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COUNTERFLOW DIFFUSION FLAMES OF OXYGEN
AND N-ALKANE HYDROCARBONS (CH4-C16H34)
AT SUBCRITICAL AND SUPERCRITICAL CONDITIONS

Xingjian Wang, Hongfa Huo, and Vigor Yang

School of Aerospace Engineering, Georgia Institute of Technology, Atlanta,
Georgia, USA

This article presents an investigation of counterflow diffusion flames of oxygen and n-
alkanes (CH4-Ci6H34) over the entire thermodynamic fluid regime and a wide range of
flow strain rates. The formulation incorporates fundamental thermodynamics and transport
theories, along with detailed chemistry. An improved two-point flame-controlling contin-
uation method is employed to capture the complete flame response along the S-curve.
Two selected members of the n-alkane family, methane and n-heptane, are studied in
detail. The results confirm that the flame thickness (5) and the global heat-release rate
() of oxygen /hydrocarbon systems are closely related to the pressure-weighted strain rate,
8~1//pa and g~ Jpa. The latter correlation is further modified to account for the
pressure effect on peak flame temperature, i ~ p%>36./a for the oxygen/methane system,
g ~ p"334 /a for the oxygen/n-heptane system. The inlet temperature appears to have a
negligible effect on flame characteristics. General similarities are developed in the mixture-
fraction space in terms of flame temperature, species concentrations, flame thickness, and
heat-release rate for all pressures under consideration. This suggests that the flame behav-
iors at high pressure can be evaluated by their counterpart at low pressure. The common
features for the n-alkane family are identified. The flame properties of a given hydrocarbon
fuel can be predicted from those of another hydrocarbon fuel at the same flow conditions.
The results contribute to the establishment of a tabulated chemistry library for the modeling
of supercritical combustion of oxygen and hydrocarbon fuels.

Keywords: n-Alkane; Counterflow diffusion flame; Flame similarity; High-pressure combustion; Strain rate

INTRODUCTION

Counterflow diffusion flames have been extensively studied by means of analytical,
experimental, and numerical techniques, and flame behaviors and burning properties have
been characterized for a wide variety of fuel and oxidizer combinations under a broad
range of flow conditions (Law, 2006; Williams, 1985). Until recently, however, most of
the studies were carried out at room conditions, based on an ideal-gas assumption. The
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flame structures and dynamics at high pressure, which occur in many practical combustion
devices, have been less thoroughly explored.

Ribert et al. (2008) conducted a pioneering analysis of counterflow diffusion flames
for real fluids. The model employs a unified treatment of fundamental thermodynamics
and transport theories (Yang, 2000) and is thus capable of handling flow and flame evo-
lution over the entire regime of thermodynamic fluid states. As a specific example, the
oxygen/hydrogen system was treated in depth. The effects of the cryogenic fluid properties
of oxygen on the flame characteristics were explored. It was found that the flame thick-
ness and heat-release rate correlate well with the square root of the product of pressure and
strain rate, ,/pa. Following an approach similar to Ribert et al. (2008), Lacaze and Oefelein
(2012) developed a flamelet model that combines real-fluid thermodynamics with a tabu-
lated chemistry to study combustion instabilities in practical burners. These studies only
considered stable burning with moderate flow-strain rates. The flame behaviors near the
extinction point were not investigated. Huo et al. (2014) established a general framework
for the first time for real fluids to investigate the flame responses over the entire S-curve
by implementing an improved two-point flame-controlling method. General similarities of
flame temperature, flame thickness, species concentration, and heat-release rate were found
in a normalized strain-rate space for the range of pressures under consideration. This find-
ing can be effectively used to improve the computational efficiency of combustion modeling
using tabulated chemistry.

Existing studies of high-pressure counterflow diffusion flames mainly focus on the
oxygen/hydrogen system. Limited attention has been given to hydrocarbon fuels, which
are used for a vast majority of combustion devices, including gas-turbine, liquid-rocket, and
diesel engines. Pons et al. (2008) studied the pressure effects of oxygen/methane flames.
A fast-chemistry assumption was applied to derive scaling factors for characterizing flame
properties. The analysis employed ideal-gas thermophysical properties with supercritical
inlet temperatures. Pons et al. (2009) later studied mass transfer and combustion in trans-
critical non-premixed oxygen/methane counterflows. Real-fluid properties were employed
by extending the standard Chemkin package to the transcritical regime. The flame was
established in the light-gas region adjacent to the sharp density gradient in the transcriti-
cal zone. The work only considered the effect of inlet temperature on the flame structure
at a pressure of 7 MPa under stable burning conditions. A more complete investigation
of the flame behaviors, including extinction characteristics, is needed for a broad range of
pressures and strain rates.

Heavy hydrocarbon combustion with air in a counterflow setting has been the subject
of many studies. Li and Williams (2000) performed both experimental and numerical inves-
tigations of diffusion and partially-premixed air/n-heptane flames. It was concluded that a
reduced mechanism of 36 species and 180 reactions is insufficient for accurate prediction
of intermediate species. Seiser et al. (2000) explored the extinction and auto-ignition of n-
heptane counterflow flames at atmospheric conditions. The effect of strain rate was found
to be more influential on the low-temperature chemistry than on the reactant temperature.
Efforts were also made to develop more detailed chemical mechanisms for n-heptane oxida-
tion. Curran et al. (1998) developed a comprehensive mechanism consisting of 556 species
and 2540 reversible reaction steps, which was verified for pressures up to 42 atm. This
mechanism was further modified and extended for Cg-C;¢ normal alkanes (Westbrook et al.,
2009), and will be used in the present work. Most of the previous studies operated at either
low pressures or low strain rates for diluted fuel and air. Furthermore, reduced chemical
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mechanisms were often employed. A systematic investigation into the flame properties
under a wide range of flow conditions is yet to be performed.

The purpose of the present study is to explore the characteristics of counterflow
diffusion flames of oxygen and hydrocarbon fuels. A wide range of n-alkanes (CHy-
Ci6Hs34) will be treated under both subcritical and supercritical conditions. The behaviors
of oxygen/hydrogen flames will also be noted as a benchmark. The work extends the gen-
eral framework of Huo et al. (2014) and accommodates detailed chemical kinetics and fluid
properties of hydrocarbon fuels. Emphasis will be given to the effects of pressure, inlet tem-
perature, and strain rate on the flame structures and burning behaviors, including extinction,
heat-release rate, and flame temperature, as well as the temperature and species distribu-
tions. The flame response over the entire S-curve will be obtained, and general correlations
will be developed systematically.

The article is organized as follows. The following section describes the theoretical
formulation based on general-fluid thermodynamics and transport theories. In the Results
and Discussion section, the behaviors of oxygen/methane and oxygen/n-heptane flames
are studied in detail and the common features for the n-alkane family (CH4-C;cH34) are
then summarized.

THEORETICAL FORMULATION

The physical model of concern is a counterflow diffusion flame generated by two
opposing fluid jets issuing from two circular nozzles, as shown in Figure 1. This axisym-
metric geometry significantly simplifies the governing equations to a quasi one-dimensional
(1D) framework (Kee et al., 1989). The theoretical framework was introduced in detail
by Huo et al. (2014), and applied to study the oxygen/hydrogen system over a wide
range of thermodynamic fluid states and flow conditions. The formulation accommo-
dates the conservation equations of mass, momentum, species, and energy, and takes full
account of general-fluid thermodynamics and transport phenomena. Thermodynamic prop-
erties, including enthalpy, specific heats, and internal energy, are derived from fundamental
thermodynamic theories. They are expressed as the sum of an ideal-gas property at the
given temperature and a departure function accounting for dense-fluid corrections (Yang,
2000). The latter requires a robust equation of state that correlates density and temperature
with pressure. A modified Soave—Redlich-Kong (SRK) equation of state (Soave, 1972) is
employed because of its easy implementation and validity over a broad range of fluid states.

stagnation
plane

I flame

Figure 1 Schematic diagram of a counterflow diffusion flame.
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Transport properties are determined by means of the corresponding state principles. Details
of the overall property evaluation scheme can be found in Yang (2000).

The integrated theoretical model and numerical method is capable of treating the
flame responses for general fluids over the entire S-curve, including both the stable
and unstable branches (Huo et al., 2014). The singularity problem at the turning points
(extinction and ignition) is circumvented using an improved two-point flame-controlling
continuation method (Nishioka et al., 1996). The flame solution can transit smoothly across
these turning points.

