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Abstract 

Accurate measurements and modelling of soot formation in turbulent flames at elevated pressures form a 
crucial step towards design methods that can support the development of practical combustion devices. A 

mass and number density preserving sectional model is here combined with a transported joint-scalar prob- 
ability density function (JDPF) method that enables a fully coupled scalar space of soot, gas-phase species 
and enthalpy. The approach is extended to the KAUST turbulent non-premixed ethylene-nitrogen flames at 
pressures from 1 to 5 bar via an updated global bimolecular (second order) nucleation step from acetylene to 

pyrene. The latter accounts for pressure-induced density effects with the rate fitted using comparisons with 

full detailed chemistry up to 20 bar pressure and with experimental data from a WSR/PFR configuration and 

laminar premixed flames. Soot surface growth is treated via a PAH analogy and soot oxidation is considered 

via O, OH and O 2 using a Hertz-Knudsen approach. The impact of differential diffusion between soot and 

gas-phase particles is included by a gradual decline of diffusivity among soot sections. Comparisons with 

normalised experimental OH-PLIF and PAH-PLIF signals suggest good predictions of the evolution of the 
flame structure. Good agreement was also found for predicted soot volume statistics at all pressures. The 
importance of differential diffusion between soot and gas-phase species intensifies with pressure with the im- 
pact on PSDs more evident for larger particles which tend to be transported towards the fuel rich centreline 
leading to reduced soot oxidation. 
© 2022 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. 
This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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1. Introduction 

The emissions of soot particles from prac- 
tical combustion devices can lead to negative 
consequences on human health and the global 
climate [1] . Practical combustors operate at high 

pressures that affect the thermo-chemical-physical 
processes. Previous studies have investigated the 
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impact on heat transfer and radiation [2] , soot nu- 
cleation [3] and differential diffusion [4,5] . Joo and 

Gülder [2] found that thermal diffusion is enhanced 

and soot nucleation and growth are accelerated as 
pressure increases. Recent studies [3,6] have sug- 
gested that smaller poly-aromatic hydrocarbons 
(e.g. two-ring PAHs) control the onset of soot 
nucleation in ethylene fuelled flames at an elevated 

pressure of 0.881 MPa [3] . Such findings support 
suggestions that soot inception can be modelled 

using indicative smaller PAHs such as naphthalene 
and pyrene [7] even at elevated pressures. The 
impact of differential diffusion has been discussed 

for high pressure sooting flames [4,5] . Kronenburg 
et al. [4] used Conditional Moment Closure (CMC) 
model with differential diffusion between soot and 

gas-phase species and a two-equation soot model 
to simulate turbulent methane-air jet diffusion 

flames. Results showed that early convective trans- 
port of soot particles towards fuel rich mixtures on 

the centreline prevents soot oxidation. Fernandez 
et al. [5] investigated soot formation and spectral 
radiation in high-pressure turbulent spray flames 
using the Euclidean Minimum Spanning Tree 
(EMST) model [8] and a transported Joint-scalar 
Probability Density Function (JPDF) method [9] . 
Results suggested that mixing is at least as impor- 
tant as kinetics in controlling soot formation and 

evolution in high-pressure turbulent flames. Tian 

et al. [10] used a fully coupled sectional model fea- 
turing a 78-dimensional JPDF approach [11] and 

a zero soot diffusivity assumption for all soot sec- 
tions. The agreement with the experimental RMS 

data for the soot volume fraction was significantly 
improved. Yang et al. [12] derived a mass-based 

Modified Curl’s model with differential diffusion 

(MCDD) that guarantees realisability and an 

exponential decay of the scalar variance. The work 

was based on turbulent non-sooting flames and an 

extension to the sooting counterpart is considered 

essential given the observed impact. 
Soot formation at elevated pressures is fur- 

ther complicated by low Damköhler number pro- 
cesses [13,14] that render presumed PDF ap- 
proaches challenging or inappropriate due to the 
limited coupling between the gas phase species and 

soot. The JPDF approach accounts for turbulence- 
chemistry-soot-radiation interactions in a closed 

form Tian et al. [10] , Schiener and Lindstedt 
[11] . The fully coupled JPDF-sectional model ap- 
proach has been successfully applied to the mod- 
elling of soot formation in turbulent non-premixed 

(diluted) ethylene jet flames at atmospheric pres- 
sure [10,11] . Soot nucleation was based on a 
simplified acetylene-based model to pyrene cali- 
brated against comprehensive PAH chemistry for a 
WSR/PFR configuration at atmospheric pressure. 
The extension of the approach to elevated pressures 
was not considered. 

