both
of these cases, the NO mole fraction profiles base
the GRI-Mech 2.11 are in good agreement with m
surements, while those based on the GRI-Mech
are overpredicted. These results are consistent
those reported by Ravikrishna and Laurendeau[18]
and Barlow et al.[19]. In both of these studies, th
GRI-Mech 3.0 overpredicted NO levels compared
those based on the GRI-Mech 2.11 and the meas
ments.

The second validation pertains to the Held et
[26] mechanism for predicting then-heptane partially
premixed flame structure. Here we compare num
cal results based on the Held et al. mechanism w
those based on a more comprehensive mechanism
ported by Ranzi et al.[32]. Fig. 3shows this compar
ison with regard to the temperature and major spe
profiles for heptane/air partially premixed flames
tablished atφ = 5.0 and 2.5 with a global strain rate o
as = 100 s−1. The distance between the two nozz
is 1.5 cm and the fuel and air streams are introdu
at temperatures of 400 and 300 K, respectively.
both mechanisms, results forφ = 5.0 indicate a par-
tially premixed flame in the merged-flame regime,
which the two reaction zones are merged, and res
for φ = 2.5 indicate a partially premixed structure
the double-flame regime, characterized by the p
ence of a rich premixed reaction zone on the fuel s
and a nonpremixed reaction zone on the oxidizer s
Overall, there is an excellent agreement between
two simulations, providing further validation of th
Held et al. mechanism.

4.2. Structure and NOx characteristics of methane
andn-heptane PPFs

The grid independence of the computed res
was achieved by controlling the values of the GRA
and CURV parameters and using adaptive regridd
to resolve the structures of both the premixed and
nonpremixed reaction zones. The computed res
were found to be essentially grid independent wh
the number of grid points was changed from 130
250. The results presented in this paper employed
grid points.

Having provided grid independence and valid
tion of the reaction mechanisms for both the oxidat
and the NOx chemistry of the two fuels, we now f
cus on the comparison of the NOx characteristics
methane andn-heptane partial premixed flames.
this context, partially premixed combustion can
classified into two distinct regimes, namely a doub
flame regime and a merged-flame regime. In the
regime, a partially premixed flame contains two d
tinct or physically separated reaction zones, while
the second regime, the two reaction zones are ne
merged. For counterflow flames at atmospheric p
sure, these two regimes can be represented with
gard toφ and as. The double-flame regime is cha
acterized by relatively lowφ (high levels of partial
premixing) and lowas values. Asφ (or as) is in-
creased at fixedas (orφ), the two reaction zones mov
closer to each other and eventually merge, indicatin
transition to the merged-flame regime. A detailed d
cussion on the effects ofφ and as on the transition
has been provided in a previous investigation[33].
As discussed in[33], increasingφ at constantas es-
sentially affects the rich premixed zone, which mov
away from the fuel nozzle or toward the nonpremix
zone, while increasingas at constantφ causes the
nonpremixed zone to move toward the rich premix
zone. The flame structure and interactions betw
the reaction zones are different in the two regim
As a result, the NOx characteristics of methane
n-heptane flames are found to be significantly diff
ent in the two regimes. Consequently, it is relevan
examine each regime separately.
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4.3. Comparison of NOx characteristics in the
double-flame regime

A direct quantitative comparison of the NO
characteristics of methane andn-heptane PPFs un
der identical conditions is somewhat limited due
their significantly different double-flame regime
For counterflow flames at atmospheric pressure,
regime is represented by a range ofφ andas for which
a PPF contains two distinct or physically separated
action zones. Asφ is increased, the range ofas for this
regime becomes narrower, with a similar effect o
curring whenas is increased. Previous experimen
and numerical studies[6,17,22,23]have observed tha
the double-flame regime for counterflow methane–
flames is approximately given by 1.4 < φ < 2.0 and
20< as < 50 s−1. As φ is increased above 2.0 and/
as is increased above 50 s−1, the distance between th
two reaction zones decreases, and the flame stru
approaches the merged-flame regime. For heptane
counterflow flames, previous studies[21,34] indicate
that the corresponding double-flame regime is gi
by 1.5< φ < 3.5 and 20< as < 120 s−1. A compari-
son of the double-flame regimes for the two fuels th
indicates a rather narrow range ofφ andas in which
both the methane and then-heptane flames exhibit
double-flame structure and can be compared with
gard to their NOx characteristics. Consequently,
select two cases, with regard toφ and as, to com-
pare the flame structure and NOx characteristics
methane andn-heptane PPFs.