Chelliah et al. (1991) showed that the plug-flow boundary condition is more suitable
for counterflow burners. It is thus employed at the two opposed inlets in the present study.
The distance between the two inlets is fixed to L = 2 cm, with the fuel inlet at x = 0 and
the oxidizer inlet at x = L. The flow strain rate is defined as the absolute maximum velocity
gradient in the flowfield, which generally occurs in the mixing zone on the fuel side.

RESULTS AND DISCUSSION

Counterflow diffusion flames of oxygen and n-alkane hydrocarbon fuels (CHy-
Ci6H34) are investigated systematically. Emphasis is focused on the effects of inlet
temperature, pressure, and strain rate on the flame characteristics. As benchmarks,
detailed behaviors of oxygen/methane and oxygen/n-heptane systems are analyzed at both
subcritical and supercritical conditions. A general correlation is then obtained to iden-
tify the common features of the n-alkane family (CH4-Ci6H34). Table 1 lists the critical
properties of oxygen, hydrogen, and selected n-alkane fuels (Linstrom and Mallard, 2014).

Oxygen/Methane System

Table 2 provides the chemical kinetic mechanisms employed in the present study for
oxygen and n-alkane fuels. The oxygen/methane chemical scheme developed by Petersen
et al. (1999) consists of 38 species and 190 reaction steps. It was validated against
shock-tube experiments at pressures up to 260 atm, temperatures as low as 1040 K, and
equivalence ratios up to 6. The mechanisms for C,Hg-C¢H34 were validated with pressures
up to 80 atm and temperatures in the range of 650-1600 K.

As a validation procedure, the property evaluation scheme is examined carefully.
Figures 2 and 3 show the calculated compressibility factor (Z), density (p), specific heat at
constant pressure (C,), and thermal conductivity (1) for oxygen and methane, respectively.
They match closely with the NIST data (Linstrom and Mallard, 2014). The temperature
range covers both the subcritical and supercritical regimes. The property anomalies in the

Table 1 Critical properties

Reactants Ter (K) Per (atm) Ver (cm? /mol)
(63 154.6 49.8 73.4
H, 332 12.8 65.0
CHy 190.6 45.6 98.6
C7Hie 540.0 27.0 428.0
Ci2Hyg 658.2 17.9 754.0

CigHza 722.0 13.8 1034.0
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Table 2 Reaction mechanisms of O, with H, and n-alkanes (CH4-CH34)

X. WANG ET AL.

Fuels Number of species Number of reactions Reference
H, 9 21 O Conaire et al. (2004)
CHy 38 190 Petersen et al. (1999)
CyHg 155 689 Marinov et al. (1998)
C3Hg 155 689 Marinov et al. (1998)
C4Hjo 155 689 Marinov et al. (1998)
CsHjp 560 2538 Curran et al. (1998)
CeHy4 560 2538 Curran et al. (1998)
C7Hj6 560 2538 Curran et al. (1998)
CgHg 691 2992 Westbrook et al. (2009)
CioH2a 952 3899 Westbrook et al. (2009)
C2Hag 1078 5056 Westbrook et al. (2009)
Ci4H3o 1666 6476 Westbrook et al. (2009)
Ci6H3g 2115 8157 ‘Westbrook et al. (2009)
1.5
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Figure 2 Thermodynamic and transport properties of oxygen validated against NIST data. Lines: the present
scheme; symbols: NIST data.

vicinity of the critical point (Yang, 2000) are clearly observed. The abrupt variations at the
subcritical pressure (20 atm) arise from the phase change from dense liquid to light gas.
This phenomenon disappears, however, at supercritical pressures, rendering smooth and
continuous transitions with the temperature.

Figure 4 shows the distributions of thermophysical properties in the flame zone with
oxygen and methane inlet temperatures of 120 K and 300 K, respectively. The pressure is
100 atm and the flow strain rate is 90 s~!. The compressibility factor varies rapidly from
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Figure 3 Thermodynamic and transport properties of methane validated against NIST data. Lines: the present
scheme; symbols: NIST data.