Excellent experimental databases have been 

established in order to facilitate collaboration 

Table 1 
Bulk flow parameters for the KEN flames [19] . 

Designation P (bar) Re U j (m / s) U c f (m / s) 

KEN 01-01B 1 10,000 36.6 0.60 
KEN 03-01 3 10,000 12.2 0.20 
KEN 05-01 5 10,000 7.32 0.12 

between experimentalists and modellers. The Inter- 
national Sooting Flame (ISF) workshop [15] has 
gathered a number of experimental datasets in 

laminar (e.g. [16] ) and turbulent flames at elevated 

pressures. The latter features turbulent premixed 

swirl flames in a gas turbine model combustor [17] . 
Recently, a new rig [18,19] has been set up to fill 
the gap of turbulent non-premixed sooting flames 
at elevated pressures. A series of piloted ethylene- 
nitrogen jet flames at different pressures (1–5 bar) 
and Reynolds numbers were studied. Soot volume 
fractions were measured using LII [19] and simulta- 
neous OH-PLIF and PAH-PLIF used to visualise 
reaction zones. The current study is focused on the 
KAUST ethylene-nitrogen (35:65) turbulent non- 
premixed flames over a pressure range of 1 to 5 bar 
at a Reynolds number of 10,000. Novel aspects 
include (i) the extension of a fully coupled JPDF- 
sectional modelling approach [10,11] to elevated 

pressures via (ii) a revised and extensively validated 

global bimolecular (second order) soot inception 

model, (iii) the extension and evaluation of the im- 
pact of the MCDD model for differential diffusion 

of soot particles (DDS) at elevated pressures and 

(iv) the reporting of the OH/PAH PLIF measure- 
ments that provide flame structure information. 
The simulations are compared to experimental 
data for soot volume fraction statistics and nor- 
malised signals of OH-PLIF and PAH-PLIF. The 
current approach reproduces data at all three pres- 
sure conditions and it is shown that DDS impacts 
computed Particle Size Distributions (PSDs) and 

is crucial for predictions of the RMS of soot vol- 
ume fraction with the impact increasing at higher 
pressures. 

2. Methodology 

2.1. Experimental details 

Boyette et al. [18,19] set up the KAUST high- 
pressure combustion duct (HPCD) to measure 
turbulent non-premixed C 2 H 4 / N 2 flames at ele- 
vated pressures. The burner features a central jet 
of C 2 H 4 / N 2 at a volumetric ratio of 35/65 with an 

exit diameter ( D ) of 3 . 4 mm . A pilot with a fully 
reacted mixture of C 2 H 4 and air at an equivalence 
ratio of 0.9 was provided with an outer diameter 
of 15 . 1 mm . As listed in Table 1 , three cases are 
studied here with the pressure varied from 1 to 

5 bar at a Reynolds number of 10,000. 
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Planar laser-induced fluorescence (PLIF) mea- 
surements of OH and PAH are taken simultane- 
ously with soot measured by LII [19] with the 
former made available in the present study. An 

assessment of soot measurement uncertainties is 
available in the Supplemental Material. PLIF is 
conducted using a tunable dye laser (Continuum 

ND6000+UVT) that is pumped by a Nd:YAG 

(Continuum Powerlite DLS 9010) operating at 
10 Hz. The laser is tuned to the Q1(6) transition 

of the OH molecule near λ = 282.930 nm and the 
maximum available energy is 18–20 mJ/pulse. The 
beam is expanded to a sheet of 45 mm height and 