Figs. 4 and 5present a comparison of the stru
tures of methane/air andn-heptane/air PPFs, bot
established atφ = 1.6, and as = 40 s−1. The fuel
and air stream temperatures are 400 and 300 K
spectively, and the distance between the two noz
is 2 cm. Fig. 4 presents the temperature and ma
species mole fraction profiles, whileFig. 5shows the
profiles of temperature and the mole fractions of so
species relevant to NO formation. The global fla
structure for the two fuels is similar in the sense t
for both fuels the flame contains two distinct react
zones, namely a rich premixed reaction zone on
fuel side and a nonpremixed reaction zone on the
idizer side. The premixed reaction zone is charac
ized by the fuel-rich oxidation chemistry that involv
the pyrolysis/consumption of fuel, the production
“intermediate fuel” species (C2H2, CO, and H2), and
to a lesser extent production of CO2 and H2O. The
intermediate fuel species are transported to the n
premixed reaction zone, where they are oxidized
form CO2 and H2O. Thus, the nonpremixed zone
characterized by the oxidation of these intermed
fuel species.

Apart from this global similarity, the structure
of methane andn-heptane flames exhibit significa
Fig. 4. Temperature and major species mole fraction pro
for (a) methane/air and (b)n-heptane/air PPFs established
as = 40 s−1 andφ = 1.6.

differences, although they are established under id
tical conditions. One important difference pertains
their flame topology, in particular the location of t
premixed reaction zone and the distance between
two reaction zones. The premixed reaction zones
the methane andn-heptane flames are located at 0
and 0.2 cm, respectively, while the two correspond
nonpremixed reaction zones are located atx ≈ 1.2.
Thus, the separation distances between the two r
tion zones are 0.65 and 1.0 cm, respectively, for
two cases. This difference can be attributed to
fuel-rich or low-temperature oxidation chemistry
the two fuels. The pyrolysis/oxidation chemistry
methane is known to be slow compared to that
higher hydrocarbon fuels (n-heptane in the presen
case), and, consequently, the rich premixed zone
the methane flame is located farther downstream f
the fuel nozzle than that for then-heptane flame. Th
evidence for the slower pyrolysis/oxidation chemis
of methane is provided by its ignition characteristi
i.e., the minimum ignition temperature and the ig
tion delay time. As reported in[35,36], the autoigni-
tion temperatures of methane/air andn-heptane/air
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Fig. 5. Temperature and NO and intermediate species m
fraction profiles for (a) methane/air and (b)n-heptane/air
PPFs discussed in the context ofFig. 4.

mixtures at 1 atm are 810 and 477 K, respectiv
In addition, the shock tube data reported by Horn
et al. [37] and Hidaka et al.[38] indicate that the ig-
nition delay times for methane/air andn-heptane/air
mixtures under similar conditions are 0.8 and 0.16
respectively. Due to the differences in ignition ch
acteristics, which are related to the fuel-rich lo
temperature oxidation chemistry, the premixed re
tion zone in methane flame is located farther dow
stream (from the fuel nozzle) than that inn-heptane
flame, and this leads to a greater separation dista
between the reaction zones inn-heptane flame. It is
also worth mentioning that the Held et al. mech
nism, being a high-temperature mechanism, does
include the low-temperature chemistry. However,
predicted H2O2 and OH profiles (not shown) indi
cated that the H2O2 mole fraction in the premixed
reaction zone was significantly higher than that
the nonpremixed zone, while the OH mole fracti
was significantly higher in the premixed reaction zo
than in the nonpremixed zone. This implies that
intermediate-temperature chemistry involving fuel+
HO2 producing H2O2, and H2O2 decomposing to
give OH radicals, plays a role in determining the
cation of the premixed reaction zone ofn-heptane
PPFs.

A major difference between the two flames, in t
context of their NOx characteristics, is exhibited
the C2H2 and CH concentration profiles presented
Fig. 5. As discussed below, the difference in the N
characteristics of methane andn-heptane PPFs ca
be attributed to their flame structures and especi
to the C2H2 and CH profiles. Important observatio
with regard to these differences include the followin

(1) The peak C2H2 value, which occurs in the pre
mixed zone, is about four times higher forn-
heptane flame than for methane flame (cf.Fig. 5).
A rate of production analysis (ROPA) was pe
formed to characterize the fuel consumption
havior in the two flames. It was observed that,
the present case, 60% of methane is consu
through the C1 path, while 40% is consume
through the C2 path. In contrast, forn-heptane
flame, more than 90% of the fuel is consum
through the C2 path, with the remaining bein
consumed through the C1 path. This explains
why the C2H2 concentration is much higher i
n-heptane flame than in methane flame. A si
lar difference in C2H2 concentrations is observe
for other cases investigated in the present stu
There are two points worth mentioning he
First, as discussed in[21], the C1–C2 charac-
terization has extended to heptane–air chemis
since C3–C6 species are decomposed mainly
C3H5, which is converted to C4H6, which is then
converted to vinyl, acetylene, and C2H3HCO.
Second, the Held et al. mechanism has b
shown to overpredict C2H2 concentrations[21,
37], and this would lead to an overprediction
prompt NO forn-heptane flames.