0.3 to 1.0 in a thin region on the oxygen side when the local temperature increases across the
critical point of 154.6 K. The corresponding density drops sharply from 1.0 to 10~ g/cm?.
Similar phenomena occur for other thermodynamic and transport properties. In spite of
such steep changes of fluid properties in the low-temperature region on the oxygen side,
the oxygen stream heats up rapidly and behaves like a perfect gas before entering the flame
zone.

Figure 5 shows the flame structures at 100 atm with three different oxygen inlet tem-
peratures of 120 K, 300 K, and 500 K, covering both the subcritical and supercritical
regimes. The methane inlet temperature remains fixed at 300 K and the strain rate is
a = 1000 s~'. In spite of the distinct distributions of flow properties with different oxygen
inlet temperatures in the physical space, the property distributions in the mixture-fraction
space collapse into single profiles, especially in the flame zone. The case with 7y, = 500 K
features a slightly wider flame. The distribution of heat-release rate exhibits two peaks and
one valley. The latter is caused by dominant effects of pyrolysis-type reactions that occur
endothermically on the fuel side. Figure 6 shows the effect of the oxygen inlet temperature
on the flame extinction at two different pressures. The extinction strain rate moderately
increases almost linearly with increasing Ty,, whereas the maximum flame temperature at
extinction remains nearly constant. Overall, the oxygen inlet temperature has a negligible
effect on the flame structure, as can be predicted using an ideal-gas assumption. If the inlet
temperature falls in the cryogenic fluid range (e.g., Tp, = 120 K), real-fluid effects must be
taken into account to accurately capture the local flow development.

Figure 7 shows the distributions of the temperature and mass fractions of oxygen and
methane throughout the flowfield at pressures of 1-150 atm. The inlet temperature is set
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Figure 4 Distributions of thermophysical properties in the axial direction. Oxygen/methane system with p = 100
atm, Tp, = 120K, Tcy, = 300K, anda =90 s~

to 300 K for both reactants, and the flow strain rate is fixed at 1000 s~'. The peak flame
temperature increases progressively with pressure, while the flame thickness decreases sig-
nificantly with increasing pressure. Methane and oxygen are consumed completely in the
flame region, a situation referred to as intensively stable burning. Because of the varia-
tion of the flame thickness with pressure, the temperature and species fields exhibit distinct
profiles in the physical space.

The situation in the mixture-fraction space shown in Figure 8, however, becomes
fundamentally different with all the data collapsed to a single distribution, regardless of the
pressure. Seshadri and Peters (1988) divided a methane-air diffusion flame into three dis-
tinct zones: the fuel-consumption zone, the water-gas shift, and the H,-CO oxidation zones.
In the present study, the fuel-consumption zone on the methane side is clearly displayed in
Figure 8a. The mass fractions of H, and CO reach their maxima where the methane con-
centration diminishes. The H,-CO oxidation layer is located on the oxygen side, where
the maxima of H,O and CO, concentrations occur. The mass fractions of the intermediate
species shown in Figure 8c reveal different behaviors with respect to pressure. While the O
and H concentrations decrease with increasing pressure as radical recombination reactions
are strengthened, the OH concentration does not indicate such a monotonic trend, because
of the competition of chain-branching and radical-recombination reactions at high pressure.
As aresult, in the mixture fraction space, the major species exhibit similar behaviors, while
those of the intermediate species are distinctly distributed with pressure. The latter play a
crucial role in determining heat-release properties through radical reactions.
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Figure 6 Effects of oxygen inlet temperatures on extinction properties: (a) strain rate; (b) maximum flame
temperature. Oxygen/methane system with Tcy, = 300 K.

Figure 9 shows the maximum flame temperature as a function of strain rate at various
pressures. The inlet temperatures for both methane and oxygen are fixed at 300 K, and the
momentum fluxes at the two boundaries are set to be equal in order to place the stagnation
plane at the center for all cases. The stable (upper) and unstable (middle) burning branches
of the S-curve are obtained. The weakly reacting (lower) branch is not present here because
the inlet temperature of 300 K is well below the ignition point.
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Oxygen/methane system with Tp, = Tcy, = 300 K and a = 1000 s—L.