0.2 mm thickness that crosses the burner centerline. 
The energy of the dye laser is adjusted with each 

pressure to provide maximum energy while remain- 
ing in the linear fluorescence regime. Temporal and 

spatial energy fluctuations are monitored by a pho- 
todiode and a dye cell imaged by a CCD camera. 
PAH-PLIF is recorded simultaneously with OH- 
PLIF, using a gate width of 50 ns and a combina- 
tion of a 500 nm shortpass filter and a 325 nm long- 
pass filter. The OH-PLIF and PAH-PLIF images 
are corrected for background noise, and spatial and 

temporal fluctuations of laser energy density. Both 

OH and PAH are excited by the same laser pulse 
and PAH has a broad fluorescence emission spec- 
trum. Some interference from the fluorescence of 
PAH in the OH collection system is unavoidable 
with the impact more prevalent at higher pressures, 
where the PAH concentrations are highest. How- 
ever, the PAH interference signal is less than 10% 

of the OH signal even at 5 bar. In addition, some 
interference from soot incandescence caused by the 
UV laser pulse can lead to artificial broadening of 
the PAH profile at elevated pressures. 

2.2. Sectional soot model 

The current mass and number density pre- 
serving sectional approach has been extensively 
used to compute soot PSDs in WSR/PSR con- 
figurations [20,21] , laminar [7] and turbulent 
flames [10,11] . In the current calculations for the 
KAUST turbulent non-premixed C 2 H 4 / N 2 flames 
at elevated pressures, particle sizes in the range 
of 0 . 38 nm ≤ d p ≤ 4 . 4 μm are discretized in 62 
soot sections with a geometric spacing factor f s 
equalling to 1.5 for particles up to 100 nm before 
gradually relaxing to 2.0 for larger particles. The 
upper particle size limit of 4 . 4 μm was selected 

to well exceed the experimental particle size range 
(2–225 nm) measured in an atmospheric KAUST 

flame with a slightly smaller jet diameter [22] . The 
sectional model is also applied to a WSR/PFR con- 
figuration and laminar premixed flames to validate 
the simplified updated soot nucleation model dis- 
cussed below. For the former, the soot particle size 
range of 0 . 38 nm ≤ d p ≤ 134 nm was discretized 

by 42 soot sections with f s = 1 . 14 gradually relax- 
ing to 1.26. For the laminar flames, the upper size 

Table 2 
Reaction rate constants for soot nucleation ( k N u and k N b ), 
growth ( k G ) and oxidation via OH ( k OH 

), O ( k O 

) and O 2 
( k O 2 ) in the form A i αi T 

βi exp (−E i /RT ) [27,28] . Units are 
in K, kmol, m 

3 and s. 

k i A i αi βi E i /R 

k N u 1 . 68 × 10 1 1 0 21,000 
k N b 3 . 024 × 10 5 1 0 21,000 
k G 3 . 57 × 10 21 1 -3.176 7471 
k OH 

8.82 0.10 1/2 0 
k O 

9.09 0.20 1/2 0 
k O 2 6.43 116 1/2 19,680 

limit for soot particles was increased to 227 nm with 

f s = 1 . 5 and 43 soot sections used. The soot num- 
ber density in the final section approaches zero for 
all three configurations. 

In previous studies, soot nucleation was mod- 
elled via a first order reaction in the acetylene con- 
centration leading to pyrene ( A 4 , d p, A 4 = 0 . 38 nm), 
see Eqs. (1) –(2) , calibrated against comprehensive 
PAH chemistry in a WSR/PFR configuration. The 
thermochemical properties of pyrene were deter- 
mined at the G4MP2 and G3MP2B3 levels of the- 
ory [7] . 

8 C 2 H 2 −→ A 4 + 3 H 2 (1) 

R N u = k N u (T ) 
[
C 2 H 2 

]
(2) 

The simplified approach leads to a computa- 
tional cost saving for the gas phase chemistry that 
exceeds two orders of magnitude. The simplifica- 
tion acts as a bridge to facilitate the application 

of the JPDF method which includes turbulence- 
chemistry-soot-radiation interactions in a closed 

form. It is, however, noted that such simplified rate 
expressions must be re-calibrated against detailed 

PAH chemistry for each fuel or fuel blend and for 
significantly different conditions (e.g. elevated pres- 
sure). A simple conceptual revision of the nucle- 
ation expression, leading to the bimolecular formu- 
lation of Eq. (3) , can be expected to reduce the need 

for re-calibration for different pressure conditions 
as the density effect [19] is accounted for as shown 

by Eq. (4) . 