(2) Due to the high acetylene concentration inn-
heptane flames, only a fraction of acetylene
consumed in the premixed reaction zone, prod
ing CH in this zone; as indicated inFig. 5b, the
CH peak in the premixed zone coincides w
the sharp drop in C2H2 mole fraction.1 The re-
maining C2H2 is transported to the nonpremixe
reaction zone, producing additional CH the
Consequently, the CH profile exhibits two pea
one in the premixed zone and the other in
nonpremixed zone. However, most of the prom
NO is produced in the nonpremixed zone, ev
though the CH peak in the premixed zone

1 Previous investigations of partially premixed flam
[6,21] have established that C2H2 is the major source of CH
in these flames. This was further confirmed by performin
rate of production analysis in the present study.
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Fig. 6. Mole fraction profiles of the prompt and thermal N
for (a) n-heptane/air and (b) methane/air PPFs discusse
the context ofFig. 4.

much higher than that in the nonpremixed zo
This is shown clearly inFig. 6a, which presents
the mole fraction profiles of prompt and therm
NO, and it can be attributed to the paucity of
and OH radicals in the premixed reaction zo
While the presence of CH radicals immediate
leads to the formation of HCN through the r
action CH+ N2 ↔ HCN + N, the subsequen
conversion of HCN to NO occurs mainly in th
nonpremixed zone due tothe availability of O
and OH radicals in that zone. This is clearly ind
cated by the mole fraction profiles of CH, HCN
O, and OH species inFig. 5b.

(3) In bothn-heptane and methane flames, mos
the NO is produced in the nonpremixed zo
(cf. Fig. 6). However, while most of the NO i
produced through the prompt mechanism inn-
heptane flame, it is produced mainly through
thermal mechanism in methane flame. This r
resents an important difference with regard to
NOx characteristics of the two flames and is
rectly related to the significantly higher amou
of C2H2 produced inn-heptane flame. As dis
cussed above, forn-heptane flame, a significant
higher amount of C2H2 is produced in the pre
mixed reaction zone and, consequently, tra
ported to the nonpremixed zone. This leads
a much higher concentration of CH and, co
sequently, much higher concentrations of HC
and prompt NO in the nonpremixed zone
n-heptane flame. This is clearly indicated
the comparison of the two flames inFigs. 5
and 6. Similar behavior was observed for th
other cases investigated in the double-fla
regime.

(4) The ROPA analysis[39] indicated that while
acetylene is the major source of CH in both t
n-heptane and the methane flames, the am
of CH produced for a given amount of acet
lene is much smaller in methane flame than
heptane flame. This is directly related to the o
idation chemistries of the two fuels2 and further
explains why, in the double-flame regime, mo
of the NO is due to the thermal mechanism
methane flames and to the prompt mechanism
n-heptane flames.

(5) Another important observation fromFigs. 5 and 6
is the much higher NO level inn-heptane flame
compared to that in methane flame. For the c
presented inFigs. 5 and 6, the peak NO value in
n-heptane flame is about seven times higher t
that in methane flame and is mainly due to
much higher level of prompt NO inn-heptane
flame. As indicated inFig. 6, the peak values o
prompt and thermal NO inn-heptane flame are
respectively, about six and two times higher th
those in methane flame. The higher prompt NO
n-heptane flame is due to the significantly larg
amount of acetylene transported to the n
premixed reaction zone, while the higher therm
NO is due to the higher temperature and hig
concentrations of O and OH radicals in the no
premixed zone. The peak temperatures for then-
heptane and methane flames presented inFigs. 5
and 6are≈ 2180 and 2130 K, while the peak
mole fractions are≈ 0.0022 and 0.00143, respe
tively. It is important to note that the adiabat

2 The pathway analysis indicated that a significan
higher (about two times) amount of C2H2 is converted to
CH2 for n-heptane flames than for methane flames. M
importantly, the amount of CH2 converted to CH is an orde
of magnitude higher forn-heptane flames than for metha
flames. This is due to the fact that, for methane flames, m
of the CH2 is converted to CO through its reaction with O2,
while for n-heptane flames, the conversion to CO is re
tively small.
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flame temperatures forn-heptane and methan
flames are 2484 and 2226 K, respectively.

