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Abstract

This paper addresses the discrimination of dilution and thermal effects on
soot production when nitrogen is added to the fuel stream of a steady laminar
ethylene diffusion flame. In this context, the mixture-strength flame height
Hj and visible flame height H, are unambiguously documented and exhibit
opposite trends within experimental diluted range (N3 volume fraction from 0 to
0.56). Simultaneous soot volume fraction and temperature fields are mapped for
different Ny volume fractions by the Modulated Absorption/Emission (MAE)
technique. Two characteristic flame heights and the temperature at the peak
soot volume fraction are shown to be crucial parameters to assess the extent of
the dilution and thermal effects together with their impact on soot formation
in the flame. As a result, the mixture-strength flame height is proposed to
characterize the soot formation rate within soot growth region, while the visible
flame height is more appropriate to describe the overall sooting propensity in
the flame. The probed soot temperature is recommended as the characteristic
temperature to assess Ny dilution and thermal effects since the thermal effect
is overestimated when using the adiabatic temperature.
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1. Introduction

Within the context of growing concerns on the environmental issues, public
health, and high-efficiency energy utilization, strategies aiming at the mitigation
of soot production by combustion devices have attracted considerable attention.
The Flue Gas Recirculation (FGR) and Exhaust Gas Recirculation (EGR) are
reported as technologies potentially suppressing soot release by reducing the
overall combustion temperature and ignition delay within high levels of EGR
dilution in Diesel engine [1]. As a result, fundamental investigations to as-
sess FGR/EGR strategies consist in adding specific gaseous species to the fuel
and/or the oxidizer of the reacting flows. As an illustration, species such as N
or HO added to a fuel mixture lead to a significant modification of the Lower
Flammability Limit (LFL). Therefore, further insights into the correlation be-
tween soot production and temperature field in diluted flames are also crucial
to practical concerns like fire safety.

As discussed by Du et al. [2] and Liu et al. [3], the reduction of soot
formation resulting from the introduction of inert gaseous additives, such as Ny
or Ar, can be attributed to two main effects, i.e. a dilution effect because of the
reduction in the concentrations of the reactive species; and a thermal effect due
to the change in flame temperature as a consequence of the streams’ physical
properties variation.

When a reactive species such as COy or HyO is added, the chemical effect
also reveals. Although completely isolating the chemical effect from the other
two is impossible, several experimental studies were conducted to assess the ex-
tent of the chemical effect [4]. While CFD can resolve all effects, it still requires
experimental trends for careful validation. Experimental trends exhibited by
the chemical effect may contribute to this effort [3].

Several studies delivered significant insights into the discrimination of the



dilution and thermal effects. Axelbaum and Law [5] suggested a modelling
formulation of the soot formation rate when affected by an inert dilution, i.e.
X% x exp(—E,/R°T). Here Xp is the initial fuel volume fraction in the fuel
stream and a is the order of dependence of soot formation rate on fuel volume
fraction. R is the ideal gas constant and E, is the activation energy. In
this equation, X@% and the Arrhenius law represent the dilution and thermal
effects, respectively. The relative importance of both effects were quantified
and an activation energy F, of 209 kJ/mol was extracted by Axelbaum and
Law from the measurements of soot volume fraction in a laminar diffusion flame
established over a coflow burner where the Ny dilution of the ethylene stream
could be adjusted. Later on, Giilder et al. [6] incorporated the flame height
and diameter into the model of soot formation rate to account for the influence
of flame geometry variation on the sooting tendency. These authors evaluated
a smaller activation energy of 200 kJ/mol. Two potential flame heights were
identified. The visible flame height, referred to as H, in the following, can be
imaged and measured experimentally [7]. Alternatively, the mixture-strength
height, referred to as Hy, is defined as the distance from the burner tip to the
upper location where the local equivalence ratio along the centerline is equal
to unity [8]. Thus, the selection of the characteristic flame height affects the
evaluation of the magnitude of the dilution and thermal effects acting on the
soot formation [2, 9, 10].

