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A comprehensive analysis of hydrogen/oxygen and hydrocarbon/oxygen counterflow diffu-
sion flames has been conducted using corresponding detailed reaction mechanisms. The
hydrocarbon fuels contain n-alkanes from CH,4 to Ci5Hss. The basic diffusion flame struc-
tures are demonstrated, analyzed and compared, and the effects of pressure, and strain rate
on the flame behavior and energy-release rate for each fuel are examined systematically.
The detailed chemical kinetic reaction mechanisms from Lawrence Livermore National Lab-
oratory (LLNL) are employed, and the largest one of them contains 2115 species and 8157
reversible reactions. The results indicate for all of the fuels the flame thickness and heat
release rate correlate well with the square root of the pressure multiplied by the strain rate.
Under the condition of any strain rate and pressure, Hs has thicker flame than hydrocarbons,
while the hydrocarbons have the similar temperature and main products distributions and
almost have the same flame thickness and heat release rate. The result indicates that the
fuels composed with these hydrocarbons will still have the same flame properties as any pure

n-alkane fuel.
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I. INTRODUCTION

Laminar counterflow diffusion flames provide much
useful information about the basic properties of non-
premixed combustion. A thorough understanding of
strained laminar flames is a prerequisite to achieve im-
proved knowledge of more complex system. As the im-
portant practical fuels in various propulsion and energy-
conversion applications such as internal combustion en-
gines, gas turbine combustors and rocket engines, com-
bustions of hydrogen and hydrocarbon fuels are very
valuable to investigate. For the studies on the flame
properties of hydrocarbons, they always focus on the
counterflow diffusion flames of n-alkane (C,Ha,y2).
To date, most existing studies of counterflow diffusion
flames have been carried out on simple fuels such as
hydrogen and methane, while the studies on high hy-
drocarbon fuels are less well documented. The main
reasons are lack of the detailed reaction mechanisms
validated in large ranges of conditions and the compu-
tational intensity with large detailed reaction mecha-
nism is severe, especially for high hydrocarbons. High
hydrocarbon fuels are extensively used in practical de-
vices, while the investigations of their counterflow diffu-
sion flames are less reported. Additionally, almost the
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current studies always only focus on one pure fuel. The
difference and relation of combustion flames of these
fuels are still not clear. Ribert et al. established a
framework to study on counterflow diffusion flames for
hydrogen/oxygen mixture over the entire regime of ther-
modynamic states, and the effects of the pressure and
strain rate were investigated [1]. The Hy/O2 reaction
mechanism was in Ref.[2] involved 8 species and 19 re-
versible reactions. Pons et al. studied the mass transfer
mechanism in transcritical methane diffusion counter-
flows with a reduced reaction mechanism containing 29
species and 141 reactions [3]. Tosatto et al. analyzed
the chemical structure of a methane counterflow diffu-
sion flame doped with small amounts of either JP-8 or a
jet fuel surrogate using gas sampling via quartz micro-
probes and subsequent GC/MS analysis [4]. For high
hydrocarbon, normal heptane (n-C;Hjg) is a represen-
tative higher hydrocarbon fuel, thus, the related studies
always focused on n-heptane. Li and Williams carried
out two experiments on n-heptane diffusion flame and
partially premixed flame respectively [5]. The flame
structures were calculated with a reduced mechanism
involving 36 species and 180 elementary reactions. Dif-
ference between the experimental and calculation data
indicated that the fuel chemistry required further atten-
tion. Seiser et al. performed a study to elucidate the
mechanisms of extinction and autoignition of n-heptane
counterflow diffusion flames [6]. Two reduced mecha-
nism with 159 species and 770 reversible reactions, and