(6) In both methane andn-heptane flames, NO con
centration in the rich premixed zone is negligib
compared to that in the nonpremixed zone. T
is due to the lower temperature and lower co
centrations of O and OH radicals in the premix
zone. As discussed in[6,21], the presence o
CH, OH, and O is essential for prompt NO a
that of OH and O for thermal NO. Moreove
the paucity of OH and O radicals in the pr
mixed zone makes the reburn mechanism m
active, which further diminishes the formation
prompt NO in this zone. The participation of th
reburn mechanism is more evident inn-heptane
flame (cf. Fig. 5b), which shows a decrease
the NO mole fraction in the region between t
two reaction zones. Important reaction pathwa
associated with the prompt, thermal, and reb
NO mechanisms inn-heptane flames have bee
discussed previously in[21]. As discussed in the
cited study, the reburn mechanism involves
conversion of NO to HCN and HNCO, main
through reactions NO+ CH ⇔ HCN+ O and
NO+ CH2 ⇔ HNCO+ H.

Fig. 7 presents a comparison of the structures
methane/air andn-heptane/air PPFs for another set
identical conditions, withφ = 2.0 andas = 100 s−1.
The temperature and species profiles forn-heptane
depict a partially premixed flame in the double-flam
regime, i.e., containing two distinct reaction zon
However, the profiles for methane indicate a bro
ened flame in the merged-flame regime, as the
reaction zones are nearly merged. Similar to the c
discussed in the context ofFigs. 4–6, the NO level
for this case is also significantly higher inn-heptane
flame than in methane flame. In addition, for bo
fuels, the NO level in the rich premixed zone is ne
ligible compared to that in the nonpremixed zon
which is also similar to the previous case. Howev
there is one notable difference between the two ca
In the previous case (cf.Fig. 6), the prompt mecha
nism was the major contributor to total NO for th
n-heptane flame, while the thermal mechanism w
the major contributor for the methane flame. Ho
ever, for the case presented inFig. 7, the prompt
mechanism becomes the major contributor to to
NO for both then-heptane and the methane flam
This crossover from thermal NO to prompt NO occu
only for methane flames and represents an impor
difference between the NOx characteristics of the
fuels. As discussed in the next section, this is rela
to the transition from the double-flame to the merg
flame regime.
Fig. 7. Comparison of methane andn-heptane partially pre
mixed flame structures foras = 100 s−1 andφ = 2. Tem-
perature and species mole fraction profiles are shown in
prompt and thermal NO profiles are shown in (b).

4.4. Comparison of NOx characteristics in the
merged-flame regime

The double-flame regime discussed in the prec
ing section is characterized by relatively high lev
of partial premixing and low strain rates. With i
creasingφ and/or as, the two reaction zones mov
closer and eventually merge, representing a trans
to the merged-flame regime.Fig. 8 presents the pro
files of temperature and some species relevant to
formation for methane/air andn-heptane/air PPFs e
tablished at conditions corresponding to this regim
The global flame structures for the two fuels app
to be similar in this regime. Note, however, that t
methane flame is established atφ = 1.8 and as =
40 s−1, while then-heptane flame is established
φ = 2.8 andas = 50 s−1. Similar to the cases dis
cussed for the double-flame regime, most of the
is produced in the nonpremixed zone for both
flames, and the NO level inn-heptane flame is muc
higher than that in methane flame.

The major difference between the double-fla
and the merged-flame regimes is due to the rela
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Fig. 8. Comparison of temperature and species mole frac
profiles for methane (a) andn-heptane (b) partially premixe
flames in the merged-flame regime. For methane fla
as = 50 s−1 andφ = 2.0; for n-heptane flame,as = 50 s−1

andφ = 2.8.

contributions of the prompt and thermal mechanis
for the two fuels. This difference is clearly seen
comparing the thermal and prompt NO profiles
the two fuels in the double-flame and merged-fla
regimes, presented inFigs. 6 and 9, respectively.
In the double-flame regime depicted inFig. 6, the
prompt mechanism is the major contributor to to
NO in n-heptane flames, while the thermal mech
nism is the major contributor to total NO in metha
flames. However, in the merged-flame regime
picted inFig. 9, the prompt mechanism becomes t
major contributor to total NO in both then-heptane
and the methane flames. Thus, for methane flam
there is a switch between the relative contributions
the thermal and prompt NO during the transition fro
the double-flame to the merged-flame regime. Th
is no such crossover, however, forn-heptane flames
as the prompt NO remains the major contributor to
total NO in the entire partially premixed regime. Th
represents an important difference in the NOx cha
teristics ofn-heptane and methane partially premix
flames and has not been reported by previous inv
gations.
Fig. 9. Mole fraction profiles of the prompt and thermal N
in methane andn-heptane/air PPFs discussed in the con
of Fig. 8.