4 C 2 H 2 + 4 C 2 H 2 −→ A 4 + 3 H 2 (3) 

R N b = k N b (T ) 
[
C 2 H 2 

]2 
(4) 

The revised rate constant ( k N b ) was calibrated up 

to 20 bar by comparing against pyrene-based nucle- 
ation using comprehensive PAH chemistry [7,11] as 
discussed in Section 3 . The resulting rate constant 
is shown in Table 2 alongside those used in earlier 
studies [10,11] . 

Soot growth is modelled based on a 
naphthalene-based analogy for the surface chem- 
istry [23] via Eqs. (5) –(6) , 

R G = k G (T ) χs A s 
[
C 2 H 2 

]
(5) 
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χs = αs �(T, φk ) 
χs −h 

N A 
(6) 

where A s is the soot surface area per unit vol- 
ume; χs −h = 2 . 32 × 10 19 m 

−2 the number of hydro- 
gen sites per unit surface area and N A ( = 6 . 022 ×
10 26 kmol −1 ) Avogadro’s number. Based on the 
analogy, �(T, φk ) is obtained as a function of T 

and gas composition ( φk ) from truncated steady- 
state approximations (see Supplemental Material). 
The parameter αs in Eq. (6) denotes the fraction of 
sites available for hydrogen abstraction and varies 
as a function of the reaction history. Models based 

on the thermal age of soot particles have been pro- 
posed for laminar flames [24,25] and the value of αs 

depends on the PAH analogy model and the flame 
configuration [23,26] . The value of αs = 0 . 50 used 

for the turbulent flames is retained from the study 
of atmospheric pressure KAUST flames [11] . For 
the WSR/PFR configuration, αs = 0 . 20 is retained 

from a previous study [11] and a reduced value of 
αs = 0 . 10 is used for the laminar premixed flames 
that tend to require lower values [7] . Soot oxida- 
tion is modelled via OH, O and O 2 through a Hertz- 
Knudsen approach (see Supplemental Material). 

Coagulation of particles in the free molecular, 
continuum and transition regimes were modelled as 
a function of the Knudsen number (Kn = 2 λ/d p ), 
based on the mean free path ( λ) and d p [20] . The 
coagulation rate in the free-molecular regime is, 

β
C, f 
i, j = C a αe 

(
3 

4 π

)
1 / 6 

(
6 k b T 

ρs 

)
1 / 2 

(
1 
v i 

+ 

1 
v j 

)
1 / 2 

×
(

v 1 / 3 i + v 1 / 3 j 

)2 
(7) 

where v i denotes the volume of particles in the ith 

soot section; ρs = 1800 kg/m 

3 the soot density and 

αe the collision efficiency. A particle size depen- 
dent particle collision efficiency model [7] , using 
a lower limit derived based on the Lennard–Jones 
potential assuming negligible friction with the sur- 
rounding medium, is retained given improvements 
in predictions of PSDs in laminar [7] and turbu- 
lent [10,11] flames. 

2.3. Transported PDF method 

The current methodology [23] features a veloc- 
ity field obtained using a parabolic solver with tur- 
bulence properties from the SSG second order clo- 
sure [29] coupled with a joint-scalar transported 