(©2011 Chinese Physical Society



232 Chin. J. Chem. Phys., Vol. 24, No. 2

282 species and 1282 reversible reactions respectively,
were developed from the previous detailed mechanism.
Dakhlia et al. studied the Ludwig-Soret effects on n-
Heptane/O3 /Ny counterflow diffusion flames using a re-
duced mechanism involving 41 species and 273 elemen-
tary reactions [7]. The Ludwig-Soret effect was found
negligible for this flame. Xue et al. used a reaction
mechanism consisting of 41 species and 275 elementary
reactions to investigate the structure and extinction of
n-heptane/air partially premixed counterflow flames [8].
Zhu and Gore studied the flame structure and soot
formation on hepante/air counterflow diffusion flame
in certain experimental conditions [9]. Two different
mechanisms were used. One consists of 41 species and
275 elementary reactions and the other of 180 species
and 848 elementary reactions. Liu et al. investigated
the effects of strain rate on high-pressure nonpremixed
n-heptane autoignition in counterflow [10]. A reduced
mechanism with 18 global reaction steps and a skeletal
mechanism with 43 species and 185 reactions were used.

In 2006, Liu et al. successively numerically studied
the effect of unsteady strain on n-heptane autoignition
at elevated pressure in the counterflow configuration
[11]. The skeletal reaction mechanism used in their pre-
vious study was still employed. Berta et al. conducted
an experimental and numerical investigation of prevap-
orized n-heptane nitrogen-diluted nonpremixed flames
[12]. A n-hepatne/air counterflow flame configuration
is employed, and the major objective is to provide well-
resolved experimental data regarding the structure and
emission characteristics of these flames. The measure-
ments are compared with predictions using a detailed
n-heptane oxidation mechanism that includes the chem-
istry of NO,, and polycyclic aromatic hydrocarbon for-
mation. Additionally, for other studies on n-heptane
combustion, flame structure and extinction [13—15],
and liquid-pool flames [16—18], etc. were investigated
with reduced chemical mechanisms. For Cg—Cyg, some
studies on their reaction mechanisms have been carried
out [19—28], while no study on counterflow diffusion
flame with detailed mechanism was documented.

In the corresponding computational cost, the cost for
the chemical rate evaluation scales linearly with the
number of species, while the cost for the diffusion eval-
uation scales at least quadratically with the number of
species [29]. Thus, complex mechanism brings the com-
putational intensity and even is not able to obtain stable
converged solutions, particularly under high pressure
and strain. Therefore, in spite of many previous inves-
tigations, most of these studies, however, were carried
out at low pressures, low strain rate or with reduced ki-
netic schemes. There is a paucity of study on the high
hydrocarbon counterflow diffusion flame with detailed
mechanism.

Concerning the study on reaction mechanism of hy-
drocarbon combustion, Simmie gave a comprehensive
review of detailed mechanisms of hydrocarbon fuels [30].
Many efforts have been performed on the reaction mech-
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anisms, but detailed mechanisms have been less devel-
oped, especially for high hydrocarbons. For the rep-
resentative fuel n-heptane, Ranzi et al. developed a
semi-detailed kinetic scheme for n-heptane oxidation
[31]. Lindstedt et al. developed a reaction mechanism
involving 109 species and 659 reactions of n-heptane
combustion [18]. A comprehensive detailed one involv-
ing 556 species and 2540 reversible reactions was devel-
oped by Curran and his coworkers from Lawrence Liv-
ermore National Laboratory (LLNL) [32]. This mecha-
nism had been validated in wide ranges of combustion
regimes and conditions, including high pressure region.
To date, this scheme is still the most comprehensive one
which has been validated in large ranges of conditions
and combustion regimes. For other higher hydrocar-
bons, some studies on their reaction mechanisms had
been carried out in France, Germany, Russia, US, etc.
[19—28]. In 2009, LLNL developed a comprehensive de-
tailed reaction mechanism for combustion of Cg—Cy4 n-
alkanes hydrocarbons [24]. These mechanisms had also
been validated in a wide variety of different sources and
were recommended by other researchers [33, 34]. In ad-
dition, LLNL also developed and updated a series of
comprehensive detailed reaction mechanisms for com-
bustion of Hy and C;—Cy4 n-alkanes hydrocarbons [35,
36]. In this work, those mechanisms from LLNL will be
employed to model Hy and C;—Ci4 n-alkanes hydro-
carbons combustion in counterflow configurations.

