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Influence of Pressure on Near Nozzle Flow Field and Soot Formation
in Laminar Co-Flow Diffusion Flames
Soot formation from combustion devices, which tend to operate at high pressure,
is a health and environmental concern, thus investigating the effect of pressure on
soot formation is important. While most fundamental studies have utilized the coflow laminar diffusion flame configuration to study the effect of pressure on soot,
there is a lack of investigations into the effect of pressure on the flow field of
diffusion flames and the resultant influence on soot formation. A recent work has
displayed that recirculation zones can form along the centreline of atmospheric
pressure diffusion flames. This present work seeks to investigate whether these
zones can form due to higher pressure as well, which has never been explored
experimentally or numerically.
The CoFlame code, which models co-flow laminar, sooting, diffusion flames, is
validated for the prediction of recirculation zones using experimental flow field
data for a set of atmospheric pressure flames. The code is subsequently utilized to
model ethane-air diffusion flames from 2 to 33 atm. Above 10 atm, recirculation
zones are predicted to form. The reason for the formation of the zones is
determined to be due to increasing shear between the air and fuel steams, with the
air stream having higher velocities in the vicinity of the fuel tube tip than the fuel
stream. This increase in shear is shown to be the cause of the recirculation zones
formed in previously investigated atmospheric flames as well. Finally, the
recirculation zone is determined as a probable cause of the experimentally
observed formation of a large mass of soot covering the entire fuel tube exit for
an ethane diffusion flame at 36.5 atm. Previously, no adequate explanation for
the formation of the large mass of soot existed.
Keywords: recirculation, laminar diffusion flame, soot model, ethane

1. Introduction
Soot formation during combustion processes is a concern due to several negative health
and environmental effects of elevated atmospheric soot levels. Due to these adverse effects,
there is a desire to reduce soot emissions from practical combustion devices, which tend
to operate at elevated pressures. Thus, studying the effect of pressure on soot formation
is important.
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There have been a number of recent experimental investigations on the effect of
pressure on soot formation in a laminar co-flow flame configuration [1-17]. This
configuration is utilized due to the simplified geometry, yet still allowing for investigation
of the possible effects of diffusion and mixing. These studies concluded that maximum soot
volume fraction increased with increasing pressure; however, the study by Joo and Gülder
[6] had the interesting result of soot volume fraction reaching a peak at 55 atm, then
monotonically declining as pressure was raised further. A brief communication by
Mandatori and Gülder [18] demonstrated another unique phenomenon where at 36.5 atm the
entire ethane fuel stream converted to soot.
To compliment these experimental investigations, multiple numerical studies
have been performed to attempt and understand the reasons for the experimentally
observed influence of pressure on soot formation. Most studies relied on simplified soot
models that had limited ability to understand how the mechanisms of soot formation are
influenced [16, 19-24]; however, others have used the more advanced method of
moments [17] or sectional soot formation models [15, 25, 26] that utilize Polycyclic
Aromatic Hydrocarbon (PAH-based) soot nucleation and condensation models. One
sectional soot formation code, CoFlame [27], has been validated and extensively used to
investigate soot formation under a wide range of conditions, including high pressure.
These advanced studies concluded that the experimentally observed increase in soot
formation with increasing pressure was due to the positive feedback nature of soot
formation, instigated by density increases. In addition, the study in [26] demonstrated
the importance of extending the computational domain to model below the exit plane of
the fuel tube and including a conjugate heat transfer (CHT) model within numerical
simulations of high pressure sooting diffusion flames. However, there still has been no
adequate explanation of the reason for the complete conversion of ethane at 36.5 atm
observed in [18], even with the investigations of Eaves et al on these flames [25, 26].
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To date, there are limited studies on the effect of pressure on the flow field of
co-flow diffusion flames and the subsequent effect of the flow field on soot formation.
In a very recent work, Xiong et al. [28] experimentally and numerically displayed that
recirculation zones can form near the nozzle of atmospheric pressure co-flow laminar
diffusion flames when the fuel density is greater than that of air. Additionally, they
concluded that in order to numerically predict the recirculation zones, the computational
domain should extend into the fuel tube, similar to the conclusions of [26]. Xiong et al.
asserted that the cause of the recirculation zones was due to the negative buoyancy
effects exerted on fuels with density greater than air. Since the density of methane is
lower than that of air, due to a positive buoyancy effect, no recirculation zone has been
formed. By contrast, propane is heavier than air and due to its higher relative density, a
negative buoyancy effect causes recirculation zones along the centreline. The results
from [28] raise the question if recirculation zones could be responsible for the complete
conversion of ethane to soot observed in [18].
Since ethane is approximately the same density as air, there may be another
mechanism that causes the observed recirculation zones in high pressure laminar diffusion
flames. It should be noted that in the study by Xiong et al [28], constant mass flow rates
for air and for fuel were used for all flames, thus fuels with higher densities would have
lower flow velocities. Other researchers have noted the importance of selecting fuel and air
mass flow rates such that the resultant flow velocities are matched to minimize shear
effects [29, 30]; however, it is not known if to what extent minimizing shear effects is
necessary.
1.1. Agenda
In this present work, the CoFlame soot formation code [27], extensively validated at
atmospheric pressure, and previously validated for soot volume fraction at elevated
pressure against the data of Mandatori and Gülder [ 9 ] , is utilized to investigate the
4

