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Abstract

We review the state of the art in measurements and simulations of the behavior of premixed laminar and
turbulent flames, subject to differential diffusion, stretch and curvature. The first part of the paper reviews the
behavior of premixed laminar flames subject to flow stretch, and how it affects the accuracy of measurements
of unstrained laminar flame speeds in stretched and spherically propagating flames. We then examine how
flow field stretch and differential diffusion interact with flame propagation, promoting or suppressing the
onset of thermodiffusive instabilities. Secondly, we survey the methodology for and results of measurements
of turbulent flame speeds in the light of theory, and identify issues of consistency in the definition of mean
flame speeds, and their corresponding mean areas. Data for methane at a single operating condition are
compared for a range of turbulent conditions, showing that fundamental issues that have yet to be resolved
for Bunsen and spherically propagating flames. Finally, we consider how the laminar flame scale response
of flames to flow perturbations interacting with differential diffusion leads to very different outcomes to
the overall sensitivity of the burning rate to turbulence, according to numerical simulations (DNS). The
paper concludes with opportunities for future measurements and model development, including the perennial
recommendation for robust archival databases of experimental and DNS results for future testing of models.
© 2022 The Author. 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/)

Keywords: Premixed flames; Turbulent flames; Lewis numbers; Measurement

1. Introduction up both how flow fields, reaction and diffusion in-
teract to affect laminar flames, and how these ef-
fects go on to generate somewhat peculiar behavior

observed in turbulent flames. The task of measure-

In 1992, Derek Bradley gave a lecture at the
International Symposium, entitled "How Fast Can

We Burn’ [1], in which he attempted to summarize
what was then known about the role of turbulence
on the burning rate of mixtures, and how molecu-
lar diffusion played a role in the microstructure of
turbulent flames. The present review was inspired
by the same need to understand from the bottom
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ment and validation of models for a variety of mix-
tures with different thermo-diffusive properties has
become particularly important as we are transition-
ing from carbon-based fuels, for which molecular
diffusivity and different reactivity regimes may be
quite different from usual hydrocarbons.
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The evolution of premixed laminar and turbu-
lent premixed and stratified combustion is relevant
to a large class of situations converting chemical
to thermal energy. Turbulent flows for combustion
devices are generally designed to maximize entrain-
ment and promote flame stabilization, producing
high rates of burning per unit volume. Large tur-
bulent scales originating from the incoming geom-
etry direct the flow, for example by generating swirl,
shear or tumble, which control entrainment and of-
ten couple with acoustics to generate combustion
instabilities. Heat release takes place at the flame
scales, governed by the rate of mixing and reac-
tion, which are in general enhanced by turbulent
fluctuations. The overall reaction rate per unit vol-
ume is ultimately governed by the extent to which
turbulent velocity fluctuations increase mixing of
products and reactants in such a way as to enhance
the rate of reaction. Velocity and scalar fluctua-
tions are coupled to the process of combustion, de-
manding predictions that must span a wide range
of spatial and time scales for accurate predictions,
as discussed in books [2-4] and reviews [5-9] over
the past decade.

Experiments and models to represent the behav-
ior of premixed flames have co-evolved through-
out history since the first experiments in laminar
flames by Mallard and Le Chatelier and Lewis and
von Elbe [10,11] and the earliest experiments of
Damkohler in turbulent flames [12]. The original
findings and theories continue to form the back-
bone of our thinking on the subject, but increas-
ingly sophisticated methods have become available
in the form of optical diagnostics, theoretical un-
derstanding, and sheer computational power for
detailed simulations, allowing a much closer explo-
ration of the underlying physical phenomena.

Understanding of the behavior of laminar
flames has advanced to a very high level of fidelity
for mixtures for which detailed and verified chem-
ical kinetic models exist. Direct numerical simula-
tions (DNS) of the steady and unsteady behavior
of laminar flames abound [13-16]. However, not all
predictions have been or can be experimentally ver-
ified or verifiable. In some cases, it is difficult to ex-
perimentally recreate an idealized simulation con-
dition. More generally, simulations are relatively in-
expensive relatively to experiments, so the former
are significantly more abundant. Yet it is impor-
tant to continue to test models against experiments.
Even though direct numerical simulations with well
established chemical kinetic models are trusted, it is
not uncommon that previously neglected phenom-
ena are found to be relevant once comparison with
experiments is made. Further, as experimental con-
ditions march to still unexplored regions, extrapo-
lations of chemical kinetic models may not be en-
tirely trustworthy.

DN for turbulent flames has evolved to be able
to simulate increasingly complex geometric, flow

and chemistry models, including laboratory scale
jet flames [17], bluff-body stabilized flames [18] and
swirling flows [19]. However valuable, such simu-
lations are typically very expensive, and alterna-
tive methods continue to be developed to lower the
computational cost for practical simulations.

The current practice in simulation and vali-
dation of turbulent premixed flame models in-
volves conducting computational fluid dynamics
(CFD) simulations via either Reynolds-averaged
Navier-Stokes (RANS/uRANS) or increasingly,
with higher fidelity, by large eddy simulations
(LES). Embedded in these simulations are the clo-
sure or sub-grid models for the expected behav-
ior of the reaction rate or flame speeds subject to
the action of turbulence in the unresolved scales. A
number of excellent recent reviews have covered the
evolution and validation of ever more sophisticated
models, almost invariably based on closures gen-
erated by DNS [3.,4,6,7,20,21]. Simulations based
on these models attempt to reproduce the grow-
ing experimental database for steady and unsteady
flame phenomena, new fuels and higher turbu-
lence operating conditions [22-24]. The expansion
of such experimental databases into new directions
beyond premixed and non-premixed flames, includ-
ing stratification, sprays and the behavior of flames
with respect to extinction and reignition is very im-
portant, and will doubtless continue.

In this review, we take a much narrower lens
to focus on how well the science is progressing
in producing coupled experiments and models in
the quest for understanding of a class of well-
controlled experiments for laminar and turbulent
premixed flames. In particular, we focus on how ex-
periments and models designed for extracting the
laminar and turbulent flame speeds have fared, and
how they have informed the understanding of the
science. Along the way, we try to identify gaps in the
experimental database, as well as areas where the
understanding of the phenomena is incomplete.

The purpose in the present review is to draw a
(more or less) direct line between the physics of pre-
mixed flames under the role of differential diffusion
and stretch (associated with tangential stretch and
curvature), the onset of instabilities, and on to the
physics and measurement of turbulent flames.

The paper is organised as follows. In the first
part, we review laminar flame speeds: governing
equations, methods of measurements, and the cur-
rent state of understanding and prediction of these
measurements. In the second part, we consider
ideal turbulent premixed flames: averaged govern-
ing equations, and selected, well-controlled exper-
iments on burning rates. We then assess the state
of understanding for these measurements and their
interpretation. Finally, we turn our attention to
the role of differential diffusion in the behavior
of turbulent flames, and the relative paucity of
well controlled experiments with sufficiently de-
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tailed measurements. The paper concludes with a
series of considerations and recommendations for
future work.

2. General governing equations

In order to make the subsequent discussions
easier, we start from a summary of the governing
equations for laminar flows for mass, species and
low Mach number momentum conservation, along
with the ideal gas equation. The mass and momen-
tum conservation equations are common to fluid
mechanics, so the coupling with species and energy
conservation equation deserve special attention in
combustion. The conservation equation for density
p, velocity u, pressure p, N, species mass fraction,
Y; and enthalpy % are given as [2,25]:

ap
L4V pu = )
WY ()= —Vp 4V THpg Q)
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at Le,~ Cp

)
Q)

where 7 is the viscous stress tensor, g is grav-
ity (neglected in what follows), the Lewis num-
ber Le; = %i is the ratio of the bulk thermal
diffusivity, o = A/(pc,), to the species diffusiv-
ity in the bulk mixture, w; is the reaction rate
per unit volume of species i, and the proper-
ties A and ¢, are the thermal conductivity and
specific heat of the bulk mixture. The enthalpy
T, Y) = hy(T,Y) + 3™, hi et ¥; is the sum of the
sensible and chemical enthalpy for the sum of all
species in the vector Y =[Y},...Y;, ..., Yy,], so
that the change in species is coupled to the energy
equation, and can be expressed as a source term
to the energy equation. The last term in the energy
equation is usually neglected in mixtures with near
unity Lewis number. This formulation is not atom-
ically conservative, but often sufficiently accurate
for flame calculations, with the benefit of simplic-
ity. Soret (temperature driven) species diffusion is
neglected here, although in the case of very light or
heavy molecules, they should be included for accu-
racy.

In the discussion of premixed flames, it is useful
to consider the conservation equation for a progress
of reaction variable, ¢, which is usually a linear
combination of scalars, often either reactants or

Ns
%(ph)+V~(pu/1):V~ ( <Vh+z<

products. Its balance can be derived from the con-
servation equations for the selected scalars, and is
expressed in a similar manner as the species or en-
ergy balance,

ac
pg—f—pu Ve=V-(pD.Vc)+ o, (®)
where the diffusion coefficient D, becomes a cor-
responding weighted sum of the diffusivity of the
scalars chosen.

A displacement speed s, is a measureable quan-
tity defined as the normal velocity at a contour
¢ = ¢* [20], as is its density weighted counterpart,
5{[9
1 Dec 1
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u
where the subscripts u and b correspond to un-
burned and burned values of the property, and the
total'derivative operator is %(J = E%(-) +u- V_(~).
Finally, a consumption speed can be determined
based on integration of Eq. (5) averaged over a
volume in the direction of flame propagation, here

chosen to point into the reactants, n = — g5

+o0 d)(»
5, = n-ds ®)
/m pIVc|

and s is the coordinate vector across the flame.