Several additional simulations were performed
characterize the effects ofφ and as on the relative
contributions of the prompt and thermal mechanis
in the two reaction zones and to confirm the crosso
observed for methane flames. The general obse
tions with regard to the relative contributions of t
prompt and thermal mechanisms and with regard
the crossover for methane flames were the sam
those discussed in the preceding sections.

4.5. Comparison of NOx characteristics with rega
to NOx emission index (EINOx)

The global NOx characteristics of methane andn-
heptane PPFs can be compared by plotting the N
emission index as a function of fuel-rich equivalen
ratio and global strain rate. The NOx emission ind
is defined as

(4)EINOx=
∫ L
0 MNOxω̇NOxdx

−∫ L
0 Mfuelω̇fuel dx

.

Here,M represents the molecular weight,ω̇ is the
net production/consumption rate,L is the distance be
tween the nozzles, andx is the axial coordinate. Th
emission index is a global parameter that has b
commonly used to characterize NOx emission fr
different flames[6,16,21].

Fig. 10presents the NOx emission index as a fu
tion of φ for n-heptane and methane PPFs establis
at strain rates ofas = 50 and 100 s−1. There are two
important observations from this figure. One, EINO
is much higher forn-heptane flames than for metha
flames. While their relative values depend uponφ and
as, EINOx for n-heptane flames is generally 5 to
times higher than that for methane flames. This
consistent with the results presented in the prece
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Fig. 10. NOx emission index plotted versusφ for methane
andn-heptane PPFs established atas = 50 and 100 s−1.

sections and can be attributed to the dominant p
ways involving the C1 and C2 species, leading to
significantly higher amount of acetylene being p
duced inn-heptane flames. Two, with regard to t
dependence of EINOx onφ in the double-flame and
merged-flame regimes, in the double-flame regi
the EINOx exhibits strong dependence onφ, while
in the merged-flame regime, the emission index ha
weak dependence onφ, decreasing slowly to the dif
fusion flame limit asφ is increased.

As noted earlier, the ranges ofφ and as for the
double-flame regime are significantly different for t
two fuels. Forn-heptane flames, this regime is a
proximately given by 1.5 < φ < 3.5 and 20< as <

120 s−1, while for methane flames, it is given b
1.4 < φ < 2.0 and 20< as < 50 s−1. Moreover, as
as (or φ) increases, the range ofφ (or as) for the
double-flame region becomes narrower for both
els. Forn-heptane flames atas = 50 s−1, this regime
is given by 1.5 < φ < 3.0. In this regime, as indicate
in Fig. 10, the EINOx first increases and then d
creases withφ. In the merged-flame regime (φ > 3.0),
the EINOx decreases slowly withφ as it approache
the diffusion flame limit. A similar behavior is ob
served for methane flames atas = 50 s−1, except
that the double-flame regime is narrower, given
1.4 < φ < 2.0, and the EINOx is much lower tha
that for n-heptane flames. The EINOx values in t
diffusion flame limit are 7.2 and 1.3, respective
for n-heptane and methane flames. The above re
are consistent with those reported by previous
searchers. Forn-heptane flames, a detailed discuss
on the variation of EINOx withφ has been provided
by Xue and Aggarwal[21]. As discussed in the cite
study, foras = 50 s−1, the variation of EINOx withφ
in the double-flame region is related to the interact
of the two reaction zones as the level of the par
premixed zone is reduced. For lowerφ (φ = 1.5), the
premixed reaction zone is located far from the n
premixed zone. Consequently, there is little transp
of C2H2 from the premixed zone to the nonpremix
zone, and this reduces the prompt NO formation
in the latter zone. This in turn decreases the total
formation rate, since most of the NO inn-heptane
flames formed due to the prompt mechanism. Aφ
is increased, interactions between the two reac
zones are enhanced due to the reduced separatio
tance between them and the transport of C2H2 to the
nonpremixed zone becomes significant. This caus
significant increase in the prompt NO formation ra
in the nonpremixed zone. The thermal NO format
rate in this zone is also enhanced due to the incre
radical activity. Consequently, asφ is increased, the
total NO formation rate increases, which leads
higher EINOx. This trend does not continue, howev
since further increase inφ leads to a transition from
the double-flame to the merged-flame regime,
EINOx then decreases slowly withφ. Our results with
regard to the variation of EINOx withφ for methane
PPFs are consistent with those reported in prev
investigations[6,23,40]. The computed EINOx value
in the present study agree well with those reported
Li and Williams[6]. For example, for a methane flam
established atφ = 3.0 andas = 50 s−1, the EINOx
values in our simulation and in[6] are 1.46 and 1.4
respectively. There is also good qualitative agreem
between our results and those reported by Blevins
Gore[23] and Nishioka et al.[40], although a quanti
tative comparison could not be done due to differ
parameters.