potential of recirculation zones causing the observed complete conversion of ethane to
soot. The influence of pressure on the size of any potential recirculation zones is
explored, along with an explanation of the cause of the recirculation zone observed in this
work and in [28].

2. Flame and model description
The flames chosen for this investigation are the steady, non-smoking, co-flow laminar
ethane/air diffusion flames at pressures of 2 to 33 atm, studied experimentally by
Mandatori and Gülder [9, 10].

Fuel and air mass flow rates are kept constant as

pressure is varied, with values of 0.0052 g/s for the fuel stream and 0.12 g/s for 15 atm
and below and 0.24 g/s at higher pressures for the air stream. The increased air mass
flow rate at higher pressures was required to achieve stable flames in the experiments.
The computational domain used extends 3.45 cm in the axial direction and 1.18 cm in
the radial direction, and is divided into 416 (z) x 172 (r) control volumes. A nonuniform mesh is used to save computational cost while still resolving large spatial
gradients. The first 0.5 cm in the z direction is below the fuel tube exit plane. This
distance is sufficient to ensure the temperature gradients at z = 0.0 (the bottom of the
computational domain) are negligible.
In order to validate the model, the methane-air ethylene-air, and propane-air coflow laminar diffusion flames at atmospheric pressure studied by Xiong et al [28] are
simulated. The air flow velocity is 6.2 cm/s, with methane, ethylene, and propane flow
velocities of 4.45, 2.21, and 1.40 cm/s respectively. Therefore, the velocity ratio, or
shear between the fuel and air streams, is not constant between the different fuels, with
the propane-air case having a higher air-fuel velocity ratio. The computational domain
used extends 12.54 cm in the axial direction and 3.95 cm in the radial direction, and is
divided into 320 (z) x 135 (r) control volumes. The first 1.0 cm, 1.0 cm, and 2.0 cm in
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the z-direction is below the fuel tube exit plane for methane, ethylene, and propane,
respectively. The distances are chosen to ensure the gradients at the inlet to the
computational domain are near zero and any further increase in the distance does not
affect computational results. For the propane flame, a longer distance was required to
ensure insensitivity to the amount of fuel tube included in the computational domain.
For all flames, top-hat velocity profiles are utilized for the air and fuel stream boundary
conditions.
For the gaseous phase, the fully coupled elliptical conservation equations for
mass, momentum, energy, and species mass fraction are solved. CoFlame [27] utilizes
the axi-symmetrical nature of the flame, and equations are solved in the twodimensional (z and r) cylindrical co-ordinate system. Conjugate heat transfer between
the solid fuel tube and the fuel and air streams is modelled using the harmonic mean
method [26, 31]. The chemical kinetic mechanism that is used for this investigation is
the one originally presented in [32], with modifications described in [33, 34].
Soot particle dynamics are described using a fixed sectional method, in which
soot particle mass ranges are divided logarithmically into 35 discrete sections. The soot
sectional model includes several processes, those being nucleation, PAH condensation
and HACA surface growth, surface oxidation, coagulation, fragmentation, particle
diffusion, and thermophoresis. In a recent work [35], soot nucleation and condensation
were modified to result from 5-ring aromatic (A5) collisions, specifically
benzo[a]pyrene

