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a b s t r a c t 

Soot and its gaseous precursors are quantified in detail (precursors up to 166 amu, volume fraction, parti- 

cle size, number concentration, and light emissivity dispersion exponent) in a laminar partially premixed 

counterflow flame of ethylene. The investigated flame has an equivalence ratio �= 2.43 and a mixture 

fraction Z st = 0.4, resulting in a distinct double-flame structure consisting of a rich premixed flame com- 

ponent and a diffusion flame component, both stabilized on the fuel side of the stagnation plane. The 

value of the equivalence ratio makes the premixed flame the dominant contributor to soot production, 

with soot being oxidized completely by OH from the diffusion flame component. Particle size is measured 

to increase quasi-monotonically, but remains within a few nanometers throughout the soot forming re- 

gion. Aromatic species are primarily formed in the post flame region of the premixed flame. Their mole 

fractions peak close to the premixed flame and decrease as the diffusion flame is approached. The ex- 

perimentally measured gaseous species are captured well by kinetic models, with the exception of two 

critical species in soot chemistry: benzene and naphthalene. 

© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Combustion systems are typically categorized as either pre- 

ixed or non-premixed (i.e., diffusion controlled), with soot for- 

ation being studied separately in either environment in most 

ases, as reviewed in [1 , 2] . In practical systems, however, situa- 

ions arise in which these two regimes coexist in so-called Partially 

remixed Flames (PPFs). For example, in compression ignition (CI) 

ngines, fuel and air mix near the injector and form a fuel rich 

remixed Flame (PF) with equivalence ratios, �, in the range 2–4 

nd a (non-premixed) Diffusion Flame (DF) structure formed be- 

ween the premixed flame products and air [3 , 4] . More generally, 

PFs are of relevance under turbulent conditions as a result of tur- 

ulent mixing in the partial premixing and stratification of turbu- 

ent flames [5 , 6] . 

Effort s to quantify the effect of equivalence ratio [7–9] , pressure 

10] , and fuel type [9] on PAH, soot, and NOx emissions were the

bject of several studies in counterflow PPFs. However, some stud- 

es focused on very rich conditions [9 , 11 , 12] in which these par-

ially premixed flames can be regarded as perturbations to a diffu- 

ion flame and rarely considered the equivalence ratios observed in 

ngines [3 , 4] . Mungekar and Atreya [11 , 12] investigated methane 
∗ Corresponding author. 
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artially premixed flames over a range of stoichiometric mixture 

actions (Z st ) under conditions in which the diffusion flame compo- 

ent was positioned either on the oxidizer side or on the fuel side 

f the stagnation plane. In the former case, soot is formed primar- 

ly near the flame front and grows until it is convected away radi- 

lly at the stagnation plane; in the latter case soot is formed, con- 

ected toward the DF component and eventually oxidized [1 , 13] . 

erta et al. [8] investigated a n-heptane flame at an equivalence ra- 

io of �= 2.5, quantifying some critical soot precursors, but did not 

erform soot measurements. Experimentally, studies rarely exam- 

ne the double flame structure under moderately rich conditions. 

et, under these conditions the hybrid nature of a partially pre- 

ixed flame arises. 

Figure 1 shows a comparison of computed heat release rate 

rofiles, using OPPDIFF in Chemkin Pro (Reaction Design) [14] , in 

 laminar PPFs of ethylene in the counterflow configuration at var- 

ous equivalence ratios, �s, in the rich range of the stoichiometry, 

ncluding a diffusion flame ( �= ∞ ). The axial coordinate has the 

rigin chosen at the Gas Stagnation Plane (GSP). Detailed chemistry 

s modeled with USC-MechII that is known to be optimized for 

ighter (C1-C4) hydrocarbons: [15] . We held the global strain rate, 

V avg,f + V avg,ox )/L, constant at a value of 45/s, based on mass av- 

raged velocity at the boundaries and burner separation. The stoi- 

hiometric mixture fraction, Z st of the DF component was also kept 

onstant. It is based on the mass fraction of oxygen in the oxidizer 
. 

https://doi.org/10.1016/j.combustflame.2022.112429
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2022.112429&domain=pdf
mailto:alessandro.gomez@yale.edu
https://doi.org/10.1016/j.combustflame.2022.112429
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Fig. 1. Computed heat release profiles of partially premixed flames for ethylene 

mole fraction, mixture fraction and global strain rate constant at 0.17, 0.40 and 

45 s −1 , respectively. 
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Table 1 

Boundary conditions and flame parameters. 