3. Measurements and uncertainties in the
determination of laminar flame speeds

3.1. Measurements of laminar flame speeds

Accurate measurements of laminar flame
speeds are necessary for the understanding of a
very large range of phenomena in combustion.
These are required both directly, as a key param-
eter in the design of burners, as well as indirectly,
since chemical kinetic models used for turbulent
combustion are frequently validated against mea-
surements of laminar flame speeds. In this section,
we take a brief look at the state of understanding
and agreement between models and experiments
of laminar flame speeds. The laminar flame speed
is usually defined as the displacement speed of
an isotherm associated with the leading edge of
the flame, Eq. (7). Its value depends not only on
the composition of the fresh mixture, but also
on the flow field within which it is propagating.
In particular, it is affected by stretch, or the rate
of divergence of the streamlines in the field. The
usual term laminar flame speed refers to the the-
oretical value of the unstretched, or free laminar

flame speed, s9. The definition corresponds to
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the displacement velocity of the reactant end, s,
Eq. (7), for the case of a planar flame propagat-
ing in stretch-free flow. Under these conditions,
its value is equal to the consumption speed, s,
Eq. (8).

An excellent review of measurement techniques
for laminar flame speeds was provided by Egol-
fopoulos et al. [27], and a comprehensive compila-
tion of measurements of fuel/air mixtures and their
comparisons with the most experimental models
has been recently provided by Konnov et al. [28].
The work in [27] focuses on how to most accurately
extract information on the unstretched laminar
flame speed as a reference, as well as on measure-
ments of the profile of species in low-pressure sta-
bilized flames for purposes of developing chemical
mechanisms. In [28], the purpose is to investigate
the state of agreement between model and experi-
ments for a wide range of air-fuel mixtures. The lat-
ter review does not include comparisons for all pos-
sible fuels (olefins, aromatics and biofuels, for ex-
ample), or multicomponent fuels. However, it offers
a wealth of well curated information on the state of
the art and comparisons with results of simulations
using well established chemical kinetic models. The
state space of pressures and temperatures covered
in the review is available for C1-C10 aliphatic hy-
drocarbons and alcohols (and DME) mixtures with
air is shown in Fig. 1. Other comprehensive stud-
ies include the work of Farrell et al. [29], who mea-
sured the burning rate of a variety of hydrocarbons
using the spherically expanding flame method for
pressures around 3 bar and 450 K, the historical
work of Bradley in spherically propagating flames
[30-33], and that of Law and Egolfopoulos in stag-
nation and spherical flames [27,34-37]. The abun-
dance (and in some areas, absence) of measure-
ments in the Konnov review is representative of
the existing data in the literature for selected fuels.
There are plentiful measurements at ambient con-
ditions, but a much more scattered and smaller set
of data at high temperatures and pressures. Mea-
surements are desirable both for mixtures with air
and fuel, as well as with the respective high temper-
ature burned gases, so as to simulate exhaust gas
recirculation (in engines) and premixing with recir-
culated products in gas turbines. The difficulties in
covering the relevant state space needed for appli-
cations at high pressure and temperature are well
known, as the costs of operation and complexity in-
crease with higher pressure and temperature. Vali-
dation at high temperature and pressure conditions
with dilution by burned gases is particularly hard
to generate and may continue to be bridged using
models.

Fig. 2 shows a summary of all measurements
considered in the review by Konnov et al. [28] at
all temperatures and pressures, here excluding hy-
drogen, which has a much wider range of flame
speeds. There are not many data points for tem-

peratures beyond 450 K even for simple mixtures.
Flame speeds are confined to a range below about
60 cm/s near ambient conditions for most hydro-
carbons and alcohols. Laminar flame speed depen-
dence is usually scaled to higher pressures and tem-
peratures using a power law, with a positive expo-
nent of the order of 1.5-2.0 for temperature, and of
negative order 0.2-0.5 for pressure, for most hydro-
carbons. However, only certain fuels have been in-
vestigated over a wide enough range to provide suf-
ficient information. For very well studied fuels, such
as methane, n-heptane, i-octane and dodecane, un-
certainties and disparities with available chemical
kinetic models are of the order of 10-20% at ambi-
ent conditions. Increasing disparities of factors of
two or higher appear at higher temperatures and
pressures beyond 5 bar, where there are fewer data
points. Considering the importance of these fuel
mixtures for practical purposes, it is actually sur-
prising that we still do not have better information
and models to be used. The shortcoming is one of
the reasons why direct experimentation and com-
parison with models in actual combustors is often
needed. Inaccuracies in model fundamentals are of-
ten practically corrected by semi-empirical adjust-
ments for engineering purposes, while the science
catches up with technology.

Fig. 3 shows a sample of the relatively scarce
high pressure measurements of fuels used as surro-
gates for the gasoline reference fuels, i-octane (tri-
angles) and n-heptane (circles), for pressures up to
25 bar, along with predictions using the mecha-
nism of [38]. The measurements show that pressure
decreases the laminar flame speed of the two fu-
els, and that the proposed chemical kinetic model
adequately captures the behaviour. The right- and
left- pointing open triangles represent data ac-
quired from pressure data (right) and schlieren
(left), demonstrating the quantitative differences
obtained in measurements extracted in the same
facility using different methods. All measurements
above 5 bar have been acquired from spherically
propagating flames, and the ones at the highest
pressures typically rely on pressure data only. The
extraction of unstretched laminar flame speeds
from spherically expanding flames using either im-
ages or pressure rise is subject to inherent errors as-
sociated with the effect of stretch, and these are dis-
cussed in the following section.

Hydrogen (H,), ammonia (NH;) and blends
with methane have received significant attention as
potential low-carbon replacement fuels [39.40]. A
number of studies throughout history, and a re-
cent spate of experiments and reviews have cre-
ated a solid database for laminar flame speed mea-
surements for hydrogen and blends with hydrocar-
bons over a wide range of pressures, equivalence
ratio and dilution conditions, and a modest range
of temperatures [34,37,41-46]. Hydrogen is a most
unusual fuel, as its very high diffusivity and reactiv-
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Fig. 1. State space (pressure, temperature and equivalence ratios) of measurements compiled in the laminar flame speed
review by Konnov et al. [28] for mixtures of 14 fuels and air (C1-C10 aliphatic hydrocarbons, alcohols and DME). Open
circles are hydrocarbons, squares are alcohols and DME; colorbar represents the number of carbons in the molecule.
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Fig. 2. Measured laminar flame speeds in the same mixtures considered in Fig. | as a function of equivalence ratio and
temperature (for all pressures). Symbol sizes are scaled according to number of carbons in the molecule, and the colorbar

denotes temperature.

ity lead to peak laminar flame speeds of 300 cm/s
in ambient air at an equivalence ratio around 1.8,
with a very steep slope from the lean flammabil-
ity limit around 0.30. Konnov’s review [28] and re-
cent studies [37,42,46] suggest that good agreement
(< 20%) can be found between one-dimensional
flame models of laminar flame speeds and exper-
iments at the conditions measured over most of
the range of equivalence ratio (except near the very
lean end), as well as in mixtures with methane, car-
bon monoxide, and well-studied hydrocarbons. In
the case of ammonia, there has been a recent flurry
of activity in acquiring measurements of mixtures
with syngas, hydrogen, and methane, over a range
of conditions and pressures, leading model adjust-
ments [47-53]. As ever, both experimental results
and models are under continued revision as more

accurate experimental results and models become
available.

3.2. Laminar flame speed measurements and the
role of stretch

In the previous subsection, we have taken a
broad overview to the comparison of the un-
stretched, adiabatic laminar flame speed, which is
a reference quantity for many models. Yet it is re-
markably difficult to produce such a flame in prac-
tice. The most popular methods for extracting lam-
inar flame speeds are: (a) steady counterflow flow
flames (CFF), (b) unsteady, spherically expanding
flames (SEF), (c) steady heat flux method (HF). All
three methods have inherent advantages of sym-
metry and thus one-dimensionality, a reason for
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Fig. 3. Measured laminar flame speeds for n-heptane (circles) and i-octane (triangles) and respective modelling (lines)
for three pressures in the same mixtures considered in Fig. | as a function of equivalence ratio and temperature (for all
pressures). The right and left triangles for the 3 bar measurements represent measurements by [29] in spherically propa-
gating flames using pressure data (right triangles) and schlieren visual measurements (left triangles). Data from [29,31,54],

modelling by [28] using the mechanisms by [38].

their superiority relatively to e.g Bunsen stabilised
or other methods. The detailed advantages of the
different methods are discussed in detail in [27,28],
but in general one can say that the SEF method of-
fers the ability to investigate higher pressures and
temperatures (the latter often through adiabatic
heating due to compression during propagation),
whereas the steady flame methods offer the ability
to explore flame structure using optical diagnostics.
The heat flux method produces flames that are not
affected by aerodynamic stretch, but requires at-
tention to the temperature distribution around the
burner in order to extract the adiabatic value. In
this section, we review the two most used methods,
CFF and SEEF, their uncertainties and dependence
on assumptions and the current understanding of
best practices. The measurement methods and their
accuracy are closely connected to the role of flow
stretch on the flame, how it affects the measured
displacement speeds, and ultimately how measure-
ments can be extrapolated to those of unstretched
flames for comparison between results of different
methods.

Stretch is usually defined as the rate of change
of a local isocontour area element associated with
the flame, d4, which moves with absolute velocity
s, in a field of velocity u as [55]:

1 d4

T Adt
where K, =V, -u is the divergence of flow veloc-
ity in the tangential direction, along the isosurface
itself, and s; = (sy —u) - n is the surface normal
displacement speed relatively to the flow velocity
u, so that second term on the RHS represents the
stretch associated with curvature of the isosurface,

=V,-u+s5,V-n )

k. = V -n. In the case of steady planar CFFs, we
have K = K, = V, - u. For SEFs, the total stretch is
equalto K = %‘fl—ff, where R is the flame radius, and
the initially high positive stretch decreases as the ra-

dius increases during flame expansion.

3.3. Counterflow laminar flame ( CFF)
measurements and modeling

The CFF method, developed by Law and
coworkers as a flexible technique, relies on the mea-
surement of the flow field speed along the centreline
of an opposed, premixed, axisymmetric flow in a
twin or stagnation flame arrangement [36,56-59].
The flow speed is measured throughout the center-
line of the flame, and the minimum velocity, s.¢, up-
stream of the flame acceleration is associated with
a characteristic strain rate given by the gradient of
velocity in the radial direction, V, - u.