PDF approach [9] . The SSG closure is well capa- 
ble of reproducing the flow fields of turbulent jet 
flames as shown in previous studies [10,11] . The im- 
plementation of the sectional model in the JPDF 

method leads to a fully coupled scalar space fea- 
turing species mass fractions, the soot number den- 
sity for each soot section and enthalpy. The JPDF 

method is solved using moving Lagrangian parti- 
cles. Scalar mixing is treated via a new extension 

of a mass-based Modified Curl’s model with dif- 
ferential diffusion (MCDD) [12] to sooting flames. 
MCDD guarantees realisability and an exponential 
decay of the scalar variance. The particle pair (p, q ) 
( p, q ∈ { 1 , . . . , N p } and p � = q ) is selected with the 
probability proportional to the total mass of two 

particles ( m 

(p) + m 

(q ) ). The composition of the par- 
ticle p for the pair (p, q ) evolves as, 

m 

( p ) 
φ = 

(
1 − αθφ

)
m 

( p ) 
φ, 0 + αθφm 

( p ) 
0 

(
m 

( p ) 
φ, 0 + m 

( q ) 
φ, 0 

)
(

m 

( p ) 
0 + m 

( q ) 
0 

) (8) 

θφ = 

1 
2 

(
3 −

(
9 − 8 

τmin 

τφ

)
1 
2 

)
, φ = 1 , . . . , N s (9) 

where the subscript 0 denotes the quantities be- 
fore mixing. The parameter τmin represents the min- 
imum time scale among all species; α a random 

number between 0 and 1 and N s the number of 
scalars. In the present work, only differential dif- 
fusion of soot (DDS) is considered and hence the 
minimum time scale for all gas-phase species is 
τmin = τφ , leading to θφ = 1 for all gas-phase species 
( N s = 1 , . . . , N gs ). The ratio of τmin /τi is propor- 
tional to the square root of the ratio of the molec- 
ular weight of gas-phase species and each soot sec- 
tion based on Graham’s Law [30] , 

τmin 

τi 
= 

τg 

τi 
∝ 

D i 

D g 
∝ 

√ 

W g 

W i 
, i = 1 , . . . , N ss (10) 

where the molecular weight of the zeroth soot sec- 
tion (pyrene) used for W g and W i is the weight 
of soot section i. Therefore, for all soot sec- 
tions, substitution of Eq. (10) into Eq. (9) yields 
Eq. (11) which guarantees a proper decay of the 
soot variance [12] . 

θi = 

1 
2 

(
3 −

(
9 − 8 

√ 

W g 

W i 

)
1 
2 

)
, i = 1 , . . . , N ss (11) 

The increasing weight of each soot section leads 
to W i → ∞ and gradually to θi = 0 as W g /W i → 0 . 
Consistent with previous studies [10,11] , the scalar 
time-scale is obtained from a standard ratio of the 
mechanical ( τT ) and scalar ( τφ) turbulence time- 
scales with C φ = 2 . 3 . The applied systematically re- 
duced gas phase chemistry [23] features 144 reac- 
tions, 15 solved (H, O, OH, HO 2 , H 2 O, H 2 , O 2 , CO, 
CO 2 , CH 3 , CH 4 , C 2 H 2 , C 2 H 4 , C 2 H 6 , and N 2 ) and 

14 steady-state species (C, CH, 1 CH 2 , 2 CH 2 , CHO, 
CH 2 OH, CH 3 O, C 2 , C 2 H, C 2 H 3 , C 2 H 5 , C 2 HO, 
C 2 H 2 O, and CH 2 O) leading to a fully coupled 

solved joint-scalar space featuring 15 solved chem- 
ical species, 62 soot sections and enthalpy. The ef- 
fects of radiation are included via soot and gas 
phase species (H 2 O, CO, CO 2 and CH 4 ) [23] based 

on an optically thin model [31] . The computational 
domain for the turbulent flame calculations was 
discretized via 500 control volumes in the radial 
direction with initially 61 cells in the half width 
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of the central fuel jet and 18 cells across the pi- 
lot. The axial resolution was determined during 
the calculation based on a restrictive CFL num- 
ber with cells radially redistributed as flow devel- 
ops in stream function space. Consistent with pre- 
vious studies [10,11] , the turbulence intensity was 
set as u ′ = 2 × v ′ equal to 10% of the bulk veloc- 
ity in the central jet and 1% in the pilot and co- 
flow. The thickness of rims are neglected with the 
flow mass flow rate conserved. The JPDF simu- 
lation was performed using an initial number of 
100 stochastic Lagrangian particles per cell with 

grid/particle independence of results established. 
Simulations were performed using OpenMP and 

completed within 120 h using 40 CPUs. 