Fuel Stream Oxidizer Stream 

C 2 H 4 0.170 0.000 

N 2 0.620 0.800 

O 2 0.210 0.200 

V avg 26.3 cm/s 18.7 cm/s 

V ax 40.74 cm/s 26.17 cm/s 

dV/dz 9.05 s −1 46.66 s −1 

T 298 K 298 K 

Z st (1 + s Y rf /Y OO ) 
−1 = 0.40 

a (V avg,f + V avg,ox )/L = 45 s −1 

� 2.43 

T max 2230K 

Fig. 2. Image of the PPF, with the burner nozzle exit indicated by the grey regions. 

The blue chemiluminescence of the PF is barely visible at the bottom unlike that of 

the DF that is at the top, with the soot layer sandwiched between the two. 
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tream (Y OO ) and of the residual fuel, Y rf , that is, unburnt C 2 H 4 , af-

er complete conversion to CO 2 and H 2 O from the PF component, 

esulting in Z st = (1 + s Y rf /Y OO ) 
−1 = 0.40. The gas stagnation plane

GSP) and particle stagnation plane (PSP) virtually coincide, and are 

ositioned at z = 0 mm in Fig. 1 . The DF is positioned near the GSP

nd slightly on the fuel side. 

We notice the sharp peak of heat release on the left of the 

rigin, for the case of a robust premixed flame that stabilizes up- 

tream of the GSP on the fuel side of the feed stream. The mod- 

st secondary peak at the right of the GSP is associated with 

O → CO 2 and H 2 → H 2 O conversion. As the equivalence ratio in- 

reases, the primary peak becomes less pronounced, moves to the 

ight, approaching the GSP, and the heat release asymptotes to that 

f a nonpremixed flame ( �= ∞ ). For the richest stoichiometries 

 � ≥ 4), the premixed contribution is reduced to a “shoulder” on 

he left of the primary diffusion flame peak and a DF flame behav- 

or dominates, with the flame positioned near the GSP. One can no- 

ice that the diffusion flame contribution is approximately always 

t the same position near the GSP. This is a consequence of main- 

aining constant the stoichiometric mixture fraction, Z st . 

The case �= 2.43 shows a hybrid heat release with 67% of the 

otal heat release generated by the premixed flame component and 

he remainder from the diffusion flame, confirming the hybrid na- 

ure of the flame. As shown in preliminary experiments, the flame 

xhibits a soot load that is compatible with diagnostic techniques. 

herefore, this equivalence ratio is used in the experiments. 

For such a flame we develop a complete database to understand 

he soot inception/growth process by quantifying soot optically and 

ts gaseous precursors up to three-ring aromatics via gaseous sam- 

ling followed by chemical analysis to compare with chemistry 

odels. Unlike the much richer flames that were explored recently 

n [16] in which the soot production was contributed mostly by 

he diffusion flame component, we will show that in the present 

ase the premixed flame is the dominant contributor to soot and 

his PPF can be considered a perturbation of a purely premixed 

ame. 
2 
. Experimental and computational methods 

Experiments are performed using a burner consisting of two 

pposed converging nozzles with 6.35 mm outlet diameter posi- 

ioned L = 10 mm apart. Both nozzles are surrounded by conical 

nclosures conveying a nitrogen shroud flow to minimize exter- 

al disturbances to the flame. Further details regarding the burner 

eometry are in [17] . Calibrated flows of ethylene/oxygen/nitrogen 

nd oxygen/nitrogen are fed to the bottom and top nozzle, respec- 

ively, to stabilize a PPF at atmospheric pressure. The molar com- 

osition of the fuel and oxidizer streams are provided in Table 

 . The mass average velocity of the two streams is 26.4 cm/s and 

8.6 cm/s, to counteract the propagation of the PF component to- 

ard the fuel nozzle and position the entire PPF approximately 

entered between the two nozzles. 

