
Available online at www.sciencedirect.com 

Proceedings of the Combustion Institute 36 (2017) 927–934 
www.elsevier.com/locate/proci 

Unsteady dynamics of PAH and soot particles 

in laminar counterflow diffusion flames 

Pedro Rodrigues ∗, Benedetta Franzelli , Ronan Vicquelin , Olivier Gicquel , 
Nasser Darabiha 

Laboratoire EM2C, CNRS, CentraleSupélec, Université Paris-Saclay, Grande Voie des Vignes, 92295 Châtenay-Malabry 
Cedex, France 

Received 2 December 2015; accepted 12 July 2016 
Available online 2 August 2016 

Abstract 

Due to their low chemical time scales, the production of soot particles in turbulent diffusion flames is 
highly impacted by large range of local strain rate fluctuations. 

In order to understand the response of soot production to strain rate fluctuations, unsteady laminar coun- 
terflow diffusion flames with an imposed oscillating strain rate are investigated both analytically and numeri- 
cally. First an analytical linearized model is developed to predict the unsteady response of a flame quantity of 
interest from information on laminar steady flames. Three critical parameters governing flame response are 
identified: the Stokes number which compares the characteristic time associated to the mean imposed strain 

rate to the oscillation frequency, the Damköhler number associated to the quantity of interest, and a third 

one characterizing the response of this quantity to an imposed steady strain rate. This model is then applied 

to soot predictions. Parallely, the response of soot production in propane-air counterflow diffusion flames to 

unsteady strain harmonic oscillations is studied numerically using a detailed sectional soot model. A wide 
range of frequencies and amplitudes are considered. A specific trend is highlighted for soot precursors and 

particles production according to their respective chemical time scales: the bigger the PAH or soot particle, 
the higher its chemical time scale, resulting in a more damped and phase-lagged response. The particle size 
distribution evolves accordingly during the considered oscillations, so that the quasi-steady state behavior 
is not verified for high frequencies. The numerical results are compared to those obtained by the analytical 
approach and a very good agreement is obtained at low amplitudes. Non-linear response of soot precursors 
and soot particles production to strain oscillations are finally discussed in case of high oscillation amplitudes 
and the limits of the proposed analytical model are identified. 
© 2016 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

Due to incomplete combustion, soot emissions 
have effects on both human health and environ- 
ment. Soot emissions are also considered as an 
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important cause of global warming [1] . Conse- 
quently, important efforts are made both experi- 
mentally and numerically [2–4] to understand soot 
production mechanisms in order to control their 
emission. 

Most of the combustion facilities are charac- 
terized by high Reynolds number flames where 
turbulent eddies are expected. The local strain rate 
usually fluctuates in a wide amplitude range and 

with random fluctuation frequencies [5] . These 
turbulent eddies are also responsible for variable 
length scale recirculation zones, introducing a 
wide range of residence times for soot particles, 
strong intermittency and dynamics features in soot 
production [6,7] . 

One of the most popular approaches used 

to simulate turbulent non-premixed flames is the 
flamelet approach, based on a quasi-steady re- 
sponse of the flame characteristics to the local 
strain rate fluctuations [8,9] . 

The development of such models being moti- 
vated by the application to numerical simulations 
of turbulent flames, the response of soot to strain 

rate fluctuations can be investigated by looking 
at unsteady laminar counterflow diffusion flames 
[10–12] . Specifically to soot context, previous ex- 
perimental works have been performed in a diffu- 
sion laminar flame by introducing sinusoidal ve- 
locity variations at both opposed nozzles [13,14] . 
They showed that soot production response to 

these fluctuations was phase-lagged and damped 

when increasing the oscillation frequency. A partic- 
ular hierarchical behavior was observed: soot vol- 
ume fraction response is more phase-lagged and 

damped compared to soot precursors response, 
which are also more phase-lagged and damped 

than the temperature response [15] . Cuoci et al. 
[17] numerically investigated these flames with 