In order to reveal non-premixed combustion flame
behaviors of Hy and normal-alkanes (C;—Cjg) and to
obtain the distinctions and relationship among them,
a comprehensive investigation on the Hs and hydro-
carbon counterflow diffusion flame behaviors in large
ranges of conditions was carried out. The effect of pres-
sure and strain rate on the flame structure and heat
release rate will be examined systematically for each
fuel and compared with others. The comprehensive de-
tailed mechanisms are employed. The results will also
serve as a fundamental tool for establishing flame sub-
models for treating turbulent combustion (e.g. Flamelet
turbulence combustion model [37]) over a wide range of
conditions and a primary study on the commercial fuels
combustion flame behaviors.

Il. REACTION MECHANISM AND COMPUTATIONAL
METHOD

To have a most appropriate investigation and com-
parison, the detailed reaction mechanisms developed by
one organization (LLNL) [24, 32, 35, 36] are mainly
employed in the present study. The mechanism of
H; and CH4—C4Hyg are updated by 2004. Those of
C7H16—C16H34 were developed or updated in Dec 2009.
The largest mechanism contains 2115 species and 8157
reversible reactions for CiHsy [38]. Those mecha-
nisms had been validated in wide ranges of combustion
regimes and conditions, including high pressure region.
The specific reaction mechanism for each fuel is intro-
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TABLE I Introduction of the reaction mechanisms for Ha, C;—Ci6 counterflow diffusion flames modeling [38].

Fuel Status Number of species Number of reactions References
H, Developed in 2004 9 21 reversible [35]
CH,4 Developed in 1998/updated in 2004 155 689 [36]
CyHg Developed in 1998 /updated in 2004 155 689 [36]
CgsHsg Developed in 1998 /updated in 2004 155 689 [36]
C4Hio Developed in 1998/updated in 2004 155 689 [36]
CsHio Developed in 1998 /updated in Dec 2009 560 2539 reversible [32]
CeHis Developed in 1998 /updated in Dec 2009 560 2539 reversible [32]
Cr7His Developed in 1998 /updated in Dec 2009 560 2539 reversible [32]
CgHis Developed in 2009/updated in Dec 2009 691 2992 reversible [24]
C10Ha2 Developed in 2009/updated in Dec 2009 952 3899 reversible [24]
Ci12Has Developed in 2009/updated in Dec 2009 1078 5056 reversible [24]
Ci14Hso Developed in 2009/updated in Dec 2009 1666 6476 reversible [24]
Ci16Has Developed in 2009/updated in Dec 2009 2115 8157 reversible [24]

TABLE II The critical points of n-alkane fuels.

Chemical formula (name) p®/MPa T.” /K

CH4 (methane) 4.58 190.7

- — - C2Hsg (ethane) 4.82 305.5

Flame C¢Hs (propane) 4.21 370.0

C4Hio (butane) 3.75 425.2

CsHiz (pentane) 3.36 469.8

Oxidizer CgsHia (hexane) 3.01 507.4

CrHie (heptane) 2.74 540.3

FIG. 1 Schematic of a counterflow diffusion flame. CsHig (octane) 2.49 568.9

C1oHaz (decane) 2.10 617.0

duced in Table 1. C12Ha6 (dodecane) 1.82 658.2

] . . C14Hso (tetradecane) 1.44 693
The modeling computations were performed using Ci6Has (hexadecane) 141 799

the CHEMKIN PRO [39] suite of software in conjunc-
tion with the OPPDIF program [40]. The governing
equations for the counterflow diffusion flame regime
have been well documented and will not be discussed in
detailed here; the reader is referred to the relevant re-
ports for further information. The OPPDIF code com-
putes the structure of the flame stabilized in the vicinity
of the stagnation plane formed between two impinging,
laminar, axisymmetric, and opposed streams. Figure 1
shows a schematic illustration of a counterflow config-
uration. Two infinitely wide circular nozzles directed
toward each other at a fixed distance. One stream con-
tains fuel and the other oxidizer. OPPDIF solves the
temperature, species, mole fractions, axial and radial
velocity components, the pressure gradient, and etc. for
the diffusion flame.