3. Results and discussion 

The current model was first applied to a 
WSR/PFR configuration [32] and laminar pre- 
mixed flames [34,35] to verify the nucleation rates. 
The former configuration features a C 2 H 4 /air mix- 
ture at an equivalence ratio of 2.0 and a tempera- 
ture of 1723 K in the WSR with the temperature 
descending from 1420 K to 1340 K in the PFR. 

The measured and predicted soot PSDs are 
shown in Fig. 1 in a log form following the ex- 
perimental data. Results obtained with the bi- 
molecular acetylene-based nucleation expression 

(see Eqs. (3) –(4) ) are compared to the earlier uni- 
molecular expression and detailed pyrene-based in- 
ception chemistry [7] at 1, 3 and 5 bar. All three 
models roughly match the measured PSDs at at- 
mospheric pressure except for larger particles ( d p > 

25 nm ). As the pressure increases, the unimolecular 
acetylene-based nucleation model tends to increas- 
ingly under-predict the soot PSDs as compared to 

the detailed chemistry. By contrast, the bimolecular 
expression provides good agreement with the de- 
tailed chemistry for both 3 and 5 bar though the bi- 
modality of PSDs is marginally unpredicted. Simi- 
lar agreement is obtained for pressures up to 20 bar 
(see Supplemental Material). 

The two selected premixed laminar ethylene 
flame data sets feature inlet velocities of 8 cm / s 
(C3) and 5 . 5 cm / s (C5), a mixture of X C 2 H 4 : X O 2 : 
X Ar = 16 . 3 : 23 . 7 : 60 and were experimentally in- 
vestigated by Abid et al. [34,35] . Consistent with 

previous studies (e.g. [7] ), the flames were modelled 

using a burner-stabilised stagnation flow configu- 
ration due to the influence of the sampling probe 
and the fixed domain size corresponding to the ex- 
perimental geometry was resolved by 120 locally 
refined volumes. Figure 2 shows results obtained 

with the unimolecular and bimolecular nucleation 

models compared with detailed PAH chemistry and 

experimental data. Two distances to the stagna- 
tion point (H) are shown for each flame set. For 
flame C3 two sets of experimental data obtained 

using different methods [34,35] are available and ef- 

Fig. 1. Predicted and measured soot PSDs in a 
WSR/PFR configuration [32] . Symbols: ( �) Measure- 
ments [33] ; Lines: (—–) Bimolecular nucleation model; 
( ) Unimolecular nucleation model; ( · · ·) Detailed 
PAH chemistry. 

Fig. 2. Predicted and measured soot PSDs for laminar 
premixed flame sets of (top) C3 and (bottom) C5. Sym- 
bols: ( ◦) Measurements [34] ; ( ·) Measurements [35] ; Lines 
as Fig. 1 . 

fectively envelop the calculation results apart from 

d p > 20 nm at H = 0 . 8 cm . The bimolecular model 
shows better agreement with results based on the 
detailed PAH chemistry for both C3 and C5. The 
agreement with the latter data set improves at H = 

1 . 0 cm and for larger particles. 
The same fully coupled modelling approach was 

subsequently applied to the flames listed in Table 1 . 
The measured OH-PLIF and PAH-PLIF data in- 
dicates the overall flame structure and are made 
available in the current study. Calculated radial pro- 
files of mean OH mass fractions ( ̃  Y OH 

) at differ- 
ent axial locations are presented along with the 
measured OH signals at 1 bar in Fig. 3 . The three 
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Fig. 3. Radial profiles of ˜ Y OH 

(left) and ˜ Y C 2 H 2 (right) and 
normalised signals for OH (left) and PAH (right) at 1 bar. 
Symbols: ( �) measurements; Lines: (—–) JPDF results. 

axial positions roughly match the location of the 
peak soot volume fraction and 50% of the peak 

on either side. The experimental OH data have no 

units and are accordingly presented in a normalised 

form using the calculated peak value for each tile 
to allow a comparison of the radial distribution. 
The evolution of the latter generally agrees well 
with measurements at 1 bar except that the mea- 
sured normalised OH signal appears to be larger 
than the simulation at the centreline where soot vol- 
ume fraction peaks. As outlined above, acetylene is 
used in the nucleation model and comparisons with 

the PAH signal are presented in the right panel of 
Fig. 3 . Similar agreement to OH can be observed 

except for a slight under-prediction of the width at 
x/D = 87 where the peak value of C 2 H 2 has reduced 

to ∼ 2% of that at x/D = 47. However, C 2 H 2 and 

PAH will not necessarily overlap for fuels with aro- 
matic content or for alternative pathways to aro- 
matic ring formation. 