An image of the flame is shown in Fig. 2 . A rich PF is stretch-

tabilized with an opposite oxidizing stream, the residual fuel and 

ombustion intermediates from the PF react with the counterflow- 

ng oxidizing stream to form a DF and produce ultimately a dou- 

le flame structure. Soot is produced in the post flame of the PF 

nd is eventually oxidized as it is convected toward the DF. No- 

ice that even though the mixture fraction of the DF component, 

 st , is based on the mass fraction of the residual fuel, that is, un-

urnt C 2 H 4 , after complete conversion to CO 2 and H 2 O from the

F component, we recognize that intermediate combustion prod- 

cts of the PF, such as CO and H 2 , fuel the DF component [7 , 8] ,

ather than the parent fuel. The DF is positioned near the GSP and 

lightly on the fuel side. 

The selection of these flame conditions is based on several 

onsiderations: 
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Fig. 3. Experimental layout for soot pyrometry and laser light scattering. 
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(1) Ensuring that the equivalence ratio, �, fall in the range 

2 < �< 4, which, in addition to being of relevance to 

compression-ignition engines [3 , 4] , results in a hybrid flame 

in which both the premixed flame component and the dif- 

fusion flame component contribute to the heat release; 

(2) Shifting the primary contribution to soot from the diffusion 

flame (see, [16] ) to the premixed flame component of the 

PPF; 

(3) Limiting the soot load and the maximum flame temperature 

to ensure compatibility with the diagnostic techniques; and 

(4) Controlling the composition of the feed streams to posi- 

tion the diffusion flame component so that it oxidizes soot 

formed from the premixed flame component; 

.1. Experimental diagnostics 

Key measurements include: temperature via a silica coated S- 

ype thermocouple, gaseous sampling via a silica capillary probe, 

oot volume fraction and dispersion exponent via pyrometry, and 

oot particle size and number density by combing pyrometry mea- 

urements with light scattering measurements. 

Thermocouple measurements are performed using a S-type 

hermocouple with a 125 μm diameter cylindrical bead. Experi- 

ental measurements are compared with the computed temper- 

ture profile by tracking optically the position of the peak chemi- 

uminescence of the PF component relative to the thermocouple 

unction and overlapping it with the computed peak CH 
∗ concen- 

ration. Standard corrections for radiative losses are applied on 

he basis of a convective-radiative energy balance. Thermocouple 

easurements are only performed outside of the soot forming re- 

ion to compare the computed flame width and the experimen- 

ally measured one. The soot load of the flame, although mod- 

rate, is sufficiently high for particles to deposit quickly onto the 

unction which affect the thermocouples emissivity and diameter. 

ince these parameters are used to infer the temperature of the 

as phase, the readings are unreliable in the soot forming region. 

he uncertainty in measured temperature is approximatley ±2%. 

Gaseous sampling is performed using a silica capillary probe 

OD/ID = 360 μm/180 μm) and GC/MS (Agilent 6890A/5973N) anal- 

sis to quantify H 2 , O 2 , N 2 , CO, CO 2 , and hydrocarbons up to three-

ing PAH (166 amu). Details of the gaseous sampling are described 

xhaustively in [7 , 10 , 17] showing the capability to retain spatial 

esolution. Briefly, the probe is inserted radially into the flame and 

ept under vacuum to sample at several positions near the flame 

xis and the position of the probe tip relative to the PF chemi- 

uminescent signal is monitored with a digital camera to overlap 

xperimental data with the computed profiles. The sampling and 

toring system is kept at 423K to prevent condensation of heavy 

pecies. Gaseous calibration is performed with bottles (Scotty®) for 

pecies up to C4s, flow controllers for CH 4 , C 2 H 4 , H 2 , O 2 , N 2 , and

lectrosprayed liquid solutions of the compounds of interest that 

re completely vaporized in a stream of hot nitrogen. The cumu- 

ative error in measured concentrations is estimated at ±7.5% for 

ight species (up to C2) and ±15% for the heavier ones by consid- 

ring the uncertainties associated with calibration, sampling and 

nalysis procedures. 