The momenta of the counterflowing reactant streams
prf2 and pOV02 at the boundaries are kept almost
equal to each other. Here, pr and p, represent the den-
sity of fuel and oxidizer, respectively. This condition
ensures that the stagnation plane formed by the two
streams is approximately in the middle of the region.
The strain rate is defined as the normal gradient of the
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& pc is critical pressure.
b T. is critical temperature.

normal component of the flow velocity. The character-
istic strain rate on the oxidizer side of the stagnation
plane, a, is presumed to be give by [41].

_ 2|Vl Ve[ /i
a=—7 (1+Vo|\/%> (1)

L is the distance between fuel and oxidizer inlets, V and
p are the normal flow velocities and density. Subscripts
f and o are the fuel and oxidizer. The distances between
the fuel and oxidizer port are set at 2.0 cm.

11l. RESULTS AND DISCUSSION
The critical points of these fuels are shown in Table

II. The critical temperature of Ci6Hsy is above 700 K,
because the calculation pressure will be below the criti-
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cal pressure, and in order to mainly investigate the fun-
damental flame behaviors, the fuels are all set at pre-
vaporized states in this study, thus inlet temperatures
are typically set at 800 K in this work. The pressure
ranges form 0.1 MPa to 1.0 MPa, and the strain rate is
practically chosen from 10 s~! to 105 s~1.

A. H3, hydrocarbons/O> counterflow diffusion flames

Figure 2 shows the flame temperature and main
species mole fraction distributions at a typical condi-
tion (i.e., p=1.01 MPa, a=1000 s~!) of each fuel. All of
the species with value of maximum mole fraction more
than 0.1 are demonstrated. Here, fuel inlets are at left
side, and oxygen inlets are at the right side. All of the
flames have established themselves on the oxygen sides,
with the nearer distance from the stagnation planes for
the higher hydrocarbon. The temperatures reach max-
imum values of 3440, 3332, 3380, and 3375 K for Cy,
Cyq, Cr, and Cy at 1.01 MPa (Hs, here, is considered
as CoHs). The flame thickness d¢, defined as the full
width at half maximum value of temperature, is 0.83,
0.59, 0.6, and 0.62 mm for these cases. It can be seen
that the Ho flame thickness is obviously bigger than
others, while the flame temperature profiles of C;—Cjg
are very similar and the corresponding flame thickness
is almost the same. For all the fuels, the locations of
maximum flame temperatures are almost the same as
those of maximum H5O mole factions. The major prod-
ucts of combustion of Hy are HyO and OH, beside these
two species, CO, CO3, and Hy become the major prod-
ucts for hydrocarbons. Additionally, the hydrocarbon
higher than Cs, CoHs and CyHy, also reach notable
concentrations. These results show that the mole frac-
tions of carbon-containing products increase for higher
hydrocarbons. The primary product is still HoO for
C;1 due to the low fraction of carbon in methane, while
CO becomes the primary product from Cs and then in-
creases successively from Co;—Cig, and the fraction of
H50O decreases correspondingly. As an example, it can
be seen that the primary product of C; combustion is
CO7 followed by HQO, HQ, COQ, OH, CQH47 and C2H2.
The major hydrocarbon products are all consumed be-
fore the stoichiometric mixture fraction (the mixture
faction at stoichiometric state, 1.724 mm for Cz, the
corresponding location is 9.517 mm). Hydrogen can be
observed to break through the stoichoimetric position
and pass the point of maximum temperature for hydro-
carbon combustion, and the radical OH peaks on the
lean side.