(BAPYR),

secondary

benzo[a]pyrenyl

(BAPYR*S),

and

benzo(ghi)fluoranthene (BGHIF), as opposed to from pyrene, with a non-unity
nucleation efficiency, which resulted in better centreline soot predictions. All other soot
phenomena, including nucleation, surface growth, PAH surface condensation, surface
oxidation, coagulation, fragmentation, particle diffusion, thermophoresis, and particle
radiation are modelled in the same fashion as in [25, 26, 33, 35-45]. A detailed
6

description of the governing equations, boundary conditions, solution methodology, and
chemical mechanism can be found in previous works [27].

3. Results and discussion
3.1. Flow field validation
Validation computations are performed for the methane-air, ethylene-air, and propane- air
diffusion flames. Figure 1 displays the flow streamlines near the fuel tube exit plane for
the methane-air (lowest fuel-air velocity ratio) and the propane-air (highest fuel-air velocity
ratio).

Figure 1: Computed flow streamlines for the CoFlame code near the fuel tube exit plane
for an atmospheric methane-air diffusion flame on the left side, and an atmospheric
propane-air flame on the right side.

The methane flame results display no recirculation zone, while the propane-air
flame results display a recirculation zone along the center axis of the flame. Figure 1
demonstrates that the CoFlame model is able to capture the qualitative trend of the
formation of a recirculation zone for propane, and non-formation for methane. Similar to
the methane-air flame, no recirculation zone has been formed in the ethylene-air flame
which can be explained due to a relatively close density of ethylene to that of air. Only
for the propane-air flame has a recirculation zone been observed, which is due to the
denser nature of propane compared to air. To validate the qualitative results shown in
Fig. 1, a comparison between the fuel velocity with respect to radial position at a
7

constant height above the burner (z = 1 mm) and axial position along the centreline has
been provided in Fig. 2.

a

b

Figure 2: Comparison of the numerical and the experimental results of the radial (a: at z
= 1 mm) and axial (b: at R = 0) profiles of the axial velocity for methane, ethylene, and
propane flames
The CoFlame code predicts the same results as in [28]. The chemical mechanism
was chosen to ensure model consistency across all flames. The propane sub-mechanism
used in the present work could capture bulk combustion properties of diffusion flames.
This sub-mechanism has been validated in the literature [46]. Further agreement is seen
between simulation and experiment in the present work. Figure 2 demonstrates the
capability of the CoFlame model in capturing the correct quantitative trend of the
experimental results for both methane and propane [28].
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3.2. Effect of pressure on flow field
With the flow field predicted by the CoFlame code being validated, it is now applied to
the ethane-air high pressure co-flow diffusion flames. For flames at 10 atm and above, a
flow phenomenon is computationally observed at the exit plane of the fuel tube near the
centreline region. Figure 3 displays streamlines for the 10, 15, 20, 25, 30, and 33 atm
flames, zoomed in near the exit of the fuel tube (black region), which show the presence of a
recirculation zone. This recirculation zone is not predicted at 2 atm or 5 atm flames;
however, it is present for all other flames. It can be seen that the recirculation zone increases
in size with increasing pressure. Additionally, as pressure increases, the streamlines near
the fuel tube tip become increasingly more horizontal, directed towards the centreline.
This is due to the thinning of the flame cross sectional area as pressure increases due to
reductions in flame thickness with increasing pressure [25], thus the flow is accelerated
inwards. In order to gain an understanding as to why these recirculation zones were
predicted, two cold flow cases (where no flame is present and the entire domain is at 300
K), utilizing the inlet flow conditions for the 10 atm and 33 atm flame respectively, are
computed. For the two cold flow cases, in which no flame is present, the recirculation
zones do not appear. These results indicate that the recirculation zone is being predicted
due to the influence of the high temperature flame on the flow field, which is
consistent with the results in [28]. Table 1 displays the ratio of the air flow velocity to
the fuel flow velocity at the exit plane of the fuel tube near the tube tip in both hot and
cold cases. The velocity for the fuel and air is taken at a location that is sufficiently far
away from the fuel tube to no longer be in the boundary layer. In the hot cases, as
pressure is increased, the ratio of air to fuel velocity increases. This result indicates that
the shear between the air and fuel streams in the vicinity of the fuel tube increases with
increasing pressure. The increase in the velocity ratio can be attributed to the high
temperatures on the air side of the fuel tube (Ref [26] displayed temperatures of
9

approximately 1700-1800 K), causing the air velocity to increase. This effect is combined
with the streamlines becoming more horizontal due to the change in flame cross sectional
area, thus lowering the fuel velocity in the fuel tube tip region as well. The result is an
increasing shear between the air and fuel streams as pressure increases. The increase in
shear is accompanied by an increase in the size of the recirculation zone as well.