The flame behaviors bear close similarity to those of the oxygen/hydrogen system
discussed in Huo et al. (2014), in which detailed physical explanations are provided. For
a given strain rate, the maximum flame temperature increases with pressure as a result of
the reduced dissociation associated with endothermic reactions. The maximum flame tem-
perature remains almost constant at low strain rates, and starts to decrease progressively
until the extinction point is reached. At low strain rates, the chemical time scale is much
smaller than the flow time scale. Thermal energy released by chemical reactions overrides
heat loss. A further increase in the strain rate, however, renders the flow time scale compa-
rable to its chemical counterpart. The ensuing heat loss leads to a lower flame temperature
and eventually to flame extinction.

Figure 10 shows the effects of pressure on the peak flame temperature and flow strain
rate at the extinction point. The extinction strain rate is almost linearly proportional to pres-
sure, up to 50 atm. Its rate of increase then drops slightly after this point. At low pressures
(p < 50 atm), the extinction is dominated by second-order chain-branching reactions. The
chemical time scale is inversely proportional to pressure; a linear relationship thus exists
between the extinction strain rate and pressure (Sohn et al., 1998). At high pressures (p > 50
atm), the crossover temperature characterizing radical-recombination reactions increases
faster than the peak temperature for chain-branching reactions. Radical-recombination



Downloaded by [Georgia Tech Library], [Xinjian Wang] at 13:59 12 December 2014

DIFFUSION FLAMES OF OXYGEN AND HYDROCARBON FUELS 69

1.0 .
T 7114000
08} ]
c - 43000 &
£ o6l ] o
= r 1 g
2 04 12000 2
= E 5
4 Sl
0.2 41000
O‘O-Illllllllllllllll-
0.0 0.2 04 06 08 1.0
=1
S
2
=
%E
=
=1
S
5
g
s
gﬁ
=

Mixture Fraction, Z

Figure 8 Distributions of temperature and species mass fractions at different pressures in the mixture-fraction
space. Oxygen/methane system with Tp, = Tcp, = 300 K and a = 1000 s7h

reactions consequently play a more influential role and cause the bend-over of the curve.
The peak flame temperature at extinction 7, increases with increasing pressure in a manner
similar to that for the equilibrium flame temperature 7,,, as listed in Table 3. Power-
law relationships can be established between the peak flame temperature and pressure:
Ty ~ p*%™ in equilibrium, 7,,, ~ p®%3* at extinction. This information will be employed
in the scaling analysis of the heat-release rate. Figure 11 shows the flame response along the
S-curve for the oxygen/hydrogen and oxygen/methane systems at 50 atm. The extinction
strain rate for hydrogen (~107 s~!) is an order of magnitude larger than that for methane
(~10° s71). The oxygen/hydrogen flame is significantly more resistant to the flow straining
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Table 3 Maximum flame temperature at equilibrium and extinction state for the oxygen/methane system

Pressure (atm) 1 5 10 20 50 100 150
Teq (K) 2953 3174 3268 3370 3566 3650 3741
Texr (K) 2594 2699 2769 2854 3011 3060 3111

than its oxygen/methane counterpart. This may be attributed to the greater thermal and
mass diffusivities and faster kinetics of hydrogen.

In order to extract more information about extinction characteristics at different pres-
sures, the distributions of temperature and species concentrations at the extinction point
are plotted in the mixture-fraction space, as shown in Figure 12. The inlet temperatures are
Tcn, = To, = 300 K. The extinction flame temperature increases with increasing pressure.
Figure 12a indicates that unburned oxygen penetrates into the methane stream at extinction,



Downloaded by [Georgia Tech Library], [Xinjian Wang] at 13:59 12 December 2014

DIFFUSION FLAMES OF OXYGEN AND HYDROCARBON FUELS 71

4000
3500 F
3000 f
2500 |

2000

Temperature (K)

1500 E

1000 F

500 F e extinction point

N EERTITT EERTITY AR TITY ERERTTTT RATATTETT BRI
100 10 105 106 107 10

Strain Rate, s~

Figure 11 Flame response along the S-curve for oxygen/hydrogen and oxygen/methane systems at p = 50 atm
with ng = THZ = TCH4 = 300 K.

and the methane reacts completely in the flame zone. The oxygen penetration declines at
higher pressures, which explains the increase in peak temperature with increasing pressure.
Figures 12b and 12c present the mass-fraction distributions of major and minor species
at extinction. The production of H,O and CO, increases with pressure, whereas produc-
tion of other species, such as CO, O, OH, and H, decreases. High flame temperature
tends to facilitate the decomposition of oxygen, which outweighs the reduction of oxy-
gen dissociation at high pressure and consequently results in decreased presence of oxygen
across the flame. The H,-CO oxidation is intensified at high pressure, leading to increased
H,0 and CO; concentrations and lower concentrations of other species, as evidenced in
Figures 12b and 12c.

Figure 13a shows the global heat-release rate ¢ as a function of the strain rate over
a pressure range of 1-150 atm. The result is obtained by integrating the local heat-release
rate over the entire flame zone. In the stable-burning (upper) branch of the S-curve at a
given pressure, the heat-release rate increases linearly with the strain rate because of the
increased mass flow rate. It reaches a maximum and then decreases toward the extinction
point. The behaviors near the extinction point are well captured. The heat-release rate in the
unstable-burning (lower) branch is also obtained for the first time for the oxygen/methane
system using a real-fluid approach. The results in Figure 13b confirm the previous finding
of Pons et al. (2008) that g ~ ,/pa in the stable-burning branch except for the region in
the vicinity of the extinction point. A similar trend for the oxygen/hydrogen system was
observed by Ribert et al. (2008) and Huo et al. (2014).

To identify intrinsic flame similarities at different pressures, a scaled heat-release
rate, defined by c} = q/+/Paex» is plotted as a function of a normalized strain rate, a/dcy,
as shown in Figure 14a. The profiles very nearly collapse to a single curve. Huo et al.
(2014) developed a scaling analysis and found that to obtain a more accurate result, an addi-
tional pressure exponent accounting for the effect of pressure on the peak flame temperature
should be included:

TO.75
G~ i /pa Y

mix
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Figure 12 Distributions of temperature and species mass fractions at the extinction point in the pressure range of
1-150 atm. Oxygen/methane system with Tp, = Tcp, = 300 K.

Substitution of the pressure dependence of the flame temperature, Teq ~p
the above equation gives the following correlation for the heat-release rate:

g~ p*5 /a

Figure 14b shows this new scaled heat-release rate:

q’-‘ — q/p0.536 Gt

0.0474

, into

2

3



Downloaded by [Georgia Tech Library], [Xinjian Wang] at 13:59 12 December 2014

DIFFUSION FLAMES OF OXYGEN AND HYDROCARBON FUELS 73

—_
(=]
2
T

10*

Heat Release Rate (W/cm?)

101 -. PETTTY BT RS ETITY MR RS T M

100 100 100 10° 10
@ Strain Rate (s™)
10°
& F
g 150
E 10
)
<
a4
Q 3|
g 10F 100 atm
g . 50
= 1 2 L
= O F 10
5
I1 PRTTTT AT | PRTITT MEERRRTTTY MECERTTIT MR |
10 10* 10° 10° 10" 10° 10’
(b) pa (atm/s)

Figure 13 Distributions of global heat-release rate as a function of strain rate in the pressure range of 1-150 atm.
Oxygen/methane system with Tp, = Tcp, = 300 K.

which allows for the collapse of all the heat-release rate profiles to a single function of the
normalized strain rate, a/a.,;. This flame similarity implies that the heat-release behaviors
at high pressure can be obtained from their counterparts at low pressure through proper
scaling analysis.

Like the heat-release rate, the flame thickness 8, defined as the full width at half
maximum of the temperature distribution, correlates well with the product of pressure and
flow strain rate, pa, as shown in Figure 15. In the stable burning (upper) branch (except in
the vicinity of the extinction point), the flame thickness exhibits the following trend:

8~ 1/y/pa “4)

The strong flame similarity at various pressures can be further consolidated using a
scaled flame thickness, 5= /DGy, and a normalized flow strain rate, a/a. (Huo et al.,
2014). Figure 16 shows the result. Similar correlations exist for major species distribu-
tions as elaborated by Huo et al. (2014) for the oxygen/hydrogen system. The flame
characteristics at high pressure can be predicted from the corresponding results at low
pressure.
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Figure 17 Compressibility factor of n-heptane at different pressures and temperatures.

Oxygen/n-Heptane System

n-Heptane, C¢H 4, is a primary reference fuel for the study of combustion in inter-
nal combustion engines, due to its zero octane rating. The detailed chemical mechanism
developed by Curran et al. (1998), including 560 species and 2538 reversible reactions,
is employed in the present study, as listed in Table 2. This mechanism has been validated
against experimental data obtained from flow reactors, shock tubes, and rapid compres-
sion machines over the pressure and temperature ranges of 3 atm to 50 atm and 650 K
to 1200 K, respectively. To avoid complexities associated with fuel vaporization, the inlet
temperature remains at 600 K or above in the present study. Figure 17 shows the variation
of the compressibility factor with pressure and temperature. At 600 K, the compressibility
factor reaches as small as 0.4 for p = 60 atm. It approaches unity when the temperature
exceeds 900 K. As noted previously (Huo et al., 2014; Ribert et al., 2008), the real-fluid
effect takes place only in the region close to a low-temperature, high-pressure inlet. The
fluid essentially behaves like an ideal gas when it approaches the flame zone. In light of
this, the real-fluid property evaluations are neglected here for simplicity.

Figure 18 shows the distributions of the temperature and mass fractions of major
species. n-Heptane first decomposes to intermediate species of C,H, and C,Hy, and then
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Figure 18 Distributions of temperature and mass fractions of major species. Oxygen/n-heptane system with
p=10atm, To, = Tc,m,, = 800K, and a = 1000 s~ 1.

produces H, and CO on the fuel side. The maximum of H,O and CO, mole fractions
occurs close to the oxygen side. Figure 19 shows the effects of the inlet temperature on
the flame properties, including the maximum flame temperature, flame thickness, and heat-
release rate, at various pressures. The flow strain rate remains fixed at 1000 s~!. As in the
oxygen/methane system, the disparities of flame properties for different inlet temperatures
appear to be quite modest at a given pressure, indicating the negligible influence of the inlet
temperature on the flame response.

Figure 20 shows the variations of the heat-release rate and flame thickness as a func-
tion of strain rate over the pressure range of 1-200 atm. Only the results for the stable
burning branch of the S-curve are presented. The flame behaviors near the extinction point
and in the unstable burning branch can be captured following the same approach for the
oxygen/methane system. The heat-release rate increases linearly with the strain rate, and
the flame thickness decreases in a linear manner. As in the oxygen/methane system, the
heat-release rate and flame thickness correlates well as ¢ ~ ,/pa and § ~ 1/,/pa. The
former correlation can be further modified to account for the pressure dependence of the
peak flame temperature, as described in the previous section. Substitution of the flame
temperature-pressure relation obtained from Figure 19a, T,, ~ p**, into Eq. (1) gives the
following correlation of the heat-release rate for the oxygen/n-heptane system:

g~ p*a )

The pressure exponent of 0.534 coincides with that of the oxygen/hydrogen system
(Huo et al., 2014). An identical scaling can thus be achieved for the flame thickness and
heat-release rate using Eqs. (4) and (5), respectively, in the normalized strain rate space. The
intrinsic similarities of the flame response are obtained for the oxygen/n-heptane system in
a broad range of pressures and strain rates.

Oxygen/n-Alkane (CH4-CqgHz4) Systems

The common features of oxygen/methane and oxygen/n-heptane flames suggest
that the same kind of flame similarities may be applied to the entire n-alkane family
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Figure 19 Effects of inlet temperature on (a) flame maximum temperature, (b) flame thickness, and (c) heat-
release rate at different pressures for oxygen/n-heptane system.

(CH4-C¢Hs4). Table 2 lists the detailed chemical mechanisms of the n-alkanes employed
in the present study. Figure 21 shows the compressibility factors for n-dodecane (Cj2Hye)
and n-hexadecane (C;6H34) in the pressure-temperature space. The compressibility factor
approaches unity when the temperature exceeds 800 K and the pressure is smaller than
100 atm. For simplicity, all of the calculations are conducted at this inlet temperature, with
the ideal-gas equation of state implemented for property evaluations. Figure 22 shows the
flame properties as a function of the number of carbons in the n-alkane fuel molecule. Also
included is pure hydrogen. The strain rate is set to 1000 s~! and the pressure to 10 atm.
Hydrogen has a much higher maximum flame temperature and a wider flame zone, as well
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Figure 20 Distributions of the heat-release rate and flame thickness as a function of strain rate in the pressure
range of 1 to 200 atm. Oxygen/n-heptane system with Tp, = Tc,n,, = 800 K.

as greater heat release, than all members in the alkane family. The flame thickness for the
n-alkanes is nearly the same regardless of the number of carbons. The peak flame tempera-
ture increases slightly with increasing number of carbons from 3350 K for CH,4 and levels
off at 3800 K when the carbon number exceeds 5. The heat-release rate experiences a sharp
increase from methane to ethane, and then decreases gradually to saturate at n-pentane. The
flame properties of heavy hydrocarbons (Cs-Cj¢) are nearly identical. Light hydrocarbons
exhibit distinct flame behaviors, mainly due to the variation of the carbon-hydrogen mass
ratio, which changes significantly when the number of carbons varies from 0 to 5. Although
not shown here, the flame thickness and heat-release rate of all hydrocarbon fuels can be
correlated with pressure and strain rate in a manner similar to those of methane and n-
heptane. The flame properties at high pressure can be obtained from their counterpart at
low pressure.

Figure 23 shows the scaled flame thickness (C = §,/pa) as a function of the num-
ber of carbons in the n-alkane fuel molecule. The scaled flame thickness remains nearly
constant for all hydrocarbons at the given pressure and strain rate. The flame properties
of a given hydrocarbon fuel can be evaluated by those of another hydrocarbon fuel at the
same flow conditions. The validity of scaling and similarity becomes even greater if the
carbon numbers of the two hydrocarbons of concern are higher than 5. This finding can
be effectively used to considerably improve computational efficiency for the modeling of
oxygen/hydrocarbon turbulent flames using tabulated chemistry.
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CONCLUSION

A systematic investigation of counterflow diffusion flames of oxygen and n-alkanes

(CH4-Ci6H34) has been conducted. The numerical framework incorporates fundamental
thermodynamics and transport theories for general fluids, detailed chemical mechanisms,
and an improved flame-controlling continuation method. The flame response over the
entire S-curve is explored under a broad range of pressures, flow strain rates, and inlet
temperatures. The main conclusions are as follows:

. The inlet temperature yields insignificant effects on the flame structure; ideal gas flame

solutions can be used for fluids at supercritical conditions.

. For the oxygen/methane system, the flow strain rate at the extinction point increases

linearly with pressure up to 50 atm, but the rate of increase decreases beyond this point.
The extinction characteristics for other n-alkanes follow a similar trend.

. The flame thickness of all hydrocarbon fuels is inversely proportional to the square root

of the product of pressure and strain rate, § ~ ,/pa, and all profiles of scaled flame
thickness collapse to a single curve in the normalized strain-rate space (a/d.). At a
given pressure and strain rate, the scaled flame thickness (C = §,/pa) of all hydrocarbon
fuels has nearly an identical value.

. The global heat-release rate is proportional to the square root of the pressure-weighted

strain rate, g ~ ,/pa, or more precisely proportional to p%33 . /a for methane and to
p33* /a for n-heptane, when the pressure effect on the peak flame temperature is taken
into account. With this correlation, the profiles of the scaled heat-release rate for all
pressures under consideration overlap completely as a function of the normalized strain
rate, a/dey.

The similarities of flame properties among the n-alkane family suggest that the flame

solutions of any n-alkane at a given pressure can be predicted from those of another
n-alkane at another pressure provided that the value of pa is the same. This will significantly
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improve the computational efficiency of turbulent combustion modeling using tabulated
chemistry.
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NOMENCLATURE

a flow strain rate

oyt extinction strain rate

G, specific heat at constant pressure

L distance of two inlets

MW, molecular weight of mixture

p pressure

q global heat-release rate

Qq scaled heat-release rate

Toxs maximum flame temperature at extinction

Ty maximum flame temperature at equilibrium

To, oxygen inlet temperature

Tch, methane inlet temperature

Vv molar specific volume

by axial coordinate

z compressibility factor

Zy stoichiometric mixture fraction
Greek Symbols

o density of mixture

A thermal conductivity

7 dynamic viscosity

8 flame thickness

8 scaled flame thickness
Subscripts

cr thermodynamic critical state

mix mixture

eq equilibrium

ext extinction
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