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Abstract 

In turbulent premixed flames, much experimental evidence points to a strong influence of pre-mixture tur- 
bulence intensity on the turbulent burning velocity. The linear enhancement of turbulent burning velocity 
in low-intensity turbulence is predicted accurately by current models. In contrast, the deviation from linear- 
ity in high-intensity turbulence, known as the “bending effect,” remains to be explained. The present work 

has employed Direct Numerical Simulation (DNS) to investigate the bending effect. An initially laminar 
methane-air premixed flame was subjected to increasing levels of turbulence across five different simulations 
which maintained all parameters except the turbulence intensity constant. The bending effect was captured 

within these simulations. Subsequently, plausible explanations were investigated using the framework of the 
Flame Surface Density (FSD) approach. From the ensuing analysis, it is evident that flame surface area re- 
flects distinctly the variation of turbulent burning velocity with turbulence intensity. Local flame quenching 
does not appear to be the primary mechanism behind the bending effect. Instead, the observed bending effect 
results from a shift in balance, under high-intensity turbulence, towards mechanisms that favour destruction 

of flame surface area. These mechanisms tend to preserve the reaction layer and, thereby, ensure the validity 
of Damköhler’s hypothesis and flamelet models in conditions that cause the bending effect that is observed 

here to occur. 

© 2016 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Motivation 

Turbulent burning velocity s T is a basic measure 
of how fast a turbulent fuel-air mixture burns. 
It is defined using the global transformation rate 
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of reactants to products through the turbulent 
premixed flame brush: 

s T ≡ − 1 
ρu Y u,F A 0 

∫ 
V 

˙ ω F dV, (1) 

where ρu is the density of unburned gas, Y u, F is 
the fuel mass fraction in the unburned gas, A 0 
is the flow cross-section area, and ˙ ω F is the fuel 
reaction rate. It is well known that s T is sensitive 
to the oncoming turbulence as well as to the 

http://dx.doi.org/10.1016/j.proci.2016.07.076 
1540-7489 © 2016 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.proci.2016.07.076&domain=pdf
http://www.sciencedirect.com
http://dx.doi.org/10.1016/j.proci.2016.07.076
http://www.elsevier.com/locate/proci
mailto:gvn22@cam.ac.uk
mailto:rsc10@cam.ac.uk
http://dx.doi.org/10.1016/j.proci.2016.07.076


1904 G. Nivarti, S. Cant / Proceedings of the Combustion Institute 36 (2017) 1903–1910 

Fig. 1. Calculations from the present DNS cases (I–V) 
plotted to show the nonlinear “bending” curve of s T ( u ′ ): 
turbulent burning velocity diminishes in high-intensity 
turbulence. 

thermo-chemical properties of the mixture and to 

the flame configuration. Under increasing turbu- 
lence intensity u ′ , with all other parameters held 

constant, the variation of s T is found to be non- 
linear [1] . This behaviour, known as the bending 
effect , has been reviewed in-depth [2,3] , but it has 
not been explained as yet. 

The present work has captured the classical 
bending effect (shown in Fig. 1 and discussed in 

Section 5.1 ) for the first time using Direct Numer- 
ical Simulation (DNS). In this article, we discuss 
the observed effect and seek an explanation for it 
in terms of the underlying turbulence-flame inter- 
actions as recorded in the DNS study. 

2. Theoretical background 

Damköhler’s hypothesis [4] conjectured that, in 

low-intensity turbulence, s T increases primarily be- 
cause the turbulent flow field enhances the pre- 
mixed flame surface area A T as 

s T /s L ∼ A T /A L , (2) 

where s L is the laminar flame consumption speed 

and A L is the laminar flame area. The underlying 
assumption was that s L remains valid locally on 

the flame surface in low-intensity turbulence. Sub- 
sequently, the applicability of Damköhler’s hypoth- 
esis in moderate-intensity turbulence has been sup- 
ported by 2D DNS [5] , experimental measurements 
[6] , and scaling analysis [7] . High-intensity turbu- 
lence – where the bending effect and its underlying 
processes occur – has remained elusive. 

In recent years, the simultaneous advancement 
of laser diagnostics and supercomputing resources 

has opened high-intensity turbulent combustion to 

quantitative inquiry. A variety of physical scalings 
that characterize the bending effect have been in- 
vestigated [8] and the limits of the s T ( u ′ ) curve have 
been explored [9] . Some experimental studies have 
even questioned the validity of Damköhler’s hy- 
pothesis in high-intensity turbulence [10] . At the 
same time, large-scale DNS is beginning to provide 
insights [11,12] . 

To date, it remains to be ascertained whether 
s T ( u ′ ) indeed varies nonlinearly in the absence of 
heat losses. Given that s T ( u ′ ) undergoes this bend- 
ing effect, its governing mechanism has not been 

outlined either qualitatively or quantitatively and 

its consistency with the flamelet assumption is yet 
to be determined. 

A common framework used in both experi- 
mental and computational analyses is the Flame 
Surface Density (FSD) approach [13] . Under the 
flamelet assumption, the mean flame surface-to- 
volume ratio � captures the turbulence-flame in- 
teractions which determine s T [14] 

s T ∼ s L 

∫ ∞ 

−∞ 

� dη, (3) 

when integrated throughout the premixed flame 
brush. The quantity � ≡ 〈 �′ 〉 is the mean of the 
local surface-to-volume ratio �′ for a propagating 
flame surface and it evolves according to the trans- 
port equation [13] 

∂�

∂t 
+ ∇ · ( 〈 u + s d n 〉 s ) = 〈 ̇  s 〉 s �, (4) 

where n = −[ (∇c ) / (|∇c | ) ] | c = c ∗ is the lo- 
cal normal to the surface and s d = 

[ ( ̇  ω + ∇ · ρD∇c ) /ρ|∇c | ] | c = c ∗ is the local sur- 
face displacement speed. All of these quantities, 
including the surface averaging 〈 φ〉 s ≡ 〈 φ�′ 〉 / �, 
are computed on iso-surfaces c = c ∗ of the re- 
action progress variable c ≡ (Y u − Y ) / (Y u − Y b ) . 
The generalised local FSD | ∇c |, defined in the 
context of LES [15] , is closely related to the 
local flame surface-to-volume ratio �′ . Since 
lim �→ 0 �

′ = |∇c | , we use the generalised FSD to 

calculate �′ as, in DNS, the filter size � → 0. 
The source term ˙ s represents local flame stretch 

rate on the iso-surface. It is more insightful to de- 
compose ̇  s into the separate contributions from tan- 
gential strain rate a t and mean curvature h m 

accord- 
ing to 

˙ s = a t + s d h m 

, (5) 

where the components are given by 

a t = ∇ · u − nn : ∇u , and (6) 

h m 

= ∇ · n . (7) 

The FSD approach links turbulent burning ve- 
locity s T to local events such as flame surface wrin- 
kling, flamelet-merging and intermittent quenching 



Download English Version:

https://daneshyari.com/en/article/6478138

Download Persian Version:

https://daneshyari.com/article/6478138

Daneshyari.com

https://daneshyari.com/en/article/6478138
https://daneshyari.com/article/6478138
https://daneshyari.com