Interestingly, both groups of authors selected the theoretical adiabatic tem-
perature as the characteristic temperature in the Arrhenius law to take into
account the effects of the inert addition on the flame temperature. Neverthe-
less, radiative heat losses attributed to soot particles leads to lower actual peak
temperature [11]. For this reason, Du et al. [9] used the maximum flame temper-

ature measured by a thermocouple probing the flame. These authors obtained



a global activation energy of 130 kJ/mol. However, the use of a thermocou-
ple is an intrusive technique that exhibits a quite low spatial resolution and
a relatively high uncertainty range, especially when soot deposit can alter the
sensitivity of the thermocouple [10]. Consequently, the present study focuses
on the discrimination of the dilution and thermal effects on soot production
due to Ny dilution of the fuel stream in atmospheric steady laminar diffusion
flames. This further examination is motivated by the recent extension of the
modulated absorption/emission (MAE) technique to two-dimensional flames by
Legros et al. [12], by which both fields of soot temperature and volume fraction
can be measured simultaneously. Following the aforementioned studies [5, 6],

the evaluation of the dilution and thermal effects can be refined.

2. Experimental methodology

2.1. Burner

The diffusion flames are established over an axisymmetric coflow burner
identical to the one described by Santoro et al. [13] and used in previous inves-
tigations [14, 15, 16].

The fuel stream consists of ethylene (CoHy) that can be nitrogen diluted.
Ethylene and nitrogen come from high-purity gas cylinders (99.9% stated pu-
rities). Two Bronkhorst EL-FLOW mass flow controllers enable the variations
of both the ethylene and nitrogen flow rates. The fuel stream flows through a
vertical axial brass duct of 11 mm inner diameter. This axial duct is straight
over a distance of 250 mm upstream its tip so the exit velocity profile can be
assumed fully-developed over the range of investigated ethylene flow rates.

The coflowing stream consists of filtered compressed air. Another mass flow
controller allows the air flow rate to be adjusted. Air is then introduced into

a concentric 102 mm inner diameter brass cylinder. A perforated brass plate,



glass beads, and finally a ceramic honeycomb straighten the oxidizer flow. The
fuel tube extends 3 mm above the honeycomb surface.

For the present study, the flow rates of the ethylene stream and coflowing air
are adjusted at the constant values of 0.231 1/min and 43 1/min, respectively.
Nitrogen is added to the ethylene stream at a flow rate ranging from 0 to
0.3 1/min. The adiabatic temperatures are then calculated for every dilution
condition investigated, as reported in Tab.1. Beyond Xy, = 56%, the low level
of soot formed in the flame cannot be detected by the MAE technique. As a

result, the Xy, range is constrained to 0-56%.

Table 1: Experimental parameters and constants.

fuel flow coflow temperature
CyHy Ny XN, Air adiabatic temperature max. soot temperature
(I/min)  (1/min) (1/min) (K) measured (+ 50K)
0 0 2363 1712
0.02 8% 2348 1686
0.06 20% 2331 1668
0.09 28% 2309 1663
0.231 0.11 32% 43 2300 1682
0.14 38% 2292 1685
0.2 46% 2271 1605
0.3 56% 2235 1594

2.2. Scaling soot formation
To discriminate the relative importance of the dilution and thermal effects,
Giilder et al. [6] assumed that soot formation rate 7., , in diffusion flames is

governed by Eq.(1):
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reduction in X associated with the lower diluted fuel concentration and an
indirect thermal reduction in flame temperature 7. a is assumed to be unity
since nitrogen has comparable diffusion coefficient to that of the fuel and the
oxidizer [17]. Here H is flame height and L,,, is the flame diameter at the
axial location of the peak soot volume fraction. In Eq.(1), the influence of the
flame geometry variation due to dilution is introduced by the ratio v H /Lmaz-
Indeed, the soot residence time in a laminar diffusion flame is proportional to
VH [6].Though the soot formation rate normally varies with the location in the
flame, the soot formation along the flame’s axis is here assumed independent
from the soot oxidation, except in the flame tip region.