Absolutely, there are some differences among these
flame structures, while the main species distributions
of all the fuels are similar except Hs. Figure 3 shows
the maximum flame temperature, flame thickness and
heat release rate per unit area as a function of carbon
number in these fuels. The heat release rate per unit
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area (s is defined as:

+oo Ns B
s = /_ (Z thkwk> dy (2)

k=1

Compared with hydrocarbon combustion, Hs/Oq
flame has the much thicker flame thickness and higher
flame maximum temperature, which can be interpreted
by the less diffusivity of the hydrocarbons than hydro-
gen and higher enthalpy of Hs. For the hydrocarbon fu-
els, the higher hydrocarbon has little higher maximum
temperature and thicker flame thickness, less heat re-
lease rate. However, the effect of the number of carbon
is very limited and these results seem almost the same,
which can be understood from the main species distri-
butions for hydrocarbon fuels shown in Fig.2. The lim-
ited difference among the species distributions causes
the limited different results shown in Fig.3. It can also
be seen that the maximum flame temperature and heat
release rate profiles have little valleys at C;, because of
the particular product distributions caused by its low
ratio of C to H.

B. Effect of pressure and strain rate

In order to further investigate the flame properties
of these fuels, a large range of pressure and strain rate
was calculated. To have a fair comparison, the ranges
of pressure and strain rate were set the same for all
the fuels. Pressure ranges from 0.1 MPa to 10.1 MPa
and strain rate from 10 s~! to 10° s7!. As an exam-
ple, Fig.4 shows the temperature distributions for the
C; cases at different pressures at a typical strain rate
(i.e., a=1000 s~1). The temperatures reach maximum
values of 2584, 3332, 3578, and 3686 K for the C; cases
at 0.1, 1.01, 5.05, and 10.1 MPa, respectively. d¢ are
1.84, 0.59, 0.26, and 0.18 mm at 0.1, 1.01, 5.05, and
10.1 MPa, respectively. The influence trend of pressure
on the counterflow diffusion flame structure also can
be found. A pressure increase in a combustion system
reduces the amount of dissociation of the compounds
in products, and the maximum flame temperature in-
creases. However, d¢ exhibits an opposite trend. The
systematic calculations at difference pressures also had
been conducted for other fuels. Figure 5 shows the re-
duction of the flame thickness with pressure for all the
fuels at the typical strain rate of 1000 s~1. As a given
strain rate, the pressure always shows a linear depen-
dence of the flame thickness for each fuel. At all the
pressure range, the Ho flames always are thicker than
all of the hydrocarbons. All of the hydrocarbons have
almost the same flame thickness at any pressure. Addi-
tionally, the same linear relationships between pressure
and flame thickness have been revealed due to all the re-
sults collapse into a single line for the n-alkanes. These
phenomena can be further explored by considering the
heat release rate per unit flame area shown in Fig.6.
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FIG. 2 The flame temperature and main species profiles for Ha, C1 —C16 n-alkanes and oxygen counterflow diffusion flames
at a=1000 s~ !, p=1.01 MPa. The vertical dashed lines signify the location of the stagnation planes.
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FIG. 5 Flame thickness as a function of pressure for Ha,
C1—Ci6 n-alkane counterflow diffusion flames, a=1000 s~ L.

Figure 6 shows that the heat release rate increases
with pressure. At a given strain rate, the pressure al-
ways shows a linear dependence of the heat release rate
for each fuel. Similar to the flame thickness behavior,
the heat release rate of all the n-alkane fuels are almost
the same at any pressure.

Figure 7 shows the maximum flame temperature Ty, ax
versus strain rate at a typical pressure of 1.01 MPa. At
low strain rate, Ti,.x remains nearly constant for all of
the fuels. At higher strain rate, T,.x decreases progres-
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FIG. 7 Effect of strain rate on maximum temperature
for He, C1—Cis n-alkane counterflow diffusion flames,
p=1.01 MPa.

sively to reach its extinction temperature. Hs always
has the highest maximum flame temperature of hydro-
carbons at any strain rate point. From C; to Cig the
maximum flame temperature increase slightly, but the
difference is limited. The effects of strain rate on the
flame thickness are shown in Fig.8. The result shows
the flame thickness decreases with the strain rate. Ob-
viously, the strain rate has linear dependences of the
flame thickness for all the fuels, and hydrocarbons have
the same flame thickness and Hs has the thicker flame
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at any strain rate point.