Models for the effect of velocity gradients in sta-
bilised flames such as CFFs were originally derived
by Karlovitz et al. [60], and a concise discussion
of the background is available in [61]. The simplest
model of the effect of stretch leads to a linear de-
crease in flame speed [36,60-63]:

Suret = S0 — LK (10)

where £ is a proportionality constant called the
Markstein length scale, and 5% = 9. According
to this approximation, measurements of the local
flame speed at a given stretch can be linearly ex-
trapolated to zero stretch to obtain the unstretched
laminar flame speed.

Matalon, Law and colleagues [63—65] derived an
expression for the ratio of the stretched reference
flame speeds as a function of stretch in CFFs. Here
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we present the expression for the ratio in a slightly
different form, in order to separate the terms that
depend either only on the unstretched expansion
ratio, o = p,/pp, from those that depend on both
expansion ratio and the Lewis number [63,606]:

Su,ref

= =1-MKa (11
St
M = (M, + Mp) (12)
M, = "lf‘; —1—1In(o — 1) + In(Ka) (13)
MDzngg (14)
o—1 2
7 &

L=[1 d 15

f] 0o de (15)

where a Karlovitz number is a non-dimensional
product of stretch rate and unstretched flame res-
idence time, Ka = K1/, Ze = %(0 —1)is a Zel-
dovich number for an activation temperature 7,
M, is a Markstein number associated with the
expansion of the gas, and Mp is associated with
the Lewis number of the deficient species. Addi-
tional terms appear if the thermal conductivity is
assumed to also depend on temperature. In the lit-
erature, the set of equations is often referred to as
the non-linear (NL) extrapolation, as M, itself de-
pends on Ka.

The physical meaning of these equations is illus-
trated in Fig. 4. Mass conservation means that there
is a net outflow proportional to positive stretch,
which depends on the density profile within the pre-
heat zone, leading to the first term in the equa-
tion, M,, which is positive for typical values of
o. For Le =1 of the deficient species, the flame
moves to accommodate a reduced mass flux re-
sulting from higher stretch, but the structure of
the flame is unchanged. For non-unity Lewis num-
ber, Mp depends on the Lewis number of the defi-
cient species. For lean mixtures, if the diffusivity of
fuel is higher than that of heat (Ler < 1), stretch
leads to higher diffusion of fuel into the reacting
zone, thus increasing the burning rate. For Ley > 1,
the reverse is true, and the corresponding burning
rate decreases, as reflected in the sign of the sec-
ond term, Mp. The rationale is flipped for the rich
range, in which oxygen is the limiting species. The
specific details also depend to some extent on the
chemistry of the limiting reactants, but the over-
all behavior is reasonably well captured by the the-
ory once the correct dependence of temperature for
density and and conductivity is represented.

The terms associated with o in M, take nega-
tive values between 0.2 to 0.5 for typical values of
o. For moderate Ka, this means that the slope of

Yf

i

Fig. 4. Diagram of centerline velocity (i, solid orange),
fuel mass fraction (Y, solid blue), fuel diffusion flux (s,
dashed blue) and heat flux (jr, dotted magenta) for a
CFF, for low (light) and high (dark) stretch for non-unity
Lewis number. (For interpretation of the references to
color in this figure legend, the reader is referred to the web
version of this article.)

Su,ref

5 with Ka depends on the value of Mp, which

L

is directly proportional to (Le — 1) of the deficient
species. For Le near unity, the slope approaches the
value of M,, near zero stretch, as the change in
heat flux is balanced by that of limiting species. In
the lean range, the deficient species is typically the
fuel, and in the rich range, oxidizer. For lean dode-
cane mixtures, Le ~ 4.4, the slope is typically nega-
tive with Ka. Conversely, for lean hydrogen flames,
with Le ~ 0.3 the slope becomes positive.

The results presented in the extensive work by
Law and coworkers [64,65,67] show that non-linear
fits to experimental data for the total Markstein
number M = M, + Mp using Eq. (12) and ¢
can yield values of the unstretched laminar flame
speeds that agree within 10-20% of values obtained
from other methods. Alternatively, comparisons of
model and experiments at any Ka can be made di-
rectly using chemical-diffusive models of strained
flames, with no attempt to extrapolate values to
zero stretch, when such models are available.

Many models for turbulent flames are based
on the idea of flamelets under stretch via reduced
chemical models or tabulation, where the flame
structure and burning rate includes the effect of
chemistry, differential diffusion and stretch as con-
trol parameters in look-up tables [25,68-73].

The formulation of De Goey et al. [25,74,75] on
the effect of differential diffusion and stretch is par-
ticularly clearly presented, as it lends itself read-
ily for integration with tabulation methods for
turbulent combustion computations of premixed
and stratified mixtures, as reviewed in [70,76]. The
results are compared to the limit theoretical re-
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sults using different approximations [61,77]. The
formulation considers a mass-based rather than
area-based stretch along a stretched flamelet. The
method is the basis of the flame generated manifold
(FGM) method [74], which, along with other tabu-
lation methods, has been successful in making pre-
dictions for premixed and partially premixed flames
with realistic chemistry and stretch effects.

Fig. 5 shows how different approximations are
able to account for the fractional decrease in burn-
ing rate per unit area relative to that of the un-
stretched flame, m;,/mg, by comparison to detailed
numerical simulations. In the case of a lean flame
(top), all approximations which take into account
the effect of stretch on the burned gas tempera-
tures give good approximations for the effect of
stretch on flames. However, for the case of a rich
flame (bottom), the only approximations that work
are those that account for detailed species and tem-
peratures (solid line), including at least the correct
equilibrium temperatures (green line).

The inclusion of differential diffusion in turbu-
lent flame simulations (and of course appropriate
chemistry manifold) is particularly important in the
case of mixtures with limiting Lewis numbers very
different than unity. Examples exist for flames with
hydrogen and methane [72], and where significant
stratification occurs between rich and lean mixtures
[78]. The effect of stretch in turbulent flame cal-
culations has also been explored in [68,73] using
correlated control variables. The latter are particu-
larly important at lower values of turbulence and at
lower temperatures. Recent work has demonstrated
that the contributions of curvature and tangential
stretch are different [79,80]. This means that turbu-
lent combustion models may need to be further spe-
cialized to integrate the prevalence of curvature rel-
atively to tangential stretch, particularly for Lewis
numbers far from unity. The next section reviews
laminar flame measurements where stretch appears
from the time-dependent curvature of the flame.

3.4. Spherically expanding flame (SEF)
measurements and modeling

The SEF method for stretched flame was origi-
nally introduced by [81]. In SEFs, the main observ-
able is the propagation speed of the burned flame
fronts, = 2% The density-weighted flame front ve-
locity relatively to the unburned gases, §, or to the
burned gases, §, is given by:

G =0 —u) (16)
Ou

G =05y — up) (17)
P

u

The burned gases remain stationary as the flame
passes, so that u, ~ 0, and

oy dR
pu dt

Sp =

(18)
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09}

085}
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0 0.02 0.04 0.06 0.08
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092}
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Fig. 5. Normalized mass burning rate of stretched
propane-air flames as a function of KaOT. Top: Lean mix-
ture (¢ = 0.6). Bottom: Rich mixture (¢ = 1.5). Spher-
ical markers: numerical simulations. Solid black line:
simplified calculation of integral, based on numeri-
cal values for temperature and species. Dashed black

line: 1 —Ka%. Solid green line: 1 — Ka% + % T?’J_T‘T‘“ ,
with values of T}, from numerical simulation. Red line:

0
1 —Ka% + %(E:g — Ka%). Blue line: asymptotic value

using M calculated in the burned gases. KaJ and Ka®)
are non-dimensional integral Karlovitz numbers based on
temperature or diffusive species weighting profile weight-
ing, obtained from unstretched flame profiles. The reader
is directed to the original paper for detailed definitions.
Reprinted from [25]. (For interpretation of the references
to color in this figure legend, the reader is referred to the
web version of this article.)

Measurements of R(z), typically via schlieren
images, can therefore be used to extract §p, with
suitable assumptions for the density ratio o =
pu/pp. However, note that whereas u;, is zero ow-
ing to symmetry, u, is actually positive, as the gas
expands and pushes the fresh mixture away. There-
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fore, 5, = 5, cannot be obtained directly unless u, is
measured. Second, the flame is expanding, so that
the area stretch is K = %‘%. Models must there-
fore be developed to take into account the effect of
stretch on the flame, and to extrapolate results to
zero stretch. Finally, we note that the value of K
decreases as the radius increases, so that the effect
of stretch is larger where the radius is small.

A pair of elegant papers by Giannakoupou-
los et al. [15,66] combined DNS and theory for
SEF propagation, distinguishing the differences be-
tween displacement and consumption speeds. The
density weighted displacement speed at any arbi-
trary isotherm §; can be obtained,

(%’) =1-MKa (19)
SL

The value M in this formulation is the same as
(12) in the limit of fixed thermal conductivity (addi-
tional terms arise in Ka for temperature-dependent
properties, see [66]). The value of the apparent
slope of the displacement speed to strain, i.e. the
respective Markstein number, is usually calculated
relative to the unburned isotherm. However, the
value of the Markstein number was shown to be ex-
tremely sensitive to the particular isotherm chosen
for its definition towards the unburned edge, yet its
value converges to a single well-defined value near
zero at the burned gases. Experimental measure-
ment of such displacement speeds near the burned
gases is difficult, however, but should be encour-
aged for validation purposes. The sensitivity reflects
the role of the variable density and thermal con-
ductivity within the thermal layer of the flame, as
the displacement speed depends on the choice of
isotherm. Therefore, one should be extremely care-
ful about using or extrapolating values obtained
for M at different isotherms. The cited work shows
how the asymptotic theory using the Ka-dependent
Markstein number and direct numerical simula-
tions agree very well [15,66] once a careful depen-
dence on the isotherm is taken.

An asymptotic solution to the problem laminar
SEFs by Frankel et al. [82,83] for the velocity rel-
ative to the burned gas, for flames of large radius,
large activation energy, propagating in steady state
is often used:

~\ 2 s\ 2
(%) In <%”> = 2o MKay= 22K Q)
5 5 5
where the value of £, and §) are usually obtained
from experiments using a fitting procedure. A num-
ber of investigators have applied this non-linear
technique to both extract the parameters s“g, M, for
a given mixture [84-86] from the existing S,(R(?))
datasets. The extracted parameters are then further
compared to numerical and theoretical results at
zero strain obtained from other types of experi-
ments.

The past decade has led to a number of out-
standing joint efforts from experimentalists and

modellers using a combination of 1D and 2D nu-
merical simulations to both unravel the effect of
stretch on CFFs and SEFs, and to find a consis-
tent and coherent way to either extrapolate the re-
sults zero strain, or to directly compare simulations
to experiments. An interesting exercise investigat-
ing the soundness of the extrapolation techniques
was performed by [85] for hydrogen and heptane
datasets in SEFs, as shown in Fig. 6. The red/green
circles show the experiments, the black dots show
the DNS displacement speeds, and the blue dots
the consumption speeds. For n-heptane, no experi-
ments are shown, only simulations. The numerical
results show a negative slope with stretch for val-
ues of ¢ from 0.7 to 1.3, after which the values
become positive. The extrapolations are extracted
for a range of values of §,(K) near which the be-
havior is linear. For both linear and non-linear ex-
trapolations, the zero-stretch values are within 20%
of the calculated unstretched value. For hydrogen,
the behavior with equivalence ratio is reversed, as
expected from the low value of Le. Measured and
calculated weighted displacement speeds have large
positive slopes with stretch for ¢ from 0.4 to around
stoichiometric, and negative slopes for ¢ above sto-
ichiometric. There is good agreement of the mea-
sured displacement speeds (red/green) with the full
numerical simulations (black dots). However, the
fitted and extrapolated values in the lean range
yield significant discrepancies of factors of up to
1.8 compared to the calculated limit values.

Recent  developments by INSA-Rouen
[14,87] have been implemented to directly mea-
sure an average consumption speed for flame
mixtures in SEFs, validating the approach for
methane mixtures. The approach is based on the
integral balance of a progress of reaction variable,
yielding:

3 3
9= IR _ B KL @
dt 3R} py dt

where R, is the equivalent radius for the vessel vol-
ume. Here the second term of the equation involv-
ing p, is evaluated using sub-pixel correlative PIV.
The method bypasses the required assumption for a
burned gas density in Eq. (17) in favour of a direct
measurement, which agrees very well with predic-
tions under stoichiometric conditions, as shown in
Fig. 7. The agreement is less favorable for lean con-
ditions (not shown), as the velocity is determined
by subtraction of two large numbers. We also ob-
serve that the value of the consumption flame speed
(green symbols) is much less sensitive to stretch
compared to the displacement speeds, as expected
from the simulations.

3.5. Flame instabilities

Laminar flames can develop instabilities under
the action of hydrodynamic and thermo-diffusive
instabilities. These arise under conditions in which
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Fig. 6. Experiments, numerical simulations, linear (LX) and non-linear (NX) extrapolations of §, /sg as a function of
normalized stretched for SEFs of hydrogen (top) and n-heptane (bottom, for different equivalence ratios. For details on
the extrapolation methods (lines), see original reference. Reprinted from [85].

small perturbations grow under the action of the
prevailing flow and thermo-diffusive constraints.
Under unstable conditions, a modified burning rate
may result due the combined effects of stretch,
curvature as well as the resulting increased area
in cellular or unstable fronts. Since conditions ex-
ist in practice where flames become unstable, how
should models be constructed to incorporate this
phenomenon?

Early work had already identified the inher-
ent instability of planar flames [88,89]. The anal-
ysis of Shivashinsky et al. [90] showed that CFFs

should be stable for very small strains, and such
is the case experimentally. Experiments in SEFs
show that flames can propagate smoothly whilst the
stretch due to curvature is high, then transition to
an unstable surface, dominated by the presence of
cells with a size of the order several times the flame
thickness [33,45,91-95].

Fig. 8 illustrates how instabilities evolve from
an initial perturbation to a flat flame surface. For
cases where the center of curvature is in the reac-
tants (left), (flame concave towards the reactants),
heavier reactants (low diffusivity) accumulate in the
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Fig. 7. Direct comparison of spatially averaged consumption speed for experimental (symbols) and DNS (lines) for
methane-air flames at atmospheric conditions, ¢ = 1.0. DNS data are represented by continuous lines. Red: s, = ’Z,—’f, blue:

density ratio term plT, % (see [14] for details), green: integrated averaged consumption speed, s.. Linear extrapolation for
consumption speed shown as dotted line and filled symbol. Reprinted from [14]. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

low diffusivity

------ high diffusivity

Fig. 8. Diagram illustrating the effect of differential dif-
fusion leading to onset (or damping) of thermodiffusive
instability. The flame front (orange), separates the burned
(b) from unburned (u) gases. Lines show the mean stream-
line (solid blue), low diffusivity reactant streamline (thin
dotted blue), high diffusivity reactant streamline (thick
dotted line). Magenta regions show areas of limiting re-
actant accumulation/depletion via differential diffusion.
(For interpretation of the references to color in this fig-
ure legend, the reader is referred to the web version of
this article.)

high curvature region. For cases where the centre of
curvature is in the burned gas (right) (flame is con-
vex towards the reactants), lighter reactants (high
diffusivity) accumulate at the cusp of the flame.
If the flame is lean, additional fuel diffusion leads
to higher flame speed, so that the flame advances
further into the reactant, leading to a growing in-
stability. Conversely, for low diffusivity fuels, more
oxygen than fuel diffuses near the crest, leading
to leaner mixtures and slower propagation speed,
restoring the flame to its original position.

The conclusion is that at lean conditions, for
very light fuels, such as hydrogen, the flame is very
prone to instabilities, leading to fast growth of the
high curvature area into the reactants. Conversely,
for heavy fuels, the sensitivity to local flame insta-
bilities is lower in the lean range. For rich condi-
tions, a similar rationale exists, but now the limiting
reactant is oxygen, so the behavior is less dependent
on the particular fuel. A clear demonstration of the
phenomena in flame cusps has been recently pro-
vided in [15] using DNS for lean propane flames,
and in [96,97] for hydrogen flames.

A useful introduction to the topic of instabilities
in general, and thermodiffusive instabilities in par-
ticular, is presented in Refs [61,98]. The recent pre-
sentation by Matalon [99] reviews the theory of the
onset of flame instability clearly, as a unification of
[63,100-102], based on the original work by Mark-
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stein [62,103]. The solution to the onset of instabil-
ities for planar flames arises from the perturbation
the conservation equations for flames (planar or
spherical), with an assumed linear approximation
for the decrease in flame speed with stretch. The
solution to the perturbed equations leads to a re-
lationship between the wavelength of the perturba-
tion, k, and its growth rate, w, called a dispersion re-
lationship. The analysis for a planar flame leads to
quadratic dispersion equation for w(k), leads to the
following approximation for the non-dimensional
growth rate (normalized by flame convective time)
as a function of wavelength (normalized by diffu-
sive length)[99]:

o = wpLk — (By + Ze(Leer — 1)B, + PrBy)k?
(22)

where wpy (o) is the positive normalized Darrieus-
Landau growth rate, a weak function of the density
ratio o, k is the wavenumber non-dimensionalised
by the flame thickness, the functions B; are positive
monotonic functions of o, and Pr is the Prandtl
number. Therefore, value of the second term pro-
portional to proportional to Ze(Le.y — 1) deter-
mines whether the flame propagation is stable (w <
0). In general, this means that mixtures with Le.y
above a critical value are also stable for practical
wavenumbers. Creta and Matalon [99,102] revised
the original theory to modify the dispersion rela-
tion via a Markstein length, and found that positive
strain in general has a stabilizing effect.

SEFs have been shown to be unstable over a
range of specific conditions associated with the
flame stretch relative to the flame time scale. Ex-
periments in SEFs show that under certain con-
ditions, flames can propagate smoothly whilst the
strain and curvature are high. Beyond a critical ra-
dius, the strain rate is too low, and the flame transi-
tions to an unstable surface [33,45,91-95]. Predic-
tions of the growth rate have been made by linear
perturbations to the governing equations. The pre-
dictions lead to a critical normalized radius R./d;
expressed as a Péclet number, based on the rate of
expansion, in [100,104,105], with the limiting con-
dition summarized by [106] as:

R,
Pe, = 5= Pe, + Ze(Legy — 1)Pe, (23)
L

where the ratio f—‘ is the smallest radius at which the

instability can take place, and the functions Pe; and
Pe, depend on ¢ and k. Beyond the critical radius,
flames become unstable, and the growth rate and
corresponding wavenumber control the rate of area
increase. The radius at which the transition takes
place depends on the multiplier of the second term
Ze(Le.g — 1). In general, colder, less reactive con-
ditions at higher pressures, and small Lewis num-
bers lead to earlier transition, but the results are not
easily generalizable, given the complex dependence
on Ze and Le. Excellent agreement has been found

by [106] and [107] for a range of hydrocarbon mix-
tures. Poorer agreement of the critical transition ra-
dius was indicated by [41] for a range of hydrogen
mixtures considered (about 40-60 percent discrep-
ancy of the radius).

The recent work of Matalon, Frouzakis, Creta
and Lapenna [72,96,108-113] is starting to address
the question of how one might address the interac-
tion between the onset of instabilities and the pres-
ence of turbulence.

Most past experiments in SEFs have under-
standably excluded measurements when the flame
transitions to instability. Nevertheless, as pointed
out by Adabbo et al. [105], as well as by Bradley
et al. [93] the growth rate of the flame is accelerated
by the appearance of cells, and the further growth
rate is proportional to ¢'/2 and a factor that depends
on the critical Péclet number. The details regard-
ing flame growth rate have yet to be properly veri-
fied experimentally, although there has been at least
one study on the topic [91], as well as selected DNS
work [114]. This is a potential opportunity for col-
laboration between experimentalists and modelers,
particularly if appropriate diagnostics are available
to measure the spatial details of the rate of flame
growth as well we heat release rate.

4. Conservation equations for progress of reaction
in turbulent combustion

In the remainder of this paper, we consider
how turbulent flame speeds are measured, and their
relationship to the consumption and heat release
rates. We start by considering the Favre-averaged
conservation equations for turbulent combustion.
These can for the moment be regarded as sub-
scale averaging, so they apply equally to (WURANS)
or sub-grid modelling by spatially filtering (LES)
in a probabilistic framework [2-4.,6,7,20,21,115].
Modeling of premixed or stratified turbulent flames
involves invoking assumptions about how to av-
erage the correlations between scalars, rates and
fluxes as functions of the local flow and turbu-
lence conditions. Considering the same framework
as in Section 4, the conservation equation for a
Favre-average progress of reaction variable ¢ reads
[2,4,7,115]

ﬁ%—f—ﬁﬁ-VE:—V-Tf—l—V-Tf—k@ (24)
where the terms for turbulent fluxes, T/ = pu’¢”,
(where (-)” indicates Favre fluctuations), molecu-
lar diffusion, T? = pD.Vc, and reaction . require
modelling. The averaged or filtered terms indicated
by (*) do not in general correspond to the values
of the operators evaluated at averaged or filtered
variables. Departures from the averaged temper-
ature create significant deviations in the reaction
rates of most scalars, which depend exponentially
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on the local temperature. The modeling of fluctu-
ating and reaction terms requires an understand-
ing of the fluctuation of the progress of reaction
variable, typically via a probability density function
(pdf) and closure equations for the higher moments
of the distribution.

Alternative formulations can be based on the
flame surface density and its propagation, equiva-
lent to those of progress of reaction for premixed
flames. In these formulations, the flame surface
density ¥ is defined as an isosurface at ¢ = ¢*. The
mean flame surface density is estimated from a
conditional gradient of progress variable [7,26] as
¥ = |Ve|s(c — ¢*) = |Ve|,_ P(c*), where |Vc|,_
is the conditional average of |V¢| at ¢ = ¢*, and
P(c*) is the probability to find ¢ = ¢* at a given lo-
cation. The mean reaction rate is often modelled
as the conditioned mean burning rate @, = ps.%,
where s, is usually assumed to be 9.

The concepts of isoprogress of reaction variable
¢ and flame surface density X are reasonably acces-
sible to the experimentalist. Additional terms in the
balance of progress of reaction such as 3D diffu-
sive fluxes, reaction rates or scalar dissipation rate
are significantly harder to measure quantitatively.

Given the ubiquitous idea of the laminar flame
speed, it is often useful to work with the measure-
ment of turbulent speeds when discussing turbulent
premixed flames. One can divide Eq. (24) by p|V¢|
to obtain a balance of speeds:

1 D¢
St = poi
Ve Dt
where the left hand term s is a mean convective
displacement speed, and the three terms on the
right can be once again identified with molecular
diffusion, turbulent flux and reaction rate. This for-
mulation is useful to understand the balance of
terms in the conservation equation for ¢, yet one
needs to be very clear in defining how to compare
simulated turbulent flame speeds with values of
quantities obtained from experiments. In particu-
lar, many turbulent flame propagation models rely
on the ability to express the unclosed reaction term
as a function of the local turbulence parameters, in
a manner that ideally is independent of flame flow
geometry. However, whereas reaction terms may
be geometry independent, diffusive flux terms de-
pend strongly on geometry via the resulting veloc-
ity fields.

Extensions and variations of models are re-
quired for systems involving stratification or dif-
ferential diffusion. Many models exist for the clo-
sure of the various unclosed source terms that arise
from the separation of mean and fluctuation (as in
RANYS) or by filtering (in LES). A clear descrip-
tion of the connection between turbulent combus-
tion models and how they relate to each other is
available in the still excellent review by Veynante
and Vervisch [7]. Many extensions have been added
through the years for the role of stratification [21],

=Sp+ SFp+Sr (25)

the role of differential molecular diffusion [116],
and the effect of heat release [4,5,117,118]. Many or
most of the models for the unclosed terms in RANS
or LES equations over the past 20 years have been
provided by extracting results from DNS. These
closures usually take the form of algebraic or dy-
namically calculated expressions for the unclosed
reaction and diffusion terms in both the mean
or higher moment conservation equations. The fi-
nal validation for proposed models must be done
against existing experiments in turbulent flames.

Previous reviews have surveyed the wealth of ex-
periments used for validation of increasingly com-
plex situations for turbulent flames [9,22,119]. In
this paper, we focus on experiments designed to ex-
tract the turbulent flame speed in premixed flames.
In Section 5, we survey the current understanding
of experimental measurements of turbulent flame
speeds. For the experimentalist, we try to clarify
the importance of understanding the precise defi-
nitions of what must be measured in order to pro-
vide suitable validation datasets. For the modeler,
we try to explain what actually has been measured
and some of the difficulties arising in the interpre-
tation of results.

5. Measuring premixed turbulent flame speeds

Measurements in turbulent premixed flames
have been performed for countless cases under a
variety of geometric conditions, with the objective
of comparing LES or RANS-based models. Com-
parisons of simulation results with experimental
values of scalars and velocities are useful indica-
tors of whether models can correctly capture flame
location and structure in both industrial and lab-
oratory flames, particularly under unsteady con-
ditions, as reviewed in [7,22,120,121]. In general,
most detailed measurements of scalars and veloci-
ties have been extracted from statistically stationary
flames, as flames in unsteady engines or expanding
flames cannot be easily targeted by optical diagnos-
tic techniques.

However, decomposing the influence of small
scale turbulence from mean flow fields is made
harder in the case of practical flames with large
scale vortices designed for stability, as in swirling or
dump-cavity stabilized flames. Instead, a number of
experiments have been performed under conditions
that more closely approximate flame propagation
for ideal isotropic turbulence conditions, where in
theory the geometry does not significantly affect
the imposed small scale turbulence.

In these experiments, one hopes to recover a
relationship (ideally universal) between effect of
small scale turbulence and the burning rate, which
can be incorporated into models, or used for model
validation. For an ideal flame brush propagating in
one-dimension (see Fig. 9), this is possible, as inte-
gration of Eq. (24) across a statistically stationary
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Fig. 9. Schematic diagram for propagation of a flame
brush into the unburned (u) gases, showing streamlines
(blue), instantaneous flame (yellow) and isocurves for
mean progress of reaction. Note that in general, iso-
curves are not parallel. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred
to the web version of this article.)

flat flame brush yields:

1 [ o,
i = =sgp=— < dé 26
e pu/o va 20

where p, the density of reactants and sz is the
measured displacement velocity at the leading edge,
and where the terms associated with divergence of
turbulent and laminar diffusion fluxes disappear.
This happens because diffusive fluxes of ¢ become
zero at both leading and trailing edges, by defini-
tion, and the symmetry of the flat flames means
that the net cross-streamtube flux is also zero. In
this case, the consumption speed becomes identical
to that of the leading edge speed, as expected from
conservation equations. However, it has not proved
possible to produce such a stable, one-dimensional
flat turbulent flame in practice. As reviewed in [122],
past geometries considered for measuring flame
speeds are: (a) stabilized flames in incoming flows
with controlled turbulence such as Bunsen, imping-
ing or opposed, V-, and diverging low-swirl flames;
and (b) unsteady spherically propagating flames in
vessels with turbulence generated by fans prior to
ignition. Instantaneous and mean flame areas have
usually been determined by 2D isoscalar imaging,
such as Mie scattering [123,124], Rayleigh scatter-
ing [125], OH PLIF [126], and in some cases, flame
natural luminosity [12,127,128].

5.1. Stabilized Bunsen flame (SBF) measurements

Bunsen flames have been most popular for such
measurements, starting with Damkdhler’s experi-
ments [12]. Consider a control volume Vs which en-
velopes the entire flame brush, while anchored at
the base of the jet. The overall mass flow rate of re-
actants 7 must equal the total rate of reactant con-
sumption when the whole flame brush is enclosed
by a control volume.

1 = p,Srodo = Pt ed: = Q 27

where the mass flow rate is of course conserved
across the envelope of the flame. The check (%) sym-
bol notation here indicates that the corresponding
speed is implicitly averaged along the flame brush
contour at an iso-¢. The corresponding velocity,
St,0, 18 often called a global rate of burning, s7 .
Notice that each iso-¢ surface is connected by mass
conservation to a corresponding density and area.

In the literature, there are large discrepan-
cies among measurements of the global quantity
st.¢ in typical Bunsen flames. Significantly, the
choice of iso-¢ curves tends to vary between in-
vestigators, from one near the leading edge (¢ =
0.01 — 0.1) [123,124] to near the peak luminosity
around ¢ = 0.5 [12,127,128]. Oddly, there is typi-
cally no attempt to correct for the correspondingly
changed mean density at different ¢ values. Further,
both the angle between the fresh gas velocity and
flame brush and the thickness change significantly
around the surface of the flame, which means that
the mass flow rate per unit area (and thus the local
turbulent flame speed and consumption rate) is far
from uniform around the flame brush.

These considerations have in the past inspired
a number of studies by Shepherd, Bray, Kostiuk,
Cant and coworkers [129-133], who measured the
separate diffusive flux terms in the balance equa-
tion Eq. (25) using local laser-Doppler anemome-
try (LDA) in order to close the balance of the con-
ditional terms in the thin flame regime for various
geometries, including Bunsen, impinging flames
and diverging low-swirl flow flames. At least one
study [132], succeeded in balancing the terms for
turbulent flames to obtain the consumption speed
using measurements of velocity and confirmed
them by independent measurements of flame sur-
face density, with the assumption of thin laminar
flames with constant flame speed. At the time, these
painstaking studies were particularly difficult, as
LDA measurements are point-wise. We suggest that
there is an opportunity to revisit these experiments
using modern high speed stereo PIV to extract sim-
ilar information for a wider range of conditions.