10 atm

25 atm

15 atm

30 atm

20 atm

33 atm

Figure 3: Computed flow streamlines with the CoFlame code near fuel tube tip for an
ethane-air diffusion flame at 10 (top-left), 15 (top-middle), 20 (top-right), 25 (bottomleft), 30 (bottom-middle), and 33 (bottom-right) atm.
Given these two analyses, the following assertion with regards to the cause of
the recirculation zones is made. The recirculation zones are caused by the increasing
acceleration of the air near the fuel tube tip as pressure increases, due to high
temperatures, combined with the thinning of the flame cross sectional area and
subsequent flattening of the flow streamlines. These two effects cause significant shear
between the air and fuel streams, causing the fuel stream to accelerate in the region near
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the fuel tube tip. In order for continuity to be upheld, there must be a corresponding
deceleration of the fuel stream in the centreline region. Eventually, this required
declaration is sufficiently large to cause the flow to reverse, and a recirculation zone
forms.
Table 1: Ratio of Free-stream fluid velocity near fuel tube tip to average flow velocity
in hot and cold cases
Pressure
(atm)

Velocity Ratio
Hot Cases

Velocity Ratio
Cold Cases

2
5
10
15
20
25
30
33

2.12
3.00
3.42
3.88
7.92
8.36
8.88
9.36

1.83
1.91
2.05
2.25
4.06
4.22
4.30
4.36

Experimentally, it would be very difficult to detect the presence of these
recirculation zones, as they are located in the centre of the flame, inside the fuel tube.
This is contrary to the recirculation zones discovered in [28], as in that study the
recirculation zones were fully above the exit plane of the fuel tube and detectable. It
should be noted that while it would seem that simply reducing the air flow rate for
experiments would reduce or eliminate the recirculation zones, there has to be
consideration of flame stability as well. Most experiments at high pressure already
utilized the minimum co-flow air required to obtain a stable flame [6-10], thus
eliminating these recirculation zones may not be possible in some cases.
Based on the role of shear in the presence of the recirculation zones, it should be
possible to induce a recirculation zone simply by increasing the air flow velocity, or
reducing the fuel flow velocity. Since in the experiments in [28] a constant mass flow
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rate was used for all fuels, the fuel flow velocity was smaller for heavier fuels (propane)
than lighter fuels (methane). This means that for the heavier fuels, the shear between the
air and fluid streams was higher, and thus the recirculation zones for the heavy fuel
flames were influenced by the increased shear rather than directly due to the increases
in the fuel’s density.
Another simulation is performed for the methane-air flame, except the air flow
velocity is increased so that the ratio of the fuel to air velocities is the same as for the
propane air case. For this simulation, a recirculation zone is not formed; however, upon
increasing the air velocity by an additional factor of 2.25, a recirculation zone forms.
This result supports the theory that the recirculation zones are formed due to high local
shear between the air and fuel fluid streams in the vicinity of the fuel tube.

3.3.

Relationship between recirculation zones and soot formation

To determine the relationship between the recirculation zones and soot formation, the 5
atm flame is re-simulated with the co-flow air velocity increased by a factor of ten. This
increase is sufficiently large to induce a recirculation zone, although not excessively
large to induce turbulence (an increase by a factor of five did not induce a recirculation
zone). Figure 4 displays the predicted soot volume fraction along the centreline of the
flame with the experimental air flow rates and ten times the experimental rate and the
experimental measurements [9]. There is a discrepancy between the experimental data
and the computations at low axial heights; however, this can be attributed to the model
not differentiating between nascent and mature soot. The experimental technique used
to determine soot volume fraction is only sensitive to mature soot; however, the model
lumps both nascent and mature soot into one entity [47]. Nascent soot tends to form in
the lower temperature (less than 1300-1600 K) regions of flames, prior to formation of
mature soot, thus the predicted large soot volume fraction at low axial heights is mostly
12