The corresponding comparisons between calcu- 
lations and normalised experimental data at 3 and 

5 bar are shown in Figs. 4 and 5 . Similar agreement 
can be observed for OH with the calculated profiles 
slightly narrower than the measurements at 5 bar. 
The profile of C 2 H 2 appears to be narrower than 

that of the normalised PAH profile at x/D = 58 
where soot peaks at 5 bar. It can be noted that inter- 
ference with PAH measurements from soot incan- 
descence is expected to increase with pressure and 

may broaden the profile. 
Comparisons of predicted the soot volume frac- 

tion mean ( ̃  f v ) and RMS ( ( ̃  f ′′ v 
2 ) 1 / 2 ) with mea- 

surements [19] along the centreline are shown in 

Fig. 6 for the three pressures. Solid lines show 

the bimolecular nucleation model and the differen- 

Fig. 4. Radial profiles of ˜ Y OH 

(left) and ˜ Y C 2 H 2 (right) and 
normalised signals for OH (left) and PAH (right) at 3 bar. 
Symbols and lines as Fig. 3 . 

Fig. 5. Radial profiles of ˜ Y OH 

(left) and ˜ Y C 2 H 2 (right) and 
normalised signals for OH (left) and PAH (right) at 5 bar. 
Symbols and lines as Fig. 3 . 

tial diffusion between soot and gas-phase species 
(DDS) based on Eq. (11) . Calculations with the 
unimolecular nucleation model and without DDS 

are presented for comparison. Consistent with the 
WSR/PFR results, the latter under-predicts the 
peak 

˜ f v by ∼ 40% at 1 bar with αs = 0 . 50 re- 
tained from a previous study for a similar KAUST 

flame [11] . The bimolecular nucleation model pro- 
vides improved agreement for the peak ̃

 f v with soot 
inception somewhat earlier than measured. The im- 
pact of DDS is modest on 

˜ f v but significantly im- 

proves ( ̃  f ′′ v 
2 ) 1 / 2 , consistent with the findings of Tian 

et al. [10] . It can, however, be noted that the current 
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Fig. 6. Predicted and measurement means (left) and 
RMSs (right) of soot volume fractions at 1, 3 and 5 bar. 
Symbols: ( �) measurements [19] ; Lines: (—) Bimolecular 
nucleation model and DDS; ( ) Bimolecular nucleation 
model and no DDS; ( ) Unimolecular nucleation and 
no DDS. 

MCDD implementation includes a gradual decline 
of the scalar variance that enables a further evalu- 
ation of the impact of DDS on soot statistics and 

PSDs. Similar observations can be made at 3 and 

5 bar. The bimolecular nucleation model provides 
a better agreement for ˜ f v by increasing the peak 

˜ f v 
by over 200% as compared to the unimolecular ex- 
pression and matches the factor of ∼34 increase 
in 

˜ f v with pressure. The axial width of the calcu- 
lated soot profile agrees well with that of the mea- 
surements although inception occurs slightly early. 
Similar to the agreement at 1 bar, the inclusion of 