Thus, the characteristic soot formation rate 7i.,,, can be related to the mean

first derivative of the average soot volume fraction Fj,,;: along the flame axis:
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Fso0t(2) is the average soot volume fraction within the entire section of the

flame at a given z along the axis, defined as follows:

A L(2)

Fsoot(z) = 67TT(m)

In(7a(2)) (3)

Here z is the height above the burner (HAB), L(z) is the flame diameter
along the height, X\ is the wavelength at which the transmissivity 7 along the
line-of-sight crossing the flame is evaluated, and E(m) is the soot refractive

index. As a result, Eq.(1) can be written as follows [6]:
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In Eq.(4), Frae, where AFs,0:(2)/At equals zero, is considered as the char-
acteristic soot formation rate. All the parameters can be determined experimen-
tally to allow for an empirical evaluation of the activation energy F,. Doing
s0, the selection of the flame height H and the characteristic flame temperature
T plays a crucial role in the evaluation of the dilution and thermal effects. As
mentioned earlier, two flame heights could be selected to assess the soot char-
acteristic residence time in the flame. While the mixture-strength flame height
H¢ emphasizes the processes from fuel pyrolysis to soot growth in the flame, the
visible flame height H, includes additionally the soot oxidation in the flame. In
the present paper, both heights are considered.

In addition, though the adiabatic temperature was used as the characteristic
temperature in Eq.(4) by previous studies [5, 6], radiative losses attributed to
soot is believed to affect to a potentially significant extent the assessment of
the effects related to nitrogen dilution. As a result, the temperature measured
at the location of the maximum local soot volume fraction is considered a rele-
vant alternative for two main reasons. First, the location of the maximum soot
volume fraction stands within the flame wings, i.e. away from the flame’s axis
[12, 14]. Yet, along the deconvolution process outlined further, the error prop-
agates towards the flame axis though it is decently regularized by a Tikhonov
procedure [12]. Furthermore, the raw information that allows for the tempera-
ture measurement by the MAE technique is the spectral emission rate field. At
the location of the maximum soot volume fraction, the level of spectral emission
rate is relatively high. Consequently, the selected temperature is less prone to

be affected by the error attributed to the temperature retrieval methodology.



Second, the location of the maximum local soot volume fraction lies between the
soot growth and soot oxidation regions. Thus, the temperature at this location
characterizes the conditions at which soot formation stops being the dominant

process in the balance between formation and oxidation.

2.8. Optical diagnostics

A Phantom V711 camera with a gated intensified mega-pixel CMOS sensor
provides 8-bit black and white frames of each visible flame on a 1280 x 800
pixels? matrix at 100 frames per second. The exposure time is kept constant
at 10 ms. The intensification is also kept constant so that the dynamic range
is fully used while the saturation is not reached over the range of investigated
conditions. The camera is focused on the plane containing the burner axis of
symmetry and the entire flame is captured in the middle of camera sensor. With
the above optical settings, these flame sheets show a weak sensitivity to the post-
processing parameters. For every Ny dilution condition, the flame displayed on
the left in Fig.1 is the average of the 100 instantaneous frames.

The MAE technique is implemented to retrieve the soot temperature and
volume fraction fields strictly as outlined in Ref.[12]. Only the major features
are reminded briefly. This technique is based on the fact that absorption and
emission in the ethylene diffusion flame are mainly attributed to soot in the
upper part of the visible spectrum. Two continuous wave lasers operating at
A1=645 nm and A\;=785 nm are expanded to provide 60 mm diameter collimated
beams. At every wavelength, the measurement of the laser beam attenuation
through the flame is conducted using a CMOS camera. After a deconvolution
process incorporating a regularization procedure [14], the local absorption co-
efficient field ky(r, z) can then be mapped and the soot volume fraction field

SV F(r, z) be inferred. The Mie theory allows k) to be transformed into SV F,
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assuming that soot particles are in the Rayleigh limit [14]:

Akx(r, z
SVF(r,z) = 67T>\l§(’m))
where E(m) is a function of the complex refractive index m of soot.