Figure 3 shows the experimental layout for optical measure- 

ents. Soot volume fraction is measured via pyrometry using a 

ikon D70 digital camera with a well characterized spectral re- 

ponse (40 0–70 0 nm) and a 210 mm focal length lens as described

xhaustively in past work [18 , 19] . Data analysis is performed on an

verage of 20 images. An Abel transform deconvolves the line-of- 

ight images of each color channel (red, green, and blue) into two- 

imensional fields and the ratio of any two Abel-transformed color 

hannels is related to the intensity of radiation emitted through 
3 
lanck’s law 

S i 
S j 

= 

∫ ηi ( λ) λ−5+ α[exp ( hc 
λk B T 

)
− 1 

]−1 
dλ

∫ η j ( λ) λ−5+ α
[
exp 

(
hc 

λk B T 

)
− 1 

]−1 
dλ

. (1) 

he subscripts i and j refer to any of the three color channels. 

he overall optical efficiency is expressed with the wavelength de- 

endent term η( λ). The dispersion exponent, α, accounts for the 

oot emissivity which is assumed to follow a power-law depen- 

ence on wavelength, ε( λ) ∼ λ−α . Because of the large variability 

n the value of the dispersion exponent [18 , 20 , 21] , Eq. (1) is used

o evaluate the dispersion exponent, using the computed temper- 

ture profile that has been validated with thermocouple measure- 

ents. 

The soot volume fraction is calculated using the following ex- 

ression 

f v = − λe 

˜ K ext L p 
ln 

{
1 − ∫ c ( λe ) 

τc S s 
τs S c 

× exp 

[
− hc 

k B λe 

(
1 

T c 
− 1 

T s 

)]}
, 

(2) 

here λe , L p , τ , and ˜ K ext are the effective channel wavelength, 

ixel length, exposure time, and dimensionless extinction coeffi- 

ient, respectively [22] . We assume ˜ K ext = 5.34 ±2.68 which is esti- 

ated based on a range of reported values for the refractive index 

f soot [21] . The variability of the extinction coefficient with wave- 

ength and soot maturity is lumped as general uncertainty. Sub- 

cripts ‘s’ and ‘c’ refer to measurements on soot particles and light 

alibration source, respectively. 

Planar light scattering measurements are performed with the 

532 nm) second harmonic of a 10 ns pulsed Nd:YAG laser (New 

ave Gemini PIV) as described in detail in [23] . Briefly, a cylindri- 

al lens shapes the laser beam into a 7 mm by 0.8 mm sheet at the

enter of the burner with the laser fluence kept below 100 mJ/cm 
2 

o ensure that soot particles are not ablated by the high energy 

ulses. We repeated measurements in the 90-150 mJ/cm 
2 range of 

aser fluency and verified that the measured particle sizes are in- 

ependent of it (i.e., there are no errors from LII, PAH scattering, 

r soot particle vaporization), as documented in the SM. The lower 

imit of the laser fluence is chosen to resolve the Rayleigh scatter- 

ng signal in the high temperature region. The scattered light is im- 



K. Gleason and A. Gomez Combustion and Flame 252 (2023) 112429 

a

p

9

5

t

t

c  

C  

c

a

s

p

b

v

o

h

N

w

s

p

a

t

b

a

s

2

C

2

d  

o

b

o

i

i

b

s

f

d

c

r

b

b

s

m

t

w

i

m

f

3

t

N

2

e

l

p

Fig. 4. Measured and computed profiles of temperature (top) and scattering coeffi- 

cient (bottom). The PF and DF are labeled based on the computed local maximum 

CH ∗ mole fraction. 

a  

t

o

m  

f

d

l

b

i

t

fl

j

o

R

c

[  

i

m

p

t

t

p

t

c

a

s

i

t

o

c

o  
ged onto an intensified camera (12-bit PCO DiCAM-Pro) through a 

olarizer and interference filter (532 nm ±10 nm) positioned at a 

0 ° scattering angle. Data analysis is performed on an average of 

00 images captured in a 20 ns gating window centered around 

he triggering of the laser pulse. The gas-phase total light scat- 

ering coefficient of the investigated flames is calculated using the 

omputed number concentration of H 2 , H 2 O, N 2 , O 2 , CH 4 , CO, CO 2 ,

 2 H 2 , C 2 H 4 , C 2 H 6 , C 3 H 8 , C 3 H 4 , C 4 H 6 , and C 6 H 6 . All species ac-

ounted for in gas phase scattering, except for H 2 O, are measured 

nd quantified with the GC/MS. The temperature gradient in the 

oot forming zone of the investigated flame is relatively mild com- 

ared to typical counterflow flames and there is no evidence of 

eam steering. 