Driscoll [122] reviewed the ability of simula-
tions to capture the behaviour of turbulent flames
stabilized as Bunsen, V-flames, low-swirl, counter-
flow flames, and spherical flames, showing signif-
icant disagreement in the measurements regarding
which reference areas to use and how to estimate ve-
locities. Further, he observed that different authors
used different definitions of turbulent flame speed
and turbulent burning rate, which are sometimes
incorrectly conflated. In an attempt at quantifying
the differences between measurements, we have in
this paper selected datasets filtered by type of fuel
(methane only), device (Bunsen only), and operat-
ing conditions (atmospheric), and cases in which it
was possible to reconstruct the original s7: and /,
chosen, so that the normalised values are consis-
tently comparable. Even if the reference areas se-
lected are typically uncorrected for mean density at

/ldoi.org/10.1016/j.proci.2022.06.029

Please cite this article as: S. Hochgreb, How fast can we burn, 2.0, Proceedings of the Combustion Institute, https:



https://doi.org/10.1016/j.proci.2022.06.029

JID: PROCI

[mNS;August 22, 2022;20:21]

S. Hochgreb | Proceedings of the Combustion Institute xxx (Xxxx) xxx 15

Table 1

Selected measurements of premixed turbulent flame speeds of methane-air mixtures in steady Bunsen burners (SBFs) at

atmospheric pressure and temperature.

Label Ref. ¢ u=u/sy A =1/ c Measurement
Cheng88 [134] 0.7~1.0 0.8~1.8 24.5~45.9 0.5 Mie
Cheng91 [133] 0.7~1 0.8~1.9 51.4~85.7 0.5 Mie
Kobayashi96 [95,123,124] 0.9 0.3~11.3 18~212 0.5 Schlieren
Shepherd98 [135] 0.75~0.95 0.68~1.32 24~75.2 0.5 Mie
Kobayashi05 [136] 0.9 0.4~9.5 34~132 0.1 OH-PLIF
Filatyev05 [137] 1 0.28~8.5 8.9~36.6 0.05,0.5 OH-PLIF
Yuen09 [138-140] 0.6~1 2.7~24.1 8.9~30.2 0.05,0.2,0.5 Rayleigh
Troianil3 [141] 0.8~1 2.2~6.4 34.9~96.3 0.05,0.5 OH-PLIF
Tamadonfarl4 [142,143] 0.7~1 1.8~12.3 12.8~40.2 0.05,0.5 Rayleigh
Tamadonfarl5 [125] 0.7~1.35 2.4~10.4 19.9~47.1 0.05,0.5 Rayleigh
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Fig. 10. Measurements of normalized global premixed turbulent flame speeds of methane-air mixtures in Bunsen burners
57,6=0.5/sL at atmospheric pressure and temperature as a function of Rer,;, = u'ly/v, and Ka = (u'/s)**(lp/8.)~"/%. All
points selected for values measured at ¢ = 0.5, to allow full comparison.

¢ = 0.5 (see Eq. (27), at least those are consistent
with each other.

Table 1 shows that the data spans ranges of
i =u'/s; from below one to 24 and A= lo/8L
from 10 to 200 (in this section, the values of
sy and 8, refer to unstretched values), spanning
from the thin flame through the disrupted flame
regime. Calculated values of global turbulent flame
speeds, s7.;=0.5/5., from this combined dataset are
shown in Fig. 10. The primary purpose of the
comparisons is to show that there are significant
differences between measurements that in prin-
ciple should be very similar. The scaling based
on Rery, =u'ly/v =~ QA is inspired by the various
available correlations in which a power of u' of-
ten non-dimensionalized as Ret. At zero turbu-
lence, measurements should converge to the lami-
nar flame speed. At high turbulence, [122,150], sim-
ple transport theory based on a dominant eddy dif-

fusivity suggests a dependence on RelT/j0 [12,115].
Alternative analyses [151,152] suggest a depen-
dence on a negative power of a Karlovitz num-
ber, often defined as Ka = #*2A~1/2. The choice
is not unique, and sometimes a Damkohler num-
ber is used instead, where DaKa = RelT/ 2. The cor-
relations in Fig. 10 are apparent for the data ex-
tracted from each single investigation. However,
there are significant deviations between measure-
ments from different investigators. The values of
normalized s can also be plotted against & and
A with equally good (or poor) agreement. The dif-
ferences arising from different choices in iso-¢, have
been eliminated by filtering the data to only those
obtained at ¢ = 0.5 in the figure, and the same
base properties were used for the calculation of s,
and Rer,. It is possible that different burner flow
configurations can lead to different mean flow di-
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vergence, thus different distributions of velocities
around the flame brush and different mean global
flame speed values. Further detailed measurements
or data analysis revealing detailed fluxes would be
welcome to resolve the discrepancies.

There is a smaller data set of measurements
for different fuels in turbulent Bunsen flames, in-
cluding those with different diffusivity on syngas
[153] and hydrogen [154], for example. However, it
was not possible to directly compare the various
operating conditions directly given the sparsity of
the measurements in this exercise.

These comparisons show that that not only
are there significant discrepancies in the measure-
ments from Bunsen flames, even after filtering for
comparable experiments, but also that there is a
need for further detail in reporting these types
of data, including compiling detailed mean ve-
locities and their moments in space, as well as
mean progress of reaction and related turbulent
fluxes for proper comparisons with model predic-
tions. Datasets from previous experiments devel-
oped have in some cases been used for compari-
son with LES models [155,156], and subsets of data
have been used to determine the alignment of strain
and flame surface [157], as well as mean normalised
strain functions at the flame surface [137]. Yet the
lack of systematic fine grained simultaneous mea-
surements of velocity moments and progress of re-
action makes it difficult to directly assess the fi-
delity of different subgrid models, except by rela-
tively global comparisons. There appears to be a
case for revisiting turbulent flame speed measure-
ments in different geometries using stereo velocity
and progress of reaction measurements to quan-
tify the different terms (reaction, diffusion) as in
past experiments [129-133], but using modern tech-
niques that might allow inspection of a large do-
main in the flame, and comparison of individual
terms in the ¢-balance. Such measurements and
comparison with simulations would allow a coher-
ent representation of the mean consumption and
displacement speed as a function of local and mean
turbulent conditions, which could also be extended
to less well studied mixtures at non-unity Lewis
numbers.

5.2. Spherically expanding turbulent flames (SEF)

Asin the case of laminar flames, a second source
of measurements of the effect of turbulence are
spherically expanding flames. In this configuration,
there is no mean flow, and the flame propagates
through a uniform premixed mixture. The burning
rate can be extracted from the rate of pressure rise
in the vessel or from visual observations of the rate
of growth of the leading edge, when the pressure
rise is low. Subtraction of the mass conservation
equation from the balance of ¢ for the expanding
flame using a control volume across the flame brush

volume, Vj, leads to:

. d

= pisrod— 5 [ A1 -0y (28)
ot Jy,

where §7 is the mean displacement velocity rela-
tive to the velocity of the leading edge of the flame
front §r o, and 2 is the total reaction rate. The dif-
fusive terms disappear at the leading and trailing
edges, and the convective flux term associated with
(1- ¢) term disappears at the burned gas boundary.
The last integral in the RHS is negligible if the rate
of change of the mean unburned (and thus burned)
mass in the flame brush is small during flame prop-
agation. Finally, an approximation is often made
between the rate of mass burned and the volumetric
expansion of the burned gases, so that under these
conditions,

d}’)’lb d V[, d Rb

— = = ppdp—r = Q 2
g =P = el (29)

o dRy Q
~ 0T 30
Pu dt ;OuAO ( )

ST,0

Differences between 4, and A, are either corrected
for or neglected in schlieren measurements, and the
radius equivalent volume of burned gases, is some-
times adjusted to accommodate the turbulent flame
thickness at a particular instant.

The first approximation in Eq. (28) shows
that the turbulent flame speed as determined by
Eq. (30) should equal that of the consumption rate,
so long as that the total mass of unburned gases
remains constant in the flame brush. The turbu-
lent flame brush thickness has often been measured
to grow either linearly or with the square root of
time [150,158], so the term in general should not be
zero, but there have been few estimates of its mag-
nitude. The studies in [159] sought a solution to the
issue by selecting a mean radius of the flame as a
value where the term is intentionally zero, so that
the mass of burned and unburned gases are bal-
anced as observed from Mie scatter images. This
radius is in general different than the leading edge
or schlieren radius. However, a correlation between
the rate of change of the Mie-mean and schlieren
radius was established to be within 10% of each
other for experiments with propane [159]. Most
other studies have used the mid-point of flame loca-
tion based on schlieren measurements without ac-
counting for the mean density change or accumula-
tion terms described above. This is clearly area re-
quiring further confirmation and analysis for more
general situations.

The studies shown in Table 2 were selected
from those at atmospheric conditions for methane-
air mixtures, and which offered sufficient infor-
mation to be directly comparable. The ranges of
normalised turbulent velocity, & = /s, are some-
what larger than those in Bunsen flames, and the
normalized length scales A are significantly larger
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Table 2

Selected measurements of premixed turbulent flame speeds of methane-air mixtures for spherically expanding flames

(SEFs) at atmospheric pressure and temperature.