DDS leads to improved prediction of ( ̃  f ′′ v 
2 ) 1 / 2 at 

both pressures. 
Based on the bimolecular nucleation model, 

Figs. 7 and 8 further illustrate the impact of DDS 

via scatter plots of soot volume fraction in mixture 
fraction space, with points coloured according to 

the particle temperature, alongside conditional ̃  f v | 
f and ( ̃  f ′′ v 

2 ) 1 / 2 | f data. Inspection of Fig. 7 sug- 
gests that the impact of DDS starts for the low 

temperature fuel rich mixtures before reaching high 

temperature conditions. Due to convective trans- 
port, quenched soot particles (indicated by lower 
temperatures) are present in fuel lean mixtures and 

can be linked to local extinction events [10] . The 
impact of DDS leads to enhanced fluctuations for 
x/D ≥ 75 as shown in Fig. 7 . Due to DDS, the con- 

ditional ( ̃  f ′′ v 
2 ) 1 / 2 | f is enhanced at all axial loca- 

tions implying a decorrelation with mixture frac- 
tion while the variation in 

˜ f v | f is more modest. 
A comparison of Figs. 7 and 8 shows the impact of 
pressure with enhanced scatter of soot particles ob- 
served in richer mixtures. The importance of DDS 

Fig. 7. Scatter plots of soot volume fraction in mixture 
fraction space at different axial locations at 1 bar. Lines: 

(—–) conditional ˜ f v | f ; ( ) conditional ( ̃  f ′′ v 
2 ) 1 / 2 | f ; 

( ) f st = 0 . 163 ; soot scatter coloured by particle tem- 
perature [K]. 

Fig. 8. Scatter plots of soot volume fraction in mixture 
fraction space at different axial locations at 3 bar. Lines 
as Fig. 7 . 
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Fig. 9. Predicted soot PSDs at the centreline at three dif- 
ferent pressure conditions. Lines as Fig. 6 . 

also increases due to the increased transport at el- 
evated pressures with soot particles convected to- 
wards the more fuel rich mixtures on the centre- 
line. Similar observations can be made for 5 bar 
(see Supplemental Material) and illustrate the im- 
portance of the inclusion of DDS in simulations of 
turbulent sooting flames at elevated pressures. 

Calculated PSDs at different axial locations 
along the burner centreline at three pressure con- 
ditions are presented in Fig. 9 . Experimental PSDs 
are not available. Similar to Fig. 6 , the impact of 
the soot nucleation model and DDS are explored. 
It can be seen that the bimolecular nucleation ex- 
pression produces more particles at all locations 
as compared to the unimolecular variant and that 
the trend enhances with the increase in pressure. 
The impact of DDS on PSDs is modest, but an in- 
creased bimodality is observed that appears to in- 
crease with pressure. 

4. Conclusions 

A fully coupled transported JPDF-sectional 
modelling approach [10,11] has, for the first time, 
been extended to the KAUST turbulent non- 
premixed C 2 H 4 / N 2 flames at elevated pressures. 
A gradual decline of the soot diffusivity was re- 
alised by applying MCDD and it has been shown 

that the impact of differential diffusion between 

soot and the gas phase increases with pressure. A 

conceptual bimolecular acetylene-based nucleation 

model was formulated and shown to improve the 
pressure scaling and to reduce the amount of cal- 
ibration required via comparisons with computed 

PSDs in a WSR/PFR configuration up to 20 atm 

pressure. Further comparisons of the model with 

detailed PAH chemistry applied to premixed lami- 
nar flames show similar agreement for PSDs. Cal- 
culations of the KAUST turbulent jet flames are 
compared to measured soot volume fraction statis- 
tics and normalised OH and PAH signals. Results 
suggest that the current methodology can repro- 
duce the flame structure reasonably well for pres- 
sures ranging from 1 to 5 bar with the axial width 

of soot profile reproduced at all pressures. The bi- 
molecular nucleation model provides a better pres- 
sure scaling at no additional computational costs. 
The inclusion of DDS is crucial for predictions of 
soot volume fraction RMS and the impact was fur- 
ther investigated using scatter plots of soot parti- 
cles coloured by temperature. The increased fluc- 
tuations of soot particles develops from the low- 
temperature fuel rich region to high-temperature 
mixtures in a process that is intensified with an in- 
crease in pressure. Calculated PSDs further show 

that the bimolecular form of the soot inception 

model produces more soot particles as compared to 

the unimolecular counterpart and scales better with 

pressure. The impact of DDS on PSDs is more ev- 
ident for larger particles at elevated pressures lead- 
ing to an increasing trend towards bimodal distri- 
butions. 
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