The reduction in flame thickness with pressure and
strain rate had been discovered in some other studies
by Law and Ribert [1, 42]. They suggested the use
of the pressure-weighted strain rate in correlating their
effects. The flame thickness is thus proportional to
1/y/pa. The results of this work also show this rela-
tionship. Furthermore, Fig.9 shows the flame thickness
parameter C'=0d¢,/pa, as a function of the pressure rang-
ing 0.10—10.1 MPa at strain rate of 1000 s~!. The pa-
rameters for the hydrocarbon fuels nearly locate at the
same value about 60.

Heat release rate per unit area ¢, is shown as a func-
tion of strain rate in Fig.10 at the typical pressure of
1.01 MPa. For a given pressure, ¢s increases linearly
with the strain rate. It can also be seen that for all the
n-alkane hydrocarbons, ¢s are almost the same at any
strain rate point. Combining with the relationship be-
tween the heat release rate and pressure obtained above,
the results in this work also reveal the functional rela-
tionships of ¢s-/pa for all the fuels, and all the n-alkane
fuels have a single formula between ¢s and ,/pa.

The analysis and results above show the flame struc-
ture, the flame thickness and the heat release rate are
almost the same for all the n-alknae hydrocarbon fu-
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FIG. 10 Heat release rate per unit area as a function of

strain rate for Ha, C;—Ci¢ n-alkane counterflow diffusion
flames, p=1.01 MPa.

els at any condition. This phenomenon further gives
a valuable information that the blend fuels composed
with these hydrocarbons will have the same flame prop-
erties as a pure n-alkane fuel.

IV. CONCLUSION

A comprehensive analysis of laminar Hs, C;—Cyg
n-alkane hydrocarbon counterflow diffusion flames has
been performed. The corresponding detailed reaction
mechanisms from Lawrence Livermore National Lab-
oratory are used. The largest mechanism contains
2115 species and 8157 reversible reactions. The con-
verged solutions of large range of conditions (pressure:
0.1—10.1 MPa, strain rate: 10—10° s=1) are obtained.
The basic diffusion flame structures have been demon-
strated and analyzed, and the effects of pressure, strain
rate on the flame behavior and energy-release rate were
examined. The major conclusions are summarized: (i)
For all the fuels, the locations of maximum flame tem-
peratures are almost the same as those of maximum
H50O mole factions. The major products of combustion
of Hy are HoO and OH, beside these two species. CO,
COg, and Hy become the major products for hydrocar-
bons. Higher hydrocarbon than Cs, CoHs and CoHy
also reach notable concentrations. The mole fractions
of carbon-containing products increase for higher hy-
drocarbons. (ii) For all the fuels, the calculated flame
thickness d¢ and heat release rate per unit flame area ¢,
were found to depend on the pressure p and strain rate a
through the correlations of d¢-,/pa and ¢s-/pa, respec-
tively. (iii) Ho/Og counterflow diffusion flame is thicker
than the hydrocarbon flames, while the hydrocarbons
have the similar temperature and main products dis-
tributions and almost have the same flame thickness
and heat release rate in any condition, which indicates
that the fuels composed with these hydrocarbon fuels
will still have these flame properties the same as any
pure n-alkane fuel. (iv) The flame thickness parameter
C=0¢,/pa, for all the hydrocarbon fuels nearly locate at

(©2011 Chinese Physical Society
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the same value about 60. Results not only enhance the
fundamental understanding of the flame properties un-
der various flow conditions and fluid states, but also can
be used as a submodel in the treatment of non-premixed
turbulent combustion.
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