Calibration gases (propane, ethylene, and nitrogen) are used to 

erify that the appropriate ratios of the scattering coefficient are 

btained. The soot number concentration N s is evaluated under the 

ypothesis of size monodispersity as 

 s = 

9 π2 F ( m ) f 2 v 
Q 

soot 
vv λ4 

, (3) 

here Q 
soot 
vv is the measured scattering coefficient attributed to 

oot, net of the Rayleigh scattering contribution from the gas 

hase, f v is the measured soot volume fraction via pyrometry, 

nd F(m) = 0.69 ±0.13 is the dimensionless refractive index func- 

ion at the laser wavelength, λ=532nm, based on the relationship 

etween F(m) and the dimensionless extinction coefficient, ˜ K ext , 

t low laser fluence [24] . The soot particle diameter is assumed 

pherical and evaluated by d = (6f v / πN s ) 
1/3 . 

.2. Flame modeling 

One-dimension modeling of the flame is based on ANSYS 

HEMKIN-Pro [14] . Multiple chemistry mechanisms are tested [25–

7] . We account for multicomponent diffusion coefficients, thermal 

iffusion, and thermal radiation of CO, CO 2 , H 2 O, and CH 4 in the

ptically thin limit. 

Previous work showed that it is essential to have correct 

oundary conditions to model properly both position and width 

f the flame [17] . To account for deviations from plug flow veloc- 

ty boundary conditions, two-dimensional modeling is performed 

n ANSYS by modeling the flow within the converging nozzle 

urner and shroud housing, including reactions using a simple 5- 

tep mechanism [7] , mixture-averaged transport, and accounting 

or buoyancy. The computed axial velocity (V ax ) and velocity gra- 

ient (dV/dz) from the 2D simulations are provided in Table 1 . Be- 

ause we rely on simplified chemistry that was developed for DFs 

ather than PPFs, we model two-dimensionally a diffusion flame 

y replacing oxygen from the premixed stream with nitrogen and 

alancing the oxygen in the oxidizing stream to keep constant the 

toichiometric mixture fraction. The rationale is that because the 

aximum flame temperature of the PPF is located at the DF, the 

hermal expansion of the PPF flame can be captured reasonably 

ell by modeling a pure diffusion flame. The 2D simulation is not 

ntended to replace the 1D simulation with detailed kinetics, but 

erely to improve the 1D simulation by accounting for deviations 

rom plug flow boundary conditions [7 , 28] . 

. Results and discussion 

In Fig. 4 we compare thermocouple measurements with 

he computed temperature profile of three models: NBP from 

arayanaswamy et al. [27] , CRECK (C1-C16 HT + SOOT, Version 

003, March 2020) [25] , and KAUST KM2 [26] . We register 

xperimental and computational results by overlapping the chemi- 

uminescent signal with the computed CH 
∗ species profile of the 

remixed flame component [17] . The axial position is the same 
4 
s the one sketched in Fig. 2 : the premixed stream is on the left,

he oxidizer stream on the right, with zero marking the position 

f the stagnation plane. The temperature profiles of all three 

odels overlap in the DF region (z > 0 mm) and much of the soot

orming/oxidizing zone (-3 mm < z < 0 mm), but there is some 

eviation near the PF with different predictions of the stretched 

aminar flame speed affecting the position of the premixed flame 

y less than 0.5 mm. There is no experimental data in the soot- 

ng region (-3 mm < z < -1 mm) because the intrusiveness of the 

hermocouple wire results in significant dragging of the premixed 

ame component and of soot deposition onto the thermocouple 

unction, affecting the measurements. 