good prediction of unsteadiness soot dynamics, 
confirming the experimental observations. Never- 
theless, a lack of knowledge remained on the ori- 
gin of soot response to unsteady strain fluctuations. 
Moreover, when computing counterflow diffusion 

flames with unsteady velocities at the nozzle exits, 
a phase lag exists between the global strain rate and 

the local strain rate [17] , increasing the complexity 
of the phenomena. In the other hand, other stud- 
ies [16] also studied the transient behavior of PAHs 
production by studying their response to one-step 

variation of the strain rate. The objective was to de- 
rive tabulation methods relative to PAHs in a turbu- 
lent combustion modeling context, but no specific 
study of the soot particles hierarchical response to 

unsteady fluctuations completed these works. 
The objective of the present work is to charac- 

terize the response of soot to strain rate oscilla- 
tions and to identify the physical phenomena un- 
derlying the phase lag and damping observed in 

soot production. In order to avoid the phase lag be- 
tween the global and the local strain rate, a strain- 
imposed formulation is considered in this work and 

unsteadiness is introduced by varying the imposed 

flame strain rate a ( t ) with time for a given pulsation 

ω, an initial strain rate A 0 and fluctuation ampli- 
tude αA 0 : 

a (t) = A 0 + αA 0 sin (ωt) = A 0 [ 1 + αsin (2 π f t) ] . (1) 

Both analytical and numerical approaches are con- 
sidered in this paper to study the evolution of the 
soot precursors and of the particle size distribution 

(PSD) with the strain rate a ( t ). 
The paper is organized as follows. First, an 

analytical model is proposed in Section 2 in the 
limit of a linear behavior, i.e. small oscillation 

amplitudes. This model predicts the unsteady 
response on the basis of steady flame results. 
Then, soot production in unsteady laminar flames 
is numerically studied using a detailed sectional 
model. The modeling strategy is introduced in 

Section 3 . The flame response is then investigated 

for the configuration described in Section 4.1 . The 
unsteady behavior is analyzed in Section 4.2 for 
different frequencies at small amplitude in terms of 
global quantities and PSD. Analytical results will 
be compared to the numerical ones in Section 4.3 to 

prove their validity. The causes of phase lag and 

damping in soot production will then be identified 

by combining information from numerical and 

analytical results. Finally, numerical simulations 
at high amplitudes are analyzed in Section 4.4 to 

completely characterize the soot response to un- 
steady strain rate oscillations and to discuss the 
limits of the analytical model. 

2. Analytical model for pulsed sooting flames 

In order to investigate the response of soot 
production to strain rate fluctuations, a linearized 

analytical model is developed in the following to 

predict the response of the maximum of a flame 
variable θ to strain rate oscillations at a given 

pulsation ω. The complex form of the fluctuat- 
ing strain rate a 1 (t) = a (t) − A 0 is denoted by 
ˆ a 1 (ω) = αA 0 e j(ωt−π/ 2) . The corresponding response 
of the maximum value of θ , namely θmax (t) = 

θmax 
0 + θmax 

1 (t) with θmax 
1 (t) = θmax 

1 (ω) sin (ωt −
ϕ θmax (ω)) , is represented by the complex number 
ˆ θmax 
1 (ω) = θmax 

1 (ω) e j(ωt−π/ 2 −ϕ θmax (ω)) . This response 
is fully characterized by the transfer function 

T θmax (ω) = 

ˆ θmax 
1 (ω ) / ̂  a 1 (ω ) . 

Starting from the previous works [10–12] , the 
transfer function is split into two terms: the trans- 
fer function T 

finite ,θ
unst (ω) , introducing an equivalent 

steady strain rate A θ seen by the quantity θ , and 

the transfer function T 

θmax | A θ
steady (ω) , describing the 

response of θmax to the equivalent steady strain 

rate A θ . 

2.1. Equivalent steady strain rate 

Following [10–12] , under the assumption of in- 
finitely fast chemistry, the unsteady flame acts at 
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