For every spectral range, the flame spontaneous emission is also imaged by
the corresponding camera as the laser is off. The local spectral emission rates
kaBa(r,z) that are attributed to soot within both spectral ranges are then
computed following a similar deconvolution process. B) is here the spectral
blackbody radiative intensity at the local temperature given by the Planck’s law.
Given the retrieved s (r, z), BA(r, z) can then be extracted when computing the
ratio kxB) / kx. Thus, the map of soot temperature T'(r,z) can be inferred
from the field of the ratio B),/B), provided a calibration procedure. To this
end, the beam delivered by a Halogen calibration light source is imaged on
both CMOS sensors. A specific lookup table can then be established providing
Tratio as a function of the ratio By, /B, corrected for the characteristics of the
CMOS sensors and the optics encompassed between the flame’s location and
these sensors. In addition, both fields of By, (7, z) and B,,(r,z) can then be
calibrated given 140, leading to the temperature fields Treq and Tinfrared-
Following the methodology prescribed by Legros et al. [12], all temperature

fields are restricted to locations where the uncertainty does not exceed £50 K.

3. Results and discussion
3.1. Flame height

The flame appearance variation with different Ny volume fraction in the fuel
side is shown on the left in Fig.1. The visible flame height H, is accounted

from the burner tip (HAB=0) up to the flame central tip. To evaluate the
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mixture-strength flame height Hy, McEnally [10] measured the length from the
flame bottom to the location of the peak temperature along the flame center-
line (maximum carbon dioxide concentration), which is verified very close to
the stoichiometric mixture surface. However, due to our temperature retrieval
methodology and its limitations, the temperature profile on the flame axis is
prone to fluctuate, which delivers a limited precision for Hy assessment. Never-
theless, since the temperature reconstruction is inferred from accurate imaging
of the soot emission rate, the maximum soot emission rate position along the
centerline is a decent indicator for the maximum temperature point. Therefore,
a more accurate increasing Hy variation is shown on the right in Fig.1. Interest-
ingly, it has the opposite trend to the overall visible flame height H, variation.
Hy increases mainly because the soot inception region is shifted downstream,
which is easily observed by the series of flame images in Fig.1. This H¢ evolu-
tion is consistent with what McEnally obtained for Ns volume fraction ranging
from 66.7% to 85.7% in a very similar experimental configuration [10]. Although
the soot inception is delayed, the soot oxidation region considerably shrinks due
to the lower level of soot formed in the flame, and eventually H,, is shortened.
This reason is also an explanation for COs diluted flame height shrinkage [3, 18].
Indeed, this overall flame height is the result of the competition between the
spread of the soot inception region and the shrinkage of the soot oxidation one.
Consequently, Hy is more relevant to scale the soot formation rate in the soot
growth region, while H, is more suitable for the characterization of the overall
soot propensity behaviour in the flame. On the other hand, the flame diameter
did not change significantly along the Ny addition to the fuel side within our
dilution range. Thus, the influence of L,,,; variation is considered negligible in

the present study.
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8.2. Soot volume fraction and temperature fields

Fig.2 exhibits the soot volume fraction (left) and temperature (right) fields
variation for different Ny dilution conditions. Due to the limited diameter of
the collimated laser beam, the whole flame cannot be probed by the MAE
technique. However, the dynamics of the soot temperature and volume fraction
fields for the different N, dilution conditions can be captured. With increasing
Xn,, soot volume fraction is gradually reduced in the overall flame, while the
maximum soot volume fraction zone remains on the annular region of the flame.
Quantitatively, the maximum local soot volume fraction decreases from 11 ppm
to 4 ppm as Ny volume fraction rises from 0 to 56%.

In Fig.2, the detectable temperature is confined to the soot existent region
in the flame. Nevertheless, a slight temperature decrease can be anticipated, as
the calculated adiabatic temperature is reduced by about 128K within the range
of Ny dilution. By careful comparison, the maximum flame temperature moves
slightly downstream due to the stretched Hy. This trend is also reported in
previous studies [10, 19]. Finally, the characteristic temperatures for every No

dilution condition are extracted from experimental fields and shown in Tab.1.

8.8. Activation energy and thermal effect

Fig.3 displays the evolution of axial average soot volume fraction Fi,,; along
the flame height for different Ny volume fractions, which is calculated by Eq.(3).
For every dilution case, Fy,, follows the same trend, first increasing then de-
creasing, the peak slightly moving downstream with increasing Xpy,. To be
more specific, the peak Fj, ., reduces approximately from 5 ppm to 2 ppm with
increasing X, , which will be applied to the following Arrhenius plots.
According to Eq.(4), the normalized maximum soot volume fractions In(Faz Lmaz /X H®)

versus the inverse of the characteristic temperature (1/7") are shown in Fig.4.
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For comparison reason, Fig.4(a) shows the derived activation energy based on
the adiabatic temperature, while Fig.4(b) exhibits that based on experimentally
probed temperature (7T.q). The temperature uncertainties (£50K) lead to the
indicated error bars. Additionally, the linear regressions for the different flame
heights are incorporated in both plots.