nascent soot [48]. When the recirculation zone is present, there is an increase in soot
volume fraction near the exit plane of the fuel tube (axial height 0.5 cm in the figure);
however, at larger axial heights the difference between the peak soot volume fraction
for the two cases is very minimal. In the experiment, the axial position of peak soot
concentration is located at 0.65 cm above the burner. At this point, the experimental
soot volume fraction is 81.6 ppm, while simulations with the regular and 10x air flow
rate lead to the prediction of 75.1 and 77.1 ppm respectively, thus demonstrating the
effect of the recirculation zone in increasing peak soot volume fraction along the
centreline.

Figure 4: CoFlame computed centreline soot volume fraction profile compared with
experimental data for ethane-air diffusion flames at 5 atm with experimental air flow
rate and ten times the experimental flow rate. [9, 10]
It should be noted that as pressure increases, peak soot volume fraction rises.
This growth in the value of maximum soot concentration is due to formation of
recirculation zones, as well as an increase in pressure. Differentiation between the effect
of the recirculation zone and pressure is of interest. Thus, simulations have been
conducted with the air flow rate reduced by a factor of 2 and 4 at 10, 15, and 20 atm
flames in an attempt to remove recirculation zones and study the effect of only pressure
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on soot concentration. Reducing the air flow rate at the mentioned simulations did not
remove the recirculation zone. A limitation for reducing the air flow rate is the stability
of the flame, which was jeopardized when applying a reduction factor more than 4.
Therefore, further differentiation between the effect of recirculation and pressure was
not possible in the present study. Differentiation between the effect of the recirculation
zone and pressure was restricted to manipulating the 5 atm flame, in an attempt to add
the recirculation effect to it, as shown in Figure 4.
Figure 5 displays the predicted soot volume fraction along the centreline of the
10 and 33 atm ethane-air flames with the experimental air flow rates and the
experimental measurements [9]. It can be seen that the calculations for the 33 atm flame
predict a higher soot volume fraction in the recirculation zone than for the 10 atm flame.
As pressure is increased, the recirculation zone increases, and a larger soot volume
fraction is predicted in the zone. The results point to an explanation for the
experimentally observed complete conversion of the flame to soot at 36.5 atm [18].
Calculations for the 36.5 atm flame were attempted; however, a converged solution
could not be obtained. Prior to divergence, the predicted recirculation zone spanned the
entirety of the fuel tube exit plane with a very large (O(103) ppm) soot volume fraction
in the zone, which eventually lead to divergence. This leads to the assertion that the
complete conversion to soot is caused by the recirculation zone. While the CoFlame
code is not a transient solver, nor can it handle bulk solid phases, the trend of increasing
soot in the recirculation zone as pressure increases and being unable to obtain a
converged solution for the 36.5 atm flame support the stated assertion. To summarize,
the effect of the recirculation zones on centreline soot formation is minimal up until the
point the zone is sufficiently large to cause a complete conversion to soot.
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Figure 5: CoFlame computed centreline soot volume fraction profile compared with
experimental data for ethane-air diffusion flames at 10 and 33 atm with experimental air
flow rate. [9, 10]
4. Conclusions
The effect of pressure on near nozzle flow field and soot formation in laminar diffusion
flames is investigated numerically using the CoFlame code. The code is validated against
previous experimental data for methane and propane diffusion flames in its ability to
correctly predict the formation of recirculation zones. From 10 atm and greater, recirculation
zones are predicted to form along the centreline of the flame near the exit plane of the fuel
tube for ethane-air diffusion flames previously experimentally and numerically investigated.
The recirculation zones are shown to be caused by the increased local shear between the fuel
and air fluid streams, and not solely due to density differences between the fuel and air. The
formed recirculation zones are therefore able to explain the experimentally observed
complete conversion of ethane to soot at 36.5 atm, although the effect of the recirculation
zones on soot formation is shown to be minimal otherwise. Future work should focus on
verifying the effect of shear experimentally for atmospheric diffusion flames where the
recirculation zone would be more easily detected.
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