Label Reference ¢ u=u/sy A =1/ Measurement R (mm)
Abdel-Gayed84 [144] 0.72~1 10~40.5 741~1232 Schlieren /
Liull [145] 0.8 44~154 680~1900 Luminosity >20
Chaudhuril2 [146,147] 0.9 4.4~16.8 80~210 Schlieren 12~22
Chaudhuril5 [148] 0.9 4~10.3 80~210 Mie 3~13
Jiangl6 [149] 0.9 2.4~31.1 680~2800 Schlieren 25~45
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Fig. 11. Measurements of premixed methane turbulent 10 10 10
flame speeds in spherically expanding flames at atmo- Regr

spheric pressure and temperature as a function of func-
tion of Rey = u'ly/v, and Ka = (u//s1)>/2(lp/81)~ /2.

than those in Bunsen burners. The results for the
normalized flame speed $§7 = sy /s, are shown in
Figs. 11 and 12 as a function of the integral
length and radius-based Reynolds numbers. The
main point of the comparison is to show that there
are still significant disparities between measure-
ments, even for very similar nominal operating con-
ditions. Clearly, the results for methane mixtures
show that there is a general correlation with ReIT/2
as discussed for Bunsen flames. However, a whole
range of correlations have been proposed for SEF
flames based on Re7, Ka, it and Markstein or Lewis
numbers, with comparable success given the large
scatter [30,116,160].

A robust correlation has been found by several
authors with the square root of the radius-based
Reynolds number, Re}{z. The assumption is indeed
supported the scatter plot in Fig. 12, which in-
cludes the data in Table 2. The suggested scaling
was recently attributed to the role of instabilities
[147,161]. However, other theories that do not di-
rectly invoke instabilities have successfully captured
the growth of the radius as a function of time in
turbulent flames, for example using a flame speed
closure assumption [150,162,163] or scalar dissipa-

Fig. 12. Measurements of premixed turbulent flame
speeds in spherically propagating flames at atmospheric
pressure and temperature as a function of Reynolds num-
ber based on mean line-of-sight schlieren flame radius
(circles), R: Rer = 'R/v. Data for Liu_2011 [145] and
Jiang_2016 [149] are for a fixed R and different v values.
The data in squares is by [165] for different fuels at differ-
ent conditions.

tion rate modeling based on DNS closures [164].
Additional data by [165] for hydrogen, propane and
isooctane, are discussed further in Section 5.3.

We conclude from this short section on the mea-
surement of turbulent flame speeds of methane at
ambient conditions that:

(a) For conditions where there is steady state
in the mass contained in an enclosed flame
brush, it follows that the mean displacement
turbulent speed equals consumption speed.
However, there are experimental difficulties
in verifying the conditions needed for the bal-
ance, for example the mean density at the
relevant isosurface needs to be properly cor-
rected;

(b) There is a wealth of data from turbulent
SEFs that indicate various correlations be-
tween st /sy and turbulent quantities. In par-
ticular, there is good agreement for measure-
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ments of flame speeds, with scaling based on
the radius Reynolds number s7/s; ~ Reg'?
within the ranges measured. However, these
relationships are not universal for all mix-
tures and conditions, which indicates differ-
ent regimes which need to be captured;

(c) For SBFs, there is poor agreement be-
tween experiments that are nominally simi-
lar. The latter may be because of spatial non-
uniformities, differences in choice of refer-
ence area, and dependence of the local values
of s7 on the mean flow and strain rate;

(d) The role of the integral turbulent scale in ei-
ther SEFs or SBFs remains unclear, as the
ranges considered for variation in SBFs has
been small [137], and those for SEFs are typ-
ically fixed by fan arrangements. Yet from the
considerations above, scale effects appear to
be dominated by the radius growth, at least
in some regimes.

Measurements of sy between SEF and SBF
appear to not be directly comparable, as neither
method directly measures the consumption speed
for a given set of similar mixtures and turbulent
conditions. Whilst often SEF measurements are ex-
tracted at a particular radius for different values
of u/, st is shown to vary with radius, so it cannot
be generally associated with a value of (i1, A). The
measurement of two dimensional flame position
and 3D velocity is possible, and recently attempted
[32,166], to help better understand how flame sur-
face density and flame brush thickness evolve. Sen-
sible comparisons might be drawn using more fun-
damental models or turbulent simulations, which
could target the time history of flame radius, flame
brush evolution and velocity fields. That sort of
comparison has been occasionally done using both
LES and DNS for SBFs and SEFs [155,167,168],
but there is an important message for experimenters
to create and maintain shared databases that could
further help model comparison and analysis. Data
acquired from previous experiments would be very
valuable if the original detailed measurements of
radius, flame brush thickness and velocities had
been measured and made available in the form of
archival databases.

5.3. The role of Lewis number on flame
propagation in turbulent SEFs

So far we have only examined the behavior of
methane mixtures, in order to allow fair compar-
isons between datasets. Can we compare datasets
for other fuel mixtures? Surely there should be large
databases of measurements for the engine reference
fuels isooctane and n-heptane? And what might be
the role of Lewis number?

Early work on the effect of Lewis number on
the propagation of spherical turbulent flames came
from Karpov and Severin [169], Kido [170-172],

and extensive work by Bradley et al. [30,151,173],
and more recent work has been added by Law and
coworkers [147,166] and Shyy et al. [149,174]. Here
we include samples of the later work, as we were
able to verify that the range of conditions (pressure,
temperature and local flame radius) were compara-
ble to other cases. Ideal comparisons would involve
the full history of radius as a function of time for
fair comparisons.

There are countless correlations for turbulent
flame speeds, either as a function of the non-
dimensional turbulent flame speed and length scale,
or as a function of the relevant non-dimensional
numbers. In general normalized flame speeds in-
crease as a positive power of the turbulent veloc-
ity, typically expressed as Rer,,, but sometimes as a
negative power of a suitable Ka, and less frequently,
including a negative power of Le, or as best fit func-
tions of a suitable Markstein number [150-152].
A few of them have concerned themselves specif-
ically with the role of Lewis numbers. For exam-
ple, Bradley et al. [30,151] proposed correlations
for the normalized turbulent burning velocity as
St = at(KyLe)®, where K, L?zRe;_llg 2 and @ and
b are both functions of Le for the particular mix-
ture.

A study by Nguyen et al. [174] on the NCU-
Taiwan data connected data from propane and hy-
drogen from SEFs. to those of Jiang et al. [149] sug-
gested correlation §7 = C(RLieR)l/z, In their data
analysis, this appears to collapse the data for differ-
ent fuels onto a single curve. The data in [174] are
shown as squares in Fig. 12 for the different fu-
els, showing their different sensitivities to Le . A
few studies [116,175] successfully used the leading
points theory of Zel'dovich et al. and Kuznetsov
et al. [61,176] to make suitable predictions of the
propagation in turbulent SEFs for a variety of mix-
tures with different Lewis numbers, based on the
data of Karpov and Severin [169]. The theory con-
siders how differential diffusion changes the tem-
perature and thus the burning rate of a spherical
flame unit associated with the leading edge of the
flame. Studies by Muppala et al. [177] used the
asymptotic version of the leading points methods
in predictions of hydrogen mixture flame measure-
ments, but the predictions did not entirely succeed
in capturing the behavior of flame speeds. The sub-
ject is ripe for an in-depth reexamination of the
original experimental data, in the light of the in-
terest in the subject of light fuels.

! The data plotted in Fig. 12 were extracted from the
original studies in [149] and [174], but show slight differ-
ences in the calculated Reg, which may be due to differ-
ent choices for mixture properties. In general one would
expect the §7 for i-octane and propane to fall below those
of methane, which is not the case here.
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5.4. The mystery of the missing flame area

One of the enduring assumptions in turbulent
premixed combustion has been Damkoéhler’s first
hypothesis, that at moderate levels of turbulence
(Ka<100), the rate of reaction increase is a result
of the increase in the area of a relevant progress
iso-scalar, so that a factor I can be defined,

I = ST/AT _ Q
0 sp/AL puSLAT

3D

where the area A7 is the corresponding mean area
of a suitable isosurface marking the flame, A4;.

Measurements of isosurfaces in SBFs are typi-
cally done using 2D imaging of Mie scatter parti-
cles, OH or Rayleigh scattering. These have been
shown to be suitable markers except in the high-
est turbulence cases, in which the inner flame zone
may be smeared. In selected experiments in Bun-
sen flames, the global measured mass flow rate go-
ing through the flame /s was found to be larger
than the theoretically possible burning rate p,s; A7
based on the unstretched laminar flame speed and
estimated 2D flame surface density extrapolated to
3D, implying that the value of I is a factor of 2—
5[126,140]. Expected uncertainties in 2D measure-
ments are of the order of 20-30%, and differences
between 2D and 3D area estimations could be re-
sponsible for another 30%[179,180]. The role of ex-
perimental uncertainties is further discussed in [9],
but the estimated corrections do not quite reach the
larger factors experimentally observed. DNS simu-
lations which report flame isosurface areas suggest
that 3D turbulent area track the increase in reaction
rate [181,182] within 10 percent even at relatively
high levels of turbulent Karlovitz numbers, but it
is still unclear whether the small scales in DNS are
entirely representative of larger flames.

Recent measurements of 3D surfaces in turbu-
lent SEF [178] have shown that there are large dif-
ferences in the [, values determined from 2D and
3D surfaces. Fig. 13 shows the factor I, measured
as the ratio of the normalised turbulent velocity,
st/5L, as determined from the heat release via pres-
sure records, to the normalized area of the 3D iso-
surface, A7 /A, where A7 was measured using scan-
ning Mie scatter, and A4 is the mean burned gas area.
The values in the figure show that the factor I, hov-
ers around unity for methane, but reaches much
larger values for hydrogen. The conjectured reason
is the large difference in instability behaviour be-
tween in the cases for methane mixtures (Le ~ 0.7),
and for the lean cases with hydrogen (Le ~ 0.3).
The discussion in Section 3.5 suggests that lean
hydrogen mixtures are extremely thermodiffusively
unstable, as the regions of high convex curvature
towards the reactants accelerate further, propelled
by the higher fuel mass fractions transported to
those regions via differential diffusion, leading to
growing instabilities. Section 6 further examines the
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Fig. 13. Ratio of normalized measured turbulent veloc-
ity using pressure data (sr,,/sr) to the 3D measured
area ratio (47 /A) based on 3D scanning measurements,
as a function of the modified Karlovitz stretch factor,

N\ 2
K* = %(%) Re,lo/ 2 Data from [178]. Inset shows render-
ing of a 3D flame at a particular instant. Cases I-IV for
methane go from lean to rich at pressures of 1 to 5 bar;
Cases V and VI for hydrogen are for equivalence ratios of

0.3 and 0.4, respectively, at 5 bar.

recent findings from DNS regarding the role of
Lewis numbers.