The experimental temperature based plot is right-shifted with respect to that
based on the adiabatic temperature due to the cooler experimentally probed
temperature. The derived activation energies in plot (a) are 199.2 kJ/mol for
H, and 223.1 kJ/mol for Hy. These values are similar to those reported by
previous studies [5, 6]. In plot (b), the obtained activation energies are 99.9
kJ/mol and 105.2 kJ/mol for H, and Hy, respectively. In general, using the
experimentally probed temperature results in about 100 kJ/mol reduction in
activation energy, which is mainly caused by lower actual temperature in the
flame. For this reason, the thermal effect in the flame could be overestimated
due to the higher thermal diffusivity, lower kinematic viscosity, etc. when using
the adiabatic temperature in the Arrhenius plots. On the other hand, in both
(a) and (b) plots, although H; and H, exhibit opposed trends, this only leads
to steeper slopes of the fitted Arrhenius plots, i.e. a slight discrepancy in the
activation energy. Although the activation energy variation is unremarkable, it
does affect the respective extent of the dilution effect and the thermal one on the
sooting propensity in the flame. Thus, it is reasonable that the mixture-strength
flame height characterizes the soot formation rate in the soot growth region, and
the visible flame height describes the overall soot propensity behaviour in the
flame. Additionally, the weak activation energy changes mean that the impact of
the flame height selection is not as important as the characteristic temperature
one.

However, the experimental characteristic temperature can be sensitive to the

14



Table 2: Derived activation energy E, (kJ/mol) for different flame heights and characteristic
temperatures.

T
jhdi l}ed J}nfrared I}aMo

H, 199.2  99.9 91.8 87.8
223.1 105.2 96.8 88.8

different procedures that are allowed by the MAE technique to retrieve the soot
temperature field. For this reason, the other two experimental characteristic
temperatures that the MAE delivers, i.e. Tinfrared and Trqtio, were also used to
evaluate the activation energy. All the derived activation energies are reported
in Tab.2. This allows the range of uncertainty on the experimental activation

energy to be assessed at about +6 kJ/mol.

8.4. Discrimination of the dilution and thermal effects

To further quantify the dilution effect and thermal effect, the soot formation

rate 1, is assessed by Eq.(4). In Fig.5(a), the adiabatic temperature, the

soot
mixture-strength flame height Hy and activation energy of 223.1kJ/mol are
selected to calculate the soot formation rate, that the black squares indicate.
The blue circles stand for the adiabatic temperature and the blue solid line is

the fitted adiabatic temperature T;;. Thus, the black dash line is the modeled

soot formation rate V as evaluated by Eq.(6):

V_ Xeyn, ¥/ Hy —2.231 % 10°

erp( g ©)

Lmaz

The red dash line (V) is the relative thermal effect setting X, = 1 in
Eq.(6). The green dash line (Vp) indicates the relative dilution effect setting
T = 2363K in Eq.(6), i.e. the adiabatic temperature for Xy, = 0. It is worth

noticing that all quantities are normalized with respect to the reference con-
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ditions, i.e. Xy, = 0. Following the calculation methodology described above
and incorporating the experimentally probed temperature, the mixture-strength
flame height Hy, and the activation energy 105.2 kJ/mol into Eq.(4), a simi-
lar plot is drawn in Fig.5(b). The comparison will demonstrate the respective
extent of the dilution effect and the thermal one altered by the characteristic
temperature selection.

In Fig.5(a), since the adiabatic temperature can be extrapolated beyond
the experimental diluted range, the fitted temperature profile tends towards
zero when X¢, g, does so. However, in Fig.5 (b), the relative analysis are only
confined to the experimental diluted range (X¢, g, ranging from 1 to 0.44), but
this plot reflects the actual contributions of both effects in the flame. First of
all, both plots clearly illustrate the relative contribution of Vpr and Vp to soot
formation rate V. Within this experimental range, although the discrepancy
between both activation energies is significant, it does not change the fact that
the soot formation rate mainly depends on the dilution effect, but hardly on
the thermal one. This finding is supported by Giilder et al. [6], who found that
for fuel fraction larger than 0.3, the dilution effect is stronger than the thermal
one. Similarly, the fuel fraction boundary around 0.25 is reported by Axelbaum
et al. [5]. Inspecting plot (a), when X¢, g, is lower than 0.2, the thermal effect
tends to dominate the soot formation rate in our study. In addition, by closer
comparison, Vr is approximately 10% overestimated in plot (a) compared to that
in plot (b) within the experimental dilution range, e.g., at X¢o, g, = 0.6, Vi =
0.9 in plot (a), while Vz = 0.8 in plot (b). This again indicates that the thermal
effect is overestimated due to the higher adiabatic temperature. Therefore,
the actual soot temperature is recommended as a more relevant parameter for
the discrimination between both aforementioned effects, especially for the lower

dilution conditions. Conversely, Vp is closer to V in plot (a) than in plot (b),
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which means that the dilution effect influence turns out to be weaker in actual

flame conditions.

4. Conclusion

In this work, the variations of flame geometry, soot volume fraction and
temperature in axisymmetric laminar diffusion flames are investigated when No
is added to the fuel side of the coflow laminar axisymmetric ethylene diffu-
sion flame. The mixture-strength flame height and the visible flame height are
extracted and turn out to have opposite trends with Xy, ranging from 0 to
0.56. Globally, when increasing Xy, , soot is gradually suppressed throughout
the flame and soot temperature slightly decreases. Two featured flame heights
and the probed soot temperature at the location of the peak soot volume frac-
tion are incorporated to the soot formation rate to investigate the extent of
the dilution and thermal effects. Consequently, the probed soot temperature is
recommended to evaluate the contribution of the dilution effect and the ther-
mal one, since the activation energy drops by about 100kJ/mol. This indicates
that using the adiabatic temperature the thermal effect is significantly overes-
timated. Furthermore, the selection of the characteristic flame height results in
quite similar activation energies.

In addition, within the experimental diluted range (X ¢, g, ranging from 1 to
0.44), the soot formation rate depends to a higher extent on the dilution effect
than on the thermal one. Following extrapolated models, the thermal effect
becomes more important only when X¢, g, is lower than about 0.2.

Eventually, further work needs to be performed to determine to what extent
the results can be influenced by the potential chemical effect due to reactive

species such as C'O5 or Os.
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Figure 1: Evolution of the visible flame height H, and mixture-strength flame height Hy with
increasing Xy, in the fuel side.
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Figure 2: Evolution of two-dimensional soot volume fraction (left side) and temperature
(right side) fields with increasing X, in the fuel side. These fields are inferred from the red
absorption and red emission measurements, respectively.
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temperature is used as the flame characteristic temperature. “()” stands for the corrected
maximum soot volume fraction for flame height H,; “0)” represents the corrected maximum
soot volume fraction for flame height Hy. (b) The experimentally probed temperature is used
as the flame characteristic temperature. “A” indicates the corrected maximum soot volume
fraction for flame height H,. “«” stands for the corrected maximum soot volume fraction for
flame height Hy. The markers are the experimental data and the lines are the fits.
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Figure 5: Relative contributions of the dilution effect and the thermal one on the soot forma-
tion rate. (a) The adiabatic temperature is used to evaluate the dilution and thermal effects.
The blue “0” stands for the calculated adiabatic temperature. The blue solid line (Tf;)
is the fitted adiabatic temperature profile. (b) The experimentally probed temperature Tezp
is used to assess both effects within the experimental fuel fraction X¢,r, ranges. The blue
“Q)” stands for the experimentally probed temperature. The blue solid line (Ty;;) is the
modeled experimentally probed temperature. In both plots, “T0” represents the calculated
soot formation rate; Black dash line is the fitted soot formation rate. The red dash line (V)
is the relative thermal effect. The green dash line (Vp) indicates the relative dilution effect.
All temperatures and inferred rates are normalized with respect to the reference condition

(XCQH4:1)'
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