To complement the thermocouple measurements and rely 

n nonintrusive measurements, we also compare the measured 

ayleigh scattering coefficient with the computed one. Thermo- 

ouple measurements may present a broader temperature profile 

7 , 8] , even in purely diffusion flames, which appears to be an issue

n the oxidizer stream (z > 2 mm). Nonintrusive Rayleigh measure- 

ents, despite some uncertainties in molar composition, should 

rovide an advantage to assess which model captures accurately 

he flame width. The NBP model [27] , performs best with respect 

o the Rayleigh scattering measurements, whereas the thermocou- 

le data validate the models ability to predict the peak flame 

emperature. There is some discrepancy between measured and 

omputed scattering coefficient, because of the presence of soot 

s further discussed below. Benzene, the most abundant aromatic 

pecies, contributes less than 1% to the computed Rayleigh scatter- 

ng signal of the gas phase. Because of the much lower concentra- 

ion of larger aromatics, they would have an even smaller impact 

n the gas phase scattering despite having a larger (but unknown) 

ross section. 

We show in Fig. 5 the measured and computed species profiles 

f the reactants, H , CO, CO , and C H as further evidence that
2 2 2 2 
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Fig. 5. Measured and computed profiles of C 2 H 4 , O 2 , CO, CO 2 , H 2 , and C 2 H 2 . 
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Fig. 6. Measured and computed profiles of some of the precursors to aromatic for- 

mation, benzene (A1), and toluene (A1CH3). Note that the computed A1 profile is 

divided by 10. 
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he overall flame width is well captured by the NBP mechanism 

hen using the appropriate 2D velocity boundary conditions. We 

ill be using only this mechanism [27] in the remaining discussion 

or clarity of presentation and compare different mechanisms in 

he supplemental material. 

The gradients of the reactants (C 2 H 4 and O 2 ) are well captured, 

ven better than the thermocouple measurements in Fig. 4 , attest- 

ng to the capability of sampling to retain good spatial resolution. 

 2 H 4 is consumed in the PF component, with CO and H 2 feeding

he DF component as observed in past studies on PPFs [7 , 8 , 10] .

 2 is overpredicted by the model, similar to the case of premixed 

ames [18 , 29] , which may be due to an overly pronounced role

f H-abstraction reactions. Nevertheless, the model captures quali- 

atively the decrease in H 2 approaching the DF component. Acety- 

ene, a key component in the growth of PAHs and soot, is primarily 

ormed in the post flame region of the PF and gradually consumed 

n the soot forming region and is also well captured by the model. 

Critical intermediate species to aromatic formation are shown 

n Fig. 6 . Propylene (C 3 H 6 ) is produced primarily from the PF

nd quickly consumed. C 3 H 4 , lumping propyne and allene as key 

somers in the formation of propargyl radical (C 3 H 3 ), survives in 

ppreciable amount in the post flame region, while diacetylene 

C 4 H 2 ) is produced further downstream of the PF. Benzene (A1) is 

rimarily formed via propargyl radical recombination and is mea- 

ured to be in comparable concentration as C 3 H 4 , but is overpre- 

icted by the model by a factor of 3. Our GC/MS is limited to quan-

ifying stable species, but in view of the agreement of C 3 H 4 and 

 5 H 6 , the stable intermediates to propargyl radical formation, the 

verly pronounced role of H-abstraction and subsequent overpre- 

iction of H 2 in Fig. 5 may explain the overprediction of benzene. 

oluene (A1CH3), on the other hand, is measured to be approxi- 

ately one order of magnitude lower in concentration than ben- 

ene and is well captured by the model. 
5 
Methylated aromatic species and PAHs are shown in Fig. 7 . Most 

f the methylated aromatic species are formed near the PF and 

re quickly depleted, which is well predicted by the model. Naph- 

halene is measured to be approximately two orders of magnitude 

ower in concentration as compared to benzene, but is overpre- 

icted by approximately one order of magnitude. Methylnaphtha- 

ene is one order of magnitude lower than naphthalene and is 

ell captured, following a similar trend as benzene and toluene in 

ig. 6 . All aromatic species peak just downstream of the PF compo- 

ent (at approximately z = -3 mm) and are consumed approaching 

he DF component. Excluding benzene and naphthalene, which are 

rguably among the most critical species to predict soot formation, 

he model performs well at predicting the experimental data. 