6. DNS of turbulent flames: Lewis number

DNS for both laminar and turbulent flames cur-
rently provide the backbone for the understanding
of diffusive-reactive phenomena in combustion, in-
cluding the role of stretch, curvature instabilities,
as well as by providing quantitative input for a
range of parameterized closures and subgrid mod-
els for premixed and partially premixed combus-
tion [55,183-187].

These cannot yet capture all the necessary
length scales or boundary conditions of most ex-
periments at realistic scales, with a few exceptions
for small-scale burners (e.g. [188,189]). A large
number of DNS simulations have formed the basis
for sub-grid models for a large number of situations
using LES and RANS modeling [55,183-187,190].
These models are currently evolving to include im-
provements to incorporate the unusual properties
of hydrogen mixtures and instabilities [109,191].

There are hundreds of papers covering many
different aspects of DNS of laminar and turbulent
flames, and there is not enough space in this review
to discuss the vast literature on the subject. From
the early simulations of Haworth and Poinsot [192],
Rutland and colleagues [193], through the work
of Cant, Chakraborty, Swaminathan, and Klein
[190,194-197], and the more recent work of Savard
and Blanquart [198], Aspden et al. [199,200], and
Lipatnikov and colleagues [201,202], it has been
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Fig. 14. Conditional means of fuel consumption rate for DNS flames of H, (¢ = 0.4, Le &~ 0.37) (left), CH4 (¢ = 0.7, Le =
1.0)(center) and dodecane (right) (¢ = 0.7, Le ~ 4.4), normalised by the peak consumption rate for the laminar case, for
simulations at the same Ka = 36. Black dotted lines are the conditional means from the simulations, red solid lines are the
one-dimensional laminar flame profile, blue dashed lines are the one-dimensional unity Lewis number results. See original
studies for further details [181,199,200]. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

well known that the Lewis number plays a key role
in the propagation of turbulent flames.

In this final section, we review the role of
stretch via curvature and differential diffusion on
the DNS-resolved burning of three different rep-
resentative fuel mixtures: hydrogen, methane and
a dodecane, which cover very low, unity and very
large Lewis numbers, respectively. The behavior of
the reaction rate is compared under similar turbu-
lence conditions, to understand the roles of differ-
ential diffusion and chemistry.

Aspden and coworkers [199,200] have pro-
duced full chemistry simulations for lean fuel mix-
tures fuels with very different Lewis numbers, at
moderate and high Karlovitz numbers, defined
as Ka = #%/2/A'2, for domains (10 x 10 x 80)3,.
Fig. 14 shows normalized fuel consumption rates
for hydrogen (left), methane (center) and dodecane
(right) mixtures at Ka = 36 (black) as a function
of temperature, normalized by the values of the
laminar case (red). Also plotted are the results for
reference mixtures calculated with equal diffusiv-
ity (blue). Starting with the results for methane
mixtures with unity Le, it is clear that the inner
structure of the flame does not change with tur-
bulence. In contrast, the reaction and heat release
rate for hydrogen are significantly affected by tur-
bulence: the conditioned fuel reaction rate increases
about 4 times relatively to the laminar value for
moderate Ka. Finally in the case of dodecane,
the reaction rate decreases relatively to the lam-
inar case for increasing turbulence. The heat re-
lease rates (not shown) generally mirror the behav-
ior of the fuel consumption rate. A number of other
DNS studies paint a similar picture for the depen-
dence of the conditional rate of reaction on Le
and Ka [198,203-205]: for lean mixtures with low
Lewis number fuels, the rate of reaction increases
markedly with turbulence, owing to thermodiffu-
sive instabilities that change the local stoichiome-
try and increase the reaction rate. In the case of
high Lewis number fuels, the opposite effect is true,
but the effect tends to be milder, as it is weighted
by the more moderate reaction rate change with

Karlovitz number

Fig. 15. Consumption-based global turbulent flame
speeds as a function of Karlovitz number, normalised by
the steady unstrained flame speed for lean flames of H,,
CH,4 and large hydrocarbons. Crosses denote nominal av-
erages, and the vertical lines indicate one standard devi-
ation of the fluctuations observed once the flame has be-
come established. Lines: [200], detailed chemistry, orange
circles: iso-octane detailed chemistry [204], magenta cir-
cles: n-heptane two-step mechanism [205]. The different
studies use slightly different domains, which affects the
absolute value of s7.

stoichiometry compared to hydrogen. The effect of
turbulence on the burning rate is shown in Fig. 15
for hydrogen, methane and large hydrocarbon fu-
els, according to three different DNS realisations
[200,204,205]. Once again, the strong dependence
on Lewis number is apparent from the simulations,
with the largest sensitivities associated with low
Lewis number lean H, mixtures. The very strong
dependence of turbulence reaction rate on Le num-
ber is of course in agreement with experimental
findings of [93,165,178] as shown in Fig. 12, al-
though the quantitative dependence remains to be
fully validated.

The reason for the high dependence of reaction
rate to turbulence appears to be connected primar-
ily to the role of instabilities and their interaction
with increased diffusivity. This has been shown in
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Fig. 16. Joint pdf of normalized reaction rate (as flame
speed) as a function of curvature for simulations of H;
(top), CHy4 (center) [181] and dodecane (bottom) [199],
all for Ka = 36. Hydrogen: courtesy of A. Aspden, 2022.

various simulations where the Lewis number is ar-
tificially set to unity for comparison [198,200,203—
205] (see also the blue dashed lines in Fig 14). A
numerical demonstration of the higher sensitivity
of flame propagation to curvature separately from
tangential stretch is given for example in papers by
[79,80]. Turbulence leads to regions of high curva-
ture, which are unstable for low Le in the case of
hydrogen, thus amplifying the growth of the flame
area. Conversely, in the case of large fuel molecules,

the low diffusivity leads to locally leaner regions,
which suppress reaction. Fig. 16 shows the joint
pdf of the normalised reaction rate and curvature:
there is a clear correlation between curvature and
reaction rate in the case of hydrogen, moderate in
the case of methane, and a neutral one for dode-
cane. These remarkably different behaviors show
how the microscale behavior of laminar flames are
intimately connected to what kind of effect turbu-
lence ultimately has on the rate of reaction, and
whether and by how much turbulence can acceler-
ate the latter or not.

A final note should be made with regards to
the current flurry of studies, both experimental
and numerical, on the behavior of hydrogen as po-
tential energy carrier. Hydrogen is a particularly
unusual fuel, which is sensitive to flow perturba-
tions, leading to reaction throughout the low tem-
perature region when flames are turbulent. Mi-
zobuchi [97] showed very graphically how a vortex
behaves in interaction with a rich hydrogen flame
where oxygen is the deficient reactant, leading to
extremely high reaction rates in the pre-flame zone.
The investigations of Berger et al. [206], Altantzis
et al. [80] and Howarth and Aspden [207] explore
how the instabilities affect hydrogen combustion,
and how these need to be incorporated into models,
particularly in cases where the flames are uncondi-
tionally unstable. These interesting and marked ef-
fects suggest that there are still significant improve-
ments to be made in models for the prediction of
flames in mixtures with a variety of thermodiffu-
sive characteristics.

7. Conclusions

In this brief review, we attempt to create a clear
path between the understanding of the behavior of
laminar flames under stretch and curvature, their
measurement, and the broader consequences of
their individual behavior as ensembles. The sensi-
tivity of flames to perturbations in the flow field is
intimately connected to differential molecular dif-
fusion, leading to flame acceleration or suppres-
sion in larger scale turbulent flames. Therefore, un-
derstanding and properly measuring the behavior
of laminar and turbulent flames requires a suitable
understanding of how the different terms in the
balance equations contribute to the evolution of
the measureable quantities. This is particularly true
in the case of turbulent flames, where some con-
fusion remains in measurements of flame speeds
and reaction rates, largely because of experimen-
tal difficulties, but also because of certain miscon-
ceptions about what the measurements should rep-
resent. Opportunities and recommendations follow
from the discussion:

1. The definitions and interpretation of dis-
placement and consumption speeds are both
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important and distinct, as they depend on
the geometry of mean streamlines both in
the laminar and turbulent case. Experimen-
talists should become well acquainted with
these details of the quantities and how they
can (and cannot) be isolated for comparisons
with model.

2. There are significant opportunities to re-
visit some excellent previous measurements
of turbulent premixed flames using modern
high speed techniques over a wider range
of conditions. The use of 2D and quasi-3D
techniques for velocity measurements, com-
bined with high resolution processing could
yield valuable information regarding individ-
ual terms in the balance equations for a vari-
ety of flames, for well designed experiments.

3. The role of Lewis number in the evolution of
turbulent flames is well explored in DNS, and
there is a wealth of data of flame evolution
of turbulent SEFs for a range of mixtures of
different Lewis numbers which generally con-
firms the direction of flame behavior. How-
ever, the latter database is limited in exper-
imental detail, even though selected models
have been able to reproduce the final evolu-
tion of flame growth in various cases. There is
an opportunity for better understanding the
limits to the effect of turbulence on high (and
low) Lewis number fuel mixtures, especially
as new fuels are considered for a variety of
applications.

4. The value of experimental measurements
increases significantly when original mea-
surements of flame position, flow velocity
and their statistical properties can be pre-
served for revisiting for comparison with fu-
ture models. In contrast, post-processed sec-
ondary variables which require assumptions
or models in their derivation may not easily
be re-usable.

As ever, the most valuable findings arise from
detailed collaboration between modelers and ex-
perimenters. Bridging the language between these
groups, and understanding what is both feasible
and potentially useful will continue to require con-
versation and iteration.
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