For the higher-strain case (as = 100 s−1), the
double-flame regime forn-heptane flames is given b
1.5 < φ < 2.5, and in this range, the EINOx first d
creases, reaching a minimum atφ ≈ 1.75, and then
increases asφ is increased up to 2.5. Forφ > 2.5,
which corresponds to the merged-flame region,
EINOx again decreases slowly to the diffusion fla
value of 7.93 asφ is increased. For methane flam
atas = 100 s−1, there is no double-flame region, an
consequently, the EINOx decreases slowly to the
fusion flame limit.

4.6. Effect of using fuel blends on NOx emissions

The second part of this paper focuses on the
fect of adding hydrogen on the NOx characteristics
methane andn-heptane flames. For methane flam
we employed two different approaches to charac
ize the effect of hydrogen addition on NOx emissio
In the first approach, which has been used previou
by Rortveit et al.[13], the peak flame temperature f
different CH4–H2 blends is kept constant by using n
trogen dilution. The objective is to validate our resu
by comparing them with those from the cited stu
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Fig. 11. NO (a) and CH (b) mole fraction profiles f
nonpremixed flames established with different metha
hydrogen blends at a strain rate of 100 s−1. Nitrogen dilution
is used to maintain the peak flame temperature at 2040 K
all the cases.

and to eliminate the temperature effect on NOx em
sion as the amount of hydrogen addition is increased
In the second approach, no nitrogen dilution is us
which allows us to characterize the effect of hydrog
addition on both the prompt and the thermal NO.

Fig. 11presents the NO and CH mole fraction pr
files for nonpremixed flames simulated using CH4–
H2 blends with nitrogen dilution. The global stra
rate is 100 s−1 and the distance between the nozz
is 1.27 cm. Results are presented for four differ
blends containing 0, 10, 50, and 90% H2 by vol-
ume. For all four cases, the peak flame tempera
was maintained at 2040 K using nitrogen dilutio
Results for the 0% hydrogen case were indistingu
able from those for the 10% hydrogen case and
not shown in the figure. As indicated inFig. 11a, as
the H2 concentration is increased, the amount of N
formed decreases in a monotonic manner. This is
to a reduction in prompt NO, since thermal NO
mains essentially the same as the flame temperatu
maintained constant. These results are consistent
those reported by Rortveit et al.[13]. Further insight
Fig. 12. Temperature (a) and NO mole fraction (b) profi
for nonpremixed flames established atas = 100 s−1, using
different methane/hydrogen blends without nitrogen dilu-
tion.

into this behavior is provided by the CH profiles pr
sented inFig. 11b. As the amount of H2 in the blend
is increased, the CH concentration decreases, s
the amount of methane in the fuel blend decrea
which in turn decreases the prompt NO. It is wo
mentioning, however, that a relatively large amoun
H2 is needed to bring a noticeable reduction in N
emission. For example, addition of 10% H2 by vol-
ume (1.4% by mass) has essentially no effect on
computed NO profile, while addition of 50% H2 by
volume (or 11.1% by mass) decreases the peak
value by about 30%.

Fig. 12 presents the temperature and NO m
fraction profiles for nonpremixed flames using CH4–
H2 blends without nitrogen dilution. Results a
shown for four different blends containing 10, 50, 7
and 90% H2 by volume, or 1.4, 11.1, 22.6, and 52.9
H2 by mass. Results for the 0% H2 were again in-
distinguishable from those for 10% H2 and are not
included in the figure. As expected, H2 addition in
the fuel blend increases the flame temperature
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Fig. 13. Thermal and prompt NO profiles for nonpremix
flames established using two different methane/hydro
blends containing 50 and 70% H2 by volume.