The concentration of aromatic species in the post flame region 

f a premixed flame have been measured to reach a steady state 

18 , 30] : the formation rate is approximately balanced with the de- 

truction rate so that the species molar fraction plateau. In the cur- 

ent PPF, there is a significant source of OH radicals from the DF 

omponent as shown in Fig. 7 , which implies that the DF intro- 

uces an oxidizing environment downstream of the PF. This flame 

tructure is distinctly different from that of PPFs with much richer 

quivalence ratios and low mixture fractions [7 , 9 , 10] . In the lat-

er case, PPFs are perturbations of a diffusion flame and exhibit a 

merged’ flame in contrast with the present distinct double flame 

tructure [8] . In the ‘merged’ flame, partial premixing tends to in- 

rease the temperature of the soot forming zone and boost soot 

roduction from the DF at constant Z st [7 , 9] . At sufficiently low 

quivalence ratios (e.g., �≤5), the PF component is distinct and 

oot is formed on both sides of the stagnation plane [7 , 16] . Here,

e observe that at an equivalence ratio relevant to CI-engines [3 , 4] 

 �< 4) the PPFs appears to be a perturbation of PF, suggesting that 

here is a critical � determining whether the PF or the DF is the 

ominant flame component in these double flame structures. 
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Fig. 7. Measured and computed profiles of some aromatic species: Xylene 

(A1CH3CH3), ethylbenzene (A1C2H5), styrene (A1C2H3), indene (C9H8), naphtha- 

lene (A2), and methylnaphthalene (A2CH3). Note that the computed A2 profile is 

divided by 10. 

Fig. 8. Measured soot volume fraction, dispersion exponent, number concentration, 

and particle size. 
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Fig. 9. Experimentally measured soot production rate, surface growth rate, and 

measured particle diameter. 
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We complement the quantification of gaseous soot precursors 

ith soot measurements in Fig. 8 . Soot nucleates near the PF com- 

onent (z = -3 mm) at a computed flame temperature of approx- 

mately T = 1700 K and with large values of the dispersion expo- 

ent. The volume fraction increases by nearly two orders of mag- 

itude, as the dispersion exponent monotonically decreases until 

t reaches a plateau near α = 0.7, similar to the behavior at atmo- 

pheric pressure [20] and in low-pressure burner-stabilized pre- 
6 
ixed flames [31] . However, it is worth emphasizing the difference 

n temperature-time history compared to typical burner-stabilized 

remixed flames: while soot nucleates at nearly the same temper- 

ture ( T = 1700 K), the temperature monotonically increases in this 

PF (from PF to DF, left to right in Fig. 8 ) as particle residence time

ncreases, unlike burner-stabilized premixed flames whose temper- 

ture gradually decreases because of heat loss. Nevertheless, the 

bserved trends in soot nucleation and particle growth further cor- 

oborates the notion that this PPF has a more distinct premixed 

ame character compared to PPFs at higher equivalence ratios [16] . 

Approximately half way between the PF and the DF (z = - 

.5 mm) the soot volume fraction begins to decrease as it is ox- 

dized by the DF component, with the dispersion exponent re- 

aining unaffected. Rayleigh scattering by soot is first detected at 

pproximately z = -2 mm, with nascent particles being undetected 

or -3 mm < z < -2 mm. The number concentration profile qualita- 

ively resembles that of the volume fraction – there is an initial in- 

rease in number concentration as particles are nucleated, followed 

y a decrease at z = -1.5 mm as particles coagulate and/or experi- 

nce oxidation approaching the DF component. The particle size 

ncreases with increasing residence time but remains small at a 

ew nanometers, suggesting that the assumption of monodisperse 

ize distribution remains valid. 

The soot mass balance equation considering both ther- 

ophoretic and Brownian effects is 

˙  s = 

d 

dz 
( ρY s ( V ax + V th + V P ) ) + ρY s 

dV r 

dr 
. (4) 

n Eq. (4) , ρ and d V r /d r are the gas density and radial gradient

f the radial velocity computed with the 1-D model, Y s is the 

ass fraction of soot as Y s = ρs f v /ρ using an assumed soot density 

s = 1.5 g/cm 
3 and the measured soot volume fraction. The Brown- 

an velocity is estimated by V P = −D P · d ln ( Y s ) /dz. The value of the

rownian diffusivity is calculated as a function of the measured 

article diameter d [23] . 

