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ABSTRACT

This work presents an experimental set of Bunsen flames characterized by a moderate Reynolds number and a variable turbulence intensity.
Ten lean hydrogen-enriched methane-air mixtures at three turbulence levels are investigated, ranging from methane-air to hydrogen-air
mixtures. Such mixtures are selected to have an almost constant laminar flame speed while inducing the onset of thermal-diffusive (TD)
instability by gradually increasing the hydrogen content of the blend. The flames’ global consumption speed, stretch factor, and flame surface
area are investigated and discussed as functions of the effective Lewis number of the mixture. As the interplay between TD instability and tur-
bulence enhances the overall flame propagation, below a transitional Lewis number, flames are observed to be particularly sensitive to exter-
nal turbulent forcing. This synergistic interaction is discussed in terms of Karlovitz and Lewis numbers. A parameterization of the turbulent
flame speed is thus proposed, based on a functional form depending, concurrently, on both Karlovitz and Lewis numbers. The proposed
form is shown to fit the experimental results at different turbulence levels and to capture the flame speed enhancement across the transitional
Lewis number.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0232458

I. INTRODUCTION in units of integral length scale L /£y, the Schmidt or Zel'dovich num-
bers as well as the Markstein number. In this context, much work was

In the context of turbulent premixed combustion, the turbulent )
flame speed St is defined as the speed at which reactants are consumed done to 1rlnodel the experimental measurements of the turbulent flame

through a suitably defined average flame surface. It is one of the funda- ~ sPeed-" ' '
mental quantities to investigate and characterize to model premixed Following a slightly different approach, attempts were als(? ma.de
flames in a turbulent setting. An initial attempt to parameterize this to decouple the effