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Abstract: The structure of methane/air tubular diffusion flames with 65% fuel dilution by either CO,
or N» is numerically investigated as a function of pressure. As pressure is increased, the reaction
zone thickness reduces due to decrease in diffusivities with pressure. The flame with CO,-diluted
fuel exhibits much lower nitrogen radicals (N, NH, HCN, NCO) and lower temperature than its
N»-diluted counterpart. In addition to flame structure, NO emission characteristics are studied using
analysis of reaction rates and quantitative reaction pathway diagrams (QRPDs). Four different routes,
namely the thermal route, Fenimore prompt route, N>O route, and NNH route, are examined and it
is observed that the Fenimore prompt route is the most dominant for both CO»- and N-diuted cases
at all values of pressure followed by NNH route, thermal route, and N>O route. This is due to low
temperatures (below 1900 K) found in these highly diluted, stretched, and curved flames. Further,
due to lower availability of N, and nitrogen bearing radicals for the CO;-diluted cases, the reaction
rates are orders of magnitude lower than their N>-diluted counterparts. This results in lower NO
production for the CO;-diluted flame cases.

Keywords: tubular diffusion flame; methane/air; NO emissions; quantitative reaction pathway diagrams

1. Introduction

Laminar tubular flames are highly stretched and curved similar to turbulent flames and
thus allow for isolating and studying stretch and curvature effects in flames [1]. In the past,
tubular flames have been studied at 1 bar to understand the effect of stretch and curvature
on preferential diffusion in hydrogen [2-12] and hydrocarbon flames [13] in premixed [2-5],
non-premixed [6-11,13-16], and partially premixed configurations [12]. However, at high pressures,
which are also characteristic of real-life combustors, minimal literature exists in the field of premixed
tubular flames [17] and nothing in the field of non-premixed tubular diffusion flames. The authors in
Nishioka et al. [17] numerically studied the structure of stoichiometric methane/air premixed tubular
flames at different pressures. They observed that as the pressure was increased, the flame got thinner
due to reduced thermal and species diffusivities. In addition, the peak temperature increased due
to accelerated three-body reaction rates and approaches equilibrium values. In this paper, a detailed
study of the structure of CHy4/air tubular diffusion flames where the fuel stream is diluted with either
N> or CO;, is reported.

In high-temperature combustion, which is characteristic of the modern-day jet engine and
automotive combustors, pollutants such as NO are formed. When exhausted into the atmosphere,
they lead to environmentally damaging effects such as acid rain, greenhouse effect, etc. [18].
Modern aero-propulsion and power generation gas turbines operate at high pressure (10-60 atm)
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and the forward thermal rate of NO formation (ppm/ms) increases dramatically with pressure [19].
Pressure effects on nitric oxide formation must be accurately understood to mitigate the adverse
effects of pressure. A common practice of reducing NOx emissions is exhaust gas recirculation or air
dilution. This is captured in part in this study using Nz or CO; dilution of the fuel. In the past, NO
emission characteristics have been studied for opposed jet diffusion flames. See, for example, [20-22].
The authors in Park et al. [20] studied the effect of preheat and CO, dilution of the oxidizer stream
on NO emission rates in Hp /air counterflow diffusion flames. They observed that CO; suppresses
the flame strength/temperature and thus also reduces NO emissions due to reduced thermal NO
production. The researchers in Yang and Shih [23] studied NO formation in syngas flames. At low
stretch rate (<10 s~!) where radiation loss leads to low temperature, they found that N+CO, +— NO+
CO was important contributor to NO formation in CO-rich zones. The authors of Lim et al. [21]
also studied the effect of air preheating on the flame structure and NO emission characteristics of
methane/air counterflow diffusion flames. They observed that with increase in temperature, the NO
profiles showed a 70% increase which was attributed to the increased reaction rate of the prompt NO
initiation reaction. Though NO production through the thermal route increased, it still remained an
insignificant portion of the total NO production. The effect of fuel diluents, N2, CO», and He, on NO
profiles was studied by Rertveit et al. [22] in Hj /air diffusion flames. It was observed that CO, and
He dilution reduced the flame temperatures by large values and gave rise to lower NO emissions.
However, the flames diluted with N> showed higher temperatures and higher NO mole fractions
mainly coming through the thermal route. It was also noted that CO, reduced flame temperature
largely through its dissociation. The researchers Shih and Hsu [24] have undertaken a numerical study
to identify the important reaction pathways for NO production for hydrogen-lean and hydrogen-rich
syngas flames. The thermal route was identified to be the most dominant and increased the NO
production for hydrogen-rich syngas flames due to increased temperatures. Most of the above studies
have used either quantitative reaction pathway diagrams, analysis of key reaction rates, or both to
study the NO emission characteristics. In opposed non-premixed tubular flames, the flame temperature
will differ from the opposed jet flame due to the effect of curvature and preferential diffusion [1,13,25].
This change of flame temperature with curvature will also affect NO production particularly through
the thermally sensitive Zeldovich mechanism. In addition to the authors” knowledge, no tubular flame
study has investigated NO emission characteristics using quantitative reaction pathway diagrams
(QRPDs) or reaction rate analysis and this forms the main focus of the current work. QRPDs and
reaction rate analysis are employed for identifying key reaction pathways for NO production in
methane/air tubular diffusion flames. The rest of the paper is organized as follows. In Section 2,
the burner geometry and the numerical methods employed are discussed. In Section 3, flame structure
and NO emission pathways are discussed. This is followed by the conclusions for the current work.

2. Burner Geometry and Numerical Model

A schematic of the non-premixed tubular burner used in this study is shown in Figure 1.
A non-premixed tubular flame is produced through two radially opposed impinging jets emanating
from the inner and outer nozzles. The inner nozzle lies at the axis of the burner. The outer nozzle
is concentric to the inner nozzle and at a higher radius. Fuel with diluent are flown through the
inner nozzle while oxidizer is flown through the outer nozzle. The flame surface coincides with the
cylindrical stagnation surface of the burner. The resulting flame is stretched and curved allowing for
isolating and examining stretch and curvature effects. As shown in the right side of Figure 1, in the
current study, the opposed tubular flame is concave (“negatively” curved) to the methane diluted fuel.
For the diluted CHy4 mixture, the opposed tubular flame temperature will be reduced compared to an
opposed jet flame or a positively curved flame [1,13]. As numerically studied in Figure 15 of Hu and
Pitz [13] for opposed air vs. 30%N;/70%CHj4 flames, all the stretched flame temperatures decrease
with stretch rate and are lower than the adiabatic flame temperature (1995 K). The highest reduction of
the flame temperature due to the stretch rate is for the negatively curved (concave toward the fuel)
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flame considered here. The inner nozzle is 6.35 mm in diameter, the outer nozzle is 24 mm in diameter,
and the height of both the inner and the outer nozzles is 8 mm. More details on the opposed tubular
burner simulated in this study can be found elsewhere [12].
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Figure 1. Schematic of non-premixed tubular burner.

Three-dimensional combustion equations can be reduced to two-dimensional form in r and 6
using similarity transformation ([26], pp. 95-99) and further reduced to one-dimensional form in r
with azimuthal symmetry [4,13]. The authors in Hall and Pitz [3] have developed a direct numerical
simulation (DNS) code for two-dimensional tubular burner problems using the aforementioned
similarity transformation and finite difference modeling. The code includes radiation heat loss from
CO; and H;O in the optically thin limit. The governing equations and details of the numerical model
used in this work can be found in [3] and are not repeated here for the sake of brevity.

Analytical expressions for the cold global flow stretch rate have been derived in the past [27]
for premixed and non-premixed tubular burner configurations. The stretch rate is defined as k =
1/A dA/dt where A is the differential area of the flame [28]. For the non-premixed configuration, it
can be expressed as

k— 7_[& (Voro/vg’i)z\/ Po/Pi -1 ) )
T ro/rl. -1

where V indicates radial velocity, r indicates radius, and p indicates mixture density. The subscripts i
and o indicate inner and outer nozzle respectively.

In this study, methane/air diffusion flames are investigated at three different pressures: 1 atm,
3 atm, and 8 atm. The fuel stream is diluted by 65% with either N or CO;. The global stretch rate
considered in this study is 88 s~1. The GRI 3.0 mechanism [29] was used for chemical kinetic modeling.
The mechanism, thermal, and transport data are processed using the CHEMKIN package.
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Quantitative Reaction Pathway Diagrams

In addition to investigating the flame structure, this study also reports findings on the most
important pathways that lead to NO emissions. Four different routes are investigated: Zelodovich or
thermal route, prompt route, N>O route, and NNH route. The important pathways are identified using
reaction rate plots of primary NO formation reactions and quantitative reaction pathway diagrams
(QRPDs). QRPDs are obtained by connecting the various species through arrows of varying thicknesses.
The thickness of the arrows (or reaction paths) are proportional to the reaction rates of the various
pathways integrated over the entire flame reaction zone [30,31].

3. Results

In this section, the structure of the tubular diffusion flame as a function of pressure and diluent
is discussed. Following this, the various reactions that play a significant role in NO production are
identified using QRPDs and sensitivity analysis.

3.1. Flame Structure

Figures 2 and 3 show the temperature, major and minor species profiles for Nj-diluted and
CO,-diluted CHy4/air flames at three different values of pressure: 1 atm, 3 atm, and 8 atm. Table 1
shows the boundary conditions used for the N»- and CO;-diluted cases at all pressures.
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Figure 2. Temperature, major, and minor species profiles for 65% N»-diluted CHy/air tubular diffusion
flame at 1 atm, 3 atm, and 8 atm; k = 88 s~ 1.

Table 1. Boundary conditions for the simulated cases. V, and W, indicate radial velocity and axial
velocity gradient at the outer air nozzle (R = 1.2 cm), V; is the velocity at the inner fuel nozzle
(R = 0.32 cm), k is the global stretch rate.

XCH4,i XNZ,i XCOZ,i Vl (cm/s) XOZ,O XNZ,O Vo (cm/s) Wo (1/s) k (1/s)

N»-diluted case 0.35 0.65 0 15 0.21 0.79 25 15 88
CO,-diluted case 0.35 0 0.65 15.09 0.21 0.79 30.24 20 88
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Figure 3. Temperature, major, and minor species profiles for 65% CO;-diluted CHy/air tubular
diffusion flame at 1 atm, 3 atm, and 8 atm; k = 88 s~ 1.

It is observed that the flame thickness reduces with pressure. This can be attributed to the reduced
thermal diffusivity (a) with pressure (P) since & ~ 1/P. In diffusion flames, 65 ~ Va/k [32], where 6 I
is the flame thickness, « is the thermal diffusivity, and k is stretch rate. As the pressure is increased,
the flame position as marked by temperature and species profiles (except for methane) is seen to
move radially towards the nozzle. The peak values of temperature and major species remain mostly
constant with pressure while that of the minor species mostly reduce with pressure. With pressure,
reactions are more prone to go to completion due to reduced diffusivities (longer diffusion times).
Minor/intermediate species concentrations reduce with pressure due to enhanced third-body collisions.
The temperature of the flame for the CO,-diluted case is lower than that for the N>-diluted case. This is
due to the fact that the specific heat of CO> is higher than that of N and the radiative heat loss is higher
for the CO,-diluted flame. There is more heat transfer on the fuel side for the N»-diluted flame than
the CO,-diluted flame. At 1 atm, the temperature reaches 300 K at 0.35 cm for the Np-diluted flame
and at 0.40 cm for the CO»-diluted flame. The thermal diffusivity («) is dependent on the molecular
mass (m;) according to a« ~ m;l/ 2 leading to reduced value of & for CO; compared to N, dilution.
NO emission is higher (10x) for N diluted case than for CO,-diluted case, as is to be expected due to
availability of N> in abundance that leads to 20 times higher values of many nitrogen-bearing radicals.
The temperature of the N»-diluted flame is ~ 100 K higher as well. N>O is formed from the third-body
reaction Np + O (* M) <— N»O (* M). Thus, its concentration increases with pressure. Concentrations
of low-temperature radicals such as CH,O and HO; are increased for the CO;-diluted case as opposed
to the Na-diluted case due to reduced flame temperatures for the former. All Np-based compounds
show higher concentrations for N»-diluted cases as is to be expected. For the CO;-diluted flames,
the absence of N in the fuel leads to a change in slope for the N>O profile as N>O is formed by the
reaction Np + O + M +— N2O + M. NO concentration increases with pressure and then decreases.
This is discussed more in the upcoming sections where the various NO formation mechanisms are
discussed using QRPDs and key reaction rate diagrams.

A comparison between the adiabatic flame temperature and the maximum flame temperature
obtained using the DNS code mentioned in Section 2 for fuel dilution with CO; and Ny at different
values of pressure is shown in Table 2. The researchers in Hu and Pitz [13] have studied the effect of
curvature on the temperature of CHy/air flames with the fuel stream diluted by N». It was observed
that the methane flame which is convex to the fuel stream shows a decrease in temperature from that
of the planar stretched flames for certain values of global stretch rate. In the stretched 30%CH4/70%N>
vs. air flames, all the calculated flame temperatures were below the adiabatic flame temperature (1995
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K). A similar behaviour can be observed in the current study as evident from Table 2. Due to the
convex orientation of the flame front towards the fuel stream, the temperature of the tubular flame
for all the cases shown in Figures 2 and 3 and Table 2 is lower than the adiabatic flame temperature.
Radiation heat loss from CO; and HO reduces the flame temperature with the CO;-diluted flame
suffering the greater loss. At this time, there are no experimental measurements of tubular flames at
high pressure. Experiments at high pressure imaging these non-premixed flames using the opposed
tubular burner [12] are planned in the near future.

Table 2. Peak temperature obtained using the direct numerical simulation (DNS) code versus the
adiabatic flame temperature for the N»- and CO,-diluted cases at different values of pressure.

Diluent Pressure (atm) Tap (K) Tpea,pns (K)  AT/Tap (%)

N> 1 2040 1770 —-13.2
Nz 3 2050 1851 -9.7
N> 8 2057 1898 7.7
COy 1 1923 1598 -16.9
CO2 3 1930 1692 —13.3
COy 8 1936 1719 —11.2

3.2. Quantitative Reaction Pathway Diagrams (QRPDs)

One of the main focuses of this study is also to analyze and identify the most important
routes through which NO is produced. If NO production is not controlled, it can lead to a host of
environmental problems such as acid rain, global warming, etc. A major step towards NO reduction is
to identify the important routes to NO formation so that combustion chambers can be designed to target
these specific routes. For example, if the thermal route contributes to the major portion of NO produced
in a system, exhaust gas recirculation may be used to reduce the combustion chamber temperatures,
thereby reducing NO production. Since the GRI 3.0 mechanism consists of about 350 reactions and
analyzing all of them is beyond the scope of the current study, the most important reactions for NO
production considered are as given in (Glassman et al. [18], pp. 403—414). These reactions are repeated
in Table 3. QRPDs are a graphical representation of the reaction pathways between various species.
Chemical compounds are connected with arrows indicating the direction of reaction flow. The size of
the arrow is scaled proportional to the reaction rates that are integrated over the entire flame zone.
Integrated reaction rates are obtained by integrating the individual reaction rates over the flame radius.

Figure 4 shows the quantitative reaction pathway diagrams for the N»-diluted cases for k =
88 s~ ! at three different values of pressure—1 atm, 3 atm, and 8 atm. Figure 4a shows the QRPD for 1
atm. The initiation step for the NNH route, N> + H + M +— NNH + M, is the most dominant step.
However, the subsequent chain propagation step, NNH + O <— NO + NH, is less dominant than that
leading to NO production through the Fenimore prompt route. The integrated reaction rates for all the
steps in the Fenimore prompt route are, at the least, an order of magnitude higher than the remaining
steps (except the initiation step for NNH route). However, the steps resulting in NO formation, N +
Oy +—— NO + O and N + OH +— NO + H, are common to both the thermal route and the Fenimore
prompt route. Nevertheless, the N radical produced from the thermal route through the reaction N> +
O +— NO + N is, at least, an order of magnitude less than the radical produced through the Fenimore
prompt route via the reactions NH + H +— N + H, and NH + OH <— N + H>O. This leads us to
believe that the Fenimore prompt route is the most dominant route through which NO is produced.
On the other hand, the N>O route is much less significant and is several orders of magnitude less than
the other reactions considered.
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Table 3. Various NO formation routes considered in the current study and as taken from
(Glassman et al. [18], pp. 403—414).

Route Reaction
N+NO+— N +O
Thermal N+ 0Oy +— NO+O

N+OH +— NO+H

HCN + O «— NCO +H

Fenimore prompt NCO +H +— NH + CO
NH+H +— N+ H»

NH + OH +— N + H,O
N+Oy; «+— NO+O
N+OH «+— NO+H

N2 +O(*M) +— NoO (M)
N2O +0O +—2NO

N +H+M +— NNH +M
NNH + O +— NO + NH

N>O

NNH

As the pressure is increased to 3 atm (Figure 4b), the reaction rates for all the bimolecular reactions
increase slightly but remain at the same order of magnitude. However, the third body reactions show
order(s) of magnitude increases. Despite this, the N>O route remains insignificant compared to the
other routes. Due to the increase in reaction rates, the NO mole fraction as seen from Figure 2 also
increases. With further increase in pressure to 8 atm, there is only a slight increase in the bimolecular
reaction rates. As a matter of fact, for some of the reactions, the reaction rates decrease such as N +
OH <— NO + Hand NH + H <— N + H; (Fenimore prompt). This could explain the reduction
in NO for 8 atm. Further, it may be noted that the third body reaction rates do not see a significant
increase from 3 atm to 8 atm as was seen from 1 atm to 3 atm. Again, N>O route remains insignificant
while the Fenimore prompt route is the most significant followed by NNH route and thermal route.

Figure 5 shows the QRPD for the CO»-diluted cases for three different values of pressure as before.
The reaction rates of all the reactions are order(s) of magnitude less that their N>-diluted counterpart.
This can be a result of the splitting up of CO, into CO and O as found by Rertveit et al. [22] and further
chemical inhibition by CO. It could also be result of decreased availability of N> for forming nitrogen
compounds such as N that can lead to NO production. When comparing minor species profiles in
Figures 2 and 3, the CO;-diluted flame has NO producing radicals (N, NH, HCN, NCO) reduced by
20%. This is shown in Table 4. In addition, the reduced flame temperatures for the CO,-diluted cases
could also play a role. As the pressure is increased from 1 atm to 3 atm, the reaction rates increase
slightly. However, similar to the N»>-diluted cases, the three-body reactions show order(s) of magnitude
increase. Since CO; is a more efficient collision partner than Ny, as the pressure is increased from 3 atm
to 8 atm, the reaction rate for N» + H + M <— NNH + M increases by an order of magnitude whereas
it only increased slightly for the N»-diluted case. Further, the reaction rates for all the bimolecular
reactions decrease as the pressure is increased from 3 atm to 8 atm due to reduced diffusivities and
molecular mixing as pressure is increased. Thus, the amount of NO produced is decreased more
drastically from 3 atm to 8 atm as opposed to the Nj-diluted case. It may be noted that Fenimore
prompt and NNH routes are still the most dominant followed by the thermal route whereas the N>O
route still remains insignificant.
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Figure 4. Quantitative reaction pathway diagrams (QRPDs) for the N»-diluted case for k = 88 s~ at
(a) 1 atm, (b) 3 atm, and (c) 8 atm. For legends, please refer to Figure 6.

Table 4. Effect of CO; vs. N3 dilution on maximum molefractions of NO producing radicals and NO.
N, NH, HCN, NCO mole fractions are reduced by a factor of ~20 for the CO,-diluted case.

1 atm 3 atm 8 atm

N, Case CO; Case Reduce by N, Case CO; Case Reduce by N, Case CO; Case Reduce by

N 2x1077 6x107°? 33 8x107%  4x107? 20 2x107%  1x107° 20
NH 1x1077 5x107° 20 7x107%  4x107? 17 3x107%  2x107° 15
NNH 2x107° 8x1071 25 3x107°  1.3x107° 23 4x107° 12x107° 33
NO  4x107° 4x10°° 10 5x107%  6x107° 8.3 3x1075  3x10°° 10
NO  2x1077 2x1077 1 1x107¢  6x1077 1.7 1.8x107% 1.2x107° 15
HCN 15x107% 7x1077 21 12x107°  7x1077 17 1x1075  3x1077 33

NCO 11x107 7x107° 16 12x1077 11x10°8 11 8x 108 6x107° 13
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Figure 5. QRPD for the CO,-diluted case for k = 88 s~1 at (a) 1 atm, (b) 3 atm, and (c) 8 atm.
For legends, please refer to Figure 6.
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3.3. Analysis of Reaction Rates

Reaction rates of various NO producing steps given in Table 3 are shown in Figure 7 as a function
of radius for 1 atm and a stretch rate of 88 s~!. Figures 8 and 9 show the same for 3 atm and 8 atm
respectively. Note that for the CO,-diluted cases, the reaction rates are multiplied by 10. It may be
noticed that the radius range over which the reaction rates are non-zero decreases with pressure. This is
to be expected due to the thinning of the flame zone due to reduced diffusivities. For a specific reaction,
the reaction rate increases with pressure. As already indicated, Fenimore prompt appears to be the most
dominant route to NO formation (Subfigures (b), (c), (f), and (g) of Figures 7-9) followed by the NNH
route (Subfigure (e)), thermal route (Subfigure (a)), and N>O route (Subfigure (d)). Further, it may be
noticed that the ratio of reaction rates for the N»-diluted case to CO»-diluted case is approximately 1:10
except for the reactions NoO + O +— 2NO and NNH + O +— NO + NH. Both of these directly follow
the third-body reactions as given under N>O route and NNH route respectively in Table 3. Since CO; is
an efficient third-body collision partner, the ratio of radicals NoO and NNH (as shown in Figures 2 and
3) that are generated for the CO»- and N»-diluted cases is higher than the other radicals. This ready
availability of these radicals, in turn, results in the increased reaction rates for N,O + O <— 2NO and
NNH + O <— NO + NH for the CO;-diluted case when compared with the other reactions.
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Figure 8. Reaction rate profiles at 3 atm as a function of radius for (a) N2 + O «— N + NO, (b) N +
02 «— NO+O, (¢ N+OH +<— NO+H, (d) N;O + O «+— 2NO, (e) NNH + O +— NO + NH,
(f) NH + H +— N+ Hp, and (g) NH + OH <— N + H,O.
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Figure 9. Reaction rate profiles at 8 atm as a function of radius for (a) N2 + O «— N+ NO, (b) N +
O +— NO+0O, (¢) N+ OH +— NO + H, (d) N2O + O <— 2NO, (e) NNH + O <— NO + NH,
(f) NH + H <— N+ Hp, and (g) NH + OH <— N + HO.

4. Conclusions

This paper has investigated the effect of pressure and 65% fuel dilution on the structure of
non-premixed methane/air tubular diffusion flames. It was observed that due to reduced species
and thermal diffusivities, the flame thickness decreases with pressure. The flame temperature for
CO,-diluted cases is lower than that for the Nj-diluted cases. This can be attributed to higher value of
specific heat and higher radiation loss for CO, compared to Nj. Species formed through third-body
collisions show increased concentrations with pressure. When N dilution of the fuel is replaced by
CO;, the NO-producing radicals (N, NH, HCN, NCO) reduce by a factor of 20.

Quantitative reaction pathway diagrams (QRPDs) were obtained alongside performing an analysis
of key reaction rates to identify the most important pathways for NO production. Four different NO
production routes were considered, namely the thermal route, Fenimore prompt route, NNH route and
the N>O route. For both the CO;- and N3- diluted cases, it was found that the Fenimore prompt route
is the most dominant followed by the NNH route, thermal route, and the N>O route for all values of
pressure. Though the integrated reaction rates for the N>O route showed orders of magnitude increase
with pressure, it remained an insignificant contributor to the overall NO production. An analysis
of key reaction rates over the flame domain confirms the dominance of Fenimore prompt route in
the production of NO. The NO production reaction rates for the CO,-diluted cases were observed
to be 10x lower than for the N>-diluted cases for most of the reactions. This was attributed to the
greater availability of N for the Np-diluted cases, leading to 20 x higher peak values of many NO
producing radicals.
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