Profiles of the soot production rate, computed net surface 

rowth (including oxidation) rate and particle diameter are shown 

n Fig. 9 . Surface growth is modeled by acetylene addition [32] , 

y assuming a steric factor (i.e., the probability of successful 

hemisorption) of 0.7. Oxidation by OH is assumed to have a col- 

ision frequency of 0.13 [33] , whereas oxidation by O 2 is based 

n an empirically derived expression [34] . Soot is formed in the 

ost flame region of the PF component, with the production rate 
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[

ncreasing as the temperature increases. As the particle residence 

ime increases and particles approach the DF component, the soot 

roduction rate drops and becomes negative. 

In previous investigations [16] , oxidation of PPFs was primarily 

y O 2 . Surface growth dominates over the oxidation rate close to 

he PF with the oxidation by O 2 dominating at z < -1.5 mm. On the

ther hand, oxidation by OH dominates at z > -1.5 mm, where the 

ass production is negative. Therefore, predicting accurately the 

oot growth and oxidation in PPFs requires accurate modeling of 

oth O 2 and OH. Data comparing the individual oxidation rates are 

rovided in the supplemental material. We note that perhaps be- 

ause of diagnostic limitations, we measure a monotonic increase 

n particle size, where one would expect a decrease as oxidation 

akes over. The measured increase is consistent with the computed 

urface growth rates with a net positive growth rate throughout 

ost of the soot forming region in spite of the calculated decrease 

s mass production rate at z > -1.3 mm. We did not consider the un-

ertainty in the assumed steric factor or collision frequency, which 

ay influence where OH oxidation begins to dominate over C 2 H 2 

rowth. The integration of Eq. (4) in (particle residence) time along 

he traverse direction, where the residence time is the integral of 

he inverse sum of axial, thermophoretic and Brownian velocities, 

ields approximately zero, which confirms that all of the soot that 

s produced by the PF component is oxidized by the DF with hardly 

ny soot being convected away radially at the stagnation plane. 

. Conclusions 

Detailed measurements in a partially premixed atmospheric 

ressure counterflow diffusion flame of ethylene are reported. The 

ame investigated has an equivalence ratio �= 2.43 with flame 

onditions precisely controlled to allow for the quantification of 

oth chemical species and soot. Principal conclusions follow. 

• The relatively low equivalence ratio of the PPF led to distinct 

PF and DF components. The high Z st positioned the diffusion 

flame on the fuel side of the stagnation plane to produce 

a soot oxidizing environment and mimic the flame environ- 

ment observed in CI-engines. 

• Unlike previous studies on PPFs at �≥5 which were consid- 

ered to be perturbation of a pure diffusion flame, the lower 

� and higher Z st of the investigated flame makes the pre- 

mixed flame the dominant contributor to soot. Thus, this PPF 

can be considered as a perturbation of a purely premixed 

flame. 

• Soot precursors are primarily formed in the post flame re- 

gion of the premixed flame, with their peak mole fraction 

positioned close to the premixed flame, and decrease in 

mole fraction approaching the diffusion flame. With the ex- 

ception of two critical species, benzene and naphthalene, 

the NBP model performs well at predicting the experimental 

data. 

• Soot nucleates near the PF with large values of the disper- 

sion exponent. With increasing residence time, particles are 

convected toward the diffusion flame while the dispersion 

exponent decreases until it reaches a plateau of α = 0.7 and 

the volume fraction first increases and then decreases, as it 

is consumed by oxidation. Particle size is measured to in- 

crease continuously, but remains within a few nanometers 

throughout the soot forming region. 

• Soot production rate is evaluated from the measured volume 

fraction and confirms that soot production is dominated by 

the premixed flame and that soot is oxidized at the diffusion 

flame. Virtually all soot is consumed by oxidation via OH at 

the diffusion flame with no soot being convected away radi- 
ally at the stagnation plane. 
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