Fig. 12a), since the adiabatic flame temperature
creases with hydrogen addition. For the four case
depicted inFig. 12, the peak flame temperatures a
2027, 2130, 2199, and 2294 K, and the correspond
adiabatic flame temperatures are 2324, 2368, 2
and 2484 K, respectively. The flame width also
creases with H2 in the fuel blend, since the effectiv
mass diffusivity is enhanced due to hydrogen ad
tion. The effect of hydrogen addition on NO emission
is illustrated inFig. 12b. Although the peak NO valu
exhibits a nonmonotonic variation with H2 concen-
tration, as it first increases (for H2 up to 50% by
volume) and then decreases, the important obse
tion is that hydrogen addition has a relatively mino
effect on NOx concentration in methane flames. T
peak NO varies in a very narrow range as the amo
of H2 in the blend is increased from 10 to 90%
volume. This can be attributed to the fact that the
dition of H2 decreases the prompt NO, as it lowers
CH concentration, but increases the thermal NO
to the higher flame temperature. This is confirmed
plotting the thermal and prompt NO profiles shown
Fig. 13. The prompt NO decreases while the therm
NO increases as H2 in the blend is increased from 5
to 70% by volume. Since these two effects essenti
cancel each other, the hydrogen addition hasan incon-
sequential effect on NOx concentration in metha
flames.

Fig. 14 presents the temperature and NO m
fraction profiles for nonpremixed flames establish
using differentn-heptane/hydrogen fuel blends wit
out nitrogen dilution. For the four cases depicted
the figure, the fuel blend contains 10, 50, 70, a
90% H2 by volume or 0.22, 1.96, 4.46, and 15.25
H2 by mass. It is important to note that for the sa
Fig. 14. Temperature (a) and NO mole fraction (b) p
files for nonpremixed flames established with differe
n-heptane/H2 blends atas = 100 s−1.

amount of H2 by volume, the hydrogen mass in
n-heptane/hydrogen blend is much smaller than
in a methane/hydrogen blend. The temperature
files inFig. 14a indicate that the addition of H2 in the
fuel blend increases the flame temperature and th
ness. However, the effect is small compared to
observed for CH4–H2 blends.

The NO mole fraction profiles presented
Fig. 14b indicate that the NOx emission inn-heptane
flames can be significantly reduced using H2 addi-
tion, which is in contrast to that for methane flam
for which the NOx emission is only marginally a
fected by H2 addition. Forn-heptane flames, as th
amount of H2 in the blend is increased, it signifi
cantly lowers the NO concentration. As noted earl
50 and 70% H2 by volume represent only 1.96 an
4.46% H2 by mass, implying that a relatively sma
H2 mass can significantly reduce NO emission inn-
heptane flames. This is due to the fact that mos
the NO in n-heptane flames is formed through t
prompt mechanism, and the prompt NO is sign
cantly reduced by adding H2 in the blend. This is
confirmed by the prompt and thermal NO profil
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Fig. 15. Thermal and prompt NO profiles for nonpremix
flames established using two differentn-heptane/hydrogen
blends containing 50 and 70% H2 by volume or 1.96 and
15.25% H2 by mass.

shown inFig. 15. As hydrogen mass in the blend is i
creased from 1.96 to 4.46%, the prompt NO decrea
considerably while the thermal NO increases o
slightly. As indicated inFig. 15, the addition of hy-
drogen in the blend leads to a significant reduction
CH concentration, which causes a significant red
tion in prompt NO. Although the addition of hydroge
increases thermal NO due to the increased flame
perature, its effect on the total NO is negligible, d
to the dominance of the prompt mechanism. Th
an important observation here is that the addition
hydrogen can significantly reduce NOx emission inn-
heptane flames but has a negligible effect in meth
flames.

5. Conclusions

In this numerical study we have examined t
effects of using different fuels on NOx emissio
in counterflow nonpremixed and partially premix
flames. The fuels investigated include methane,n-
heptane, and their blends using hydrogen. Meth
flames have been computed using the GRI-Mech
mechanism, whilen-heptane has been computed
combining the Held et al. oxidation mechanism w
the Li and Williams NOx mechanism. While the
mechanisms have been validated previously in s
eral configurations, two additional validations for t
simulation of methane andn-heptane PPFs have be
provided in the present study. A detailed investigat
has been conducted to characterize the fuel effect
NOx emissions. Important observations are the
lowing:
(1) In the context of NOx characteristics, the p
tial premixed combustion can be classified in
two distinct regimes, namely a double-flam
regime and a merged-flame regime. In the fi
regime, a partially premixed flame contains tw
distinct or physically separated reaction zon
namely a rich premixed zone on the fuel si
and a nonpremixed zone on the oxidizer si
In the second regime, these two reaction zo
are nearly merged. The double-flame regime
characterized by relatively high levels of part
premixing and low strain rates. With increasi
φ and/oras, the two reaction zones move clos
and eventually merge, representing a transi
to the merged-flame regime. Due to the diff
ence in fuel pyrolysis/oxidation chemistry, th
ranges ofφ andas for the double-flame regim
are significantly different for the two fuels. Fo
counterflow methane flames, this regime is
proximately given by 1.4 < φ < 2.0 and 20<
as < 50 s−1, while for n-heptane flames, it i
given by 1.5 < φ < 3.5 and 20< as < 120 s−1.

(2) In the double-flame regime, NOx character
tics of both methane andn-heptane flames ar
strongly affected by changes inφ andas, while
in the merged-flame regime, they exhibit a r
atively weak dependence onφ and as. More-
over, in the double-flame regime, the metha
andn-heptane flames established under ident
conditions exhibit widely different NOx emis
sion behavior, while in the merged-flame regim
their NOx characteristics are qualitatively sim
ilar. These differences are also observed in
NOx emission indices for both the methane a
the n-heptane flames and are related to their
spective fuel oxidation chemistry.

(3) Under identical conditions, the amount of N
produced inn-heptane flames is significant
higher than that in methane flames, and this
directly attributable to the higher concentrati
of acetylene inn-heptane flames. A rate of pro
duction analysis indicated that the consumpt
of n-heptane occurs mainly through the C2 path,
while that of methane occurs mainly through t
C1 path, with the implication that the amou
of C2H2 formed inn-heptane flames is signifi
cantly higher than that in methane flames. T
leads to a much higher concentration of C
radicals and, consequently, of prompt NO inn-
heptane flames. The thermal NO is also hig
in n-heptane flames due to the higher tempe
ture and higher O and OH radical concentratio
Consequently, the amount of total NO formed
n-heptane flames is significantly higher than t
in methane flames.
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(4) For both methane andn-heptane flames, the NO
level in the nonpremixed reaction zone far e
ceeds that in the premixed reaction zone. Thi
due to the paucity of O and OH radicals and
a lesser extent to lower temperature in the p
mixed zone. While CH radicals are produced
both the premixed and the nonpremixed re
tion zones and immediately lead to the form
tion of HCN through the reaction CH+ N2 ↔
HCN+ N, the subsequent conversion of HCN
NO occurs mainly in the nonpremixed zone d
to the availability of O and OH radicals ther
Consequently, the prompt NO is much higher
this zone than in the premixed zone. The therm
NO is also higher in the nonpremixed zone due
the higher temperature and radical concentra
in this zone.

(5) Another important difference in the NOx cha
acteristics of the two fuels pertains to the r
ative contributions of the prompt and therm
mechanisms in the two regimes. Forn-heptane
flames, the prompt mechanism is the major c
tributor to the total NO in both the double-flam
and the merged-flame regimes. In contrast,
methane flames, the thermal mechanism is
major contributor to the total NO in the doubl
flame regime, while the prompt mechanism b
comes the major contributor in the merged-fla
regime. This switch between the relative con
butions of the thermal and prompt NO durin
transition from the double-flame to the merge
flame regime occurs only in methane flames
is also noteworthy that forn-heptane flames, th
amount of NO formed due to the prompt mec
anism far exceeds that formed due to the th
mal mechanism in the entire partially premix
regime, and the difference becomes greater w
increase inφ and as. This is again attributable
to the significantly higher amount of acetyle
produced in the premixed zone, which is su
sequently transported to the nonpremixed z
in n-heptane flames. In contrast, for metha
flames, the amount of acetylene transported
the nonpremixed zone is relatively small, and
relative contributions of the prompt and therm
mechanisms are generally comparable.

(6) NOx characteristics of methane/hydrogen andn-
heptane/hydrogen blends have also been in
tigated. Results indicate that the addition of h
drogen can significantly reduce NOx emission
n-heptane flames but has a negligible effect
NOx emission in methane flames. This is due
the fact that most of the NO inn-heptane flame
is produced through the prompt mechanism, a
the prompt NO is significantly reduced by H2,
since the C2H2 and, consequently, the CH co
centrations are reduced due to H2 addition. In
contrast, for methane flames, the decrease in
prompt NO due to hydrogen addition is balanced
by the corresponding increase in the thermal N
and the total NO is essentially unaffected by h
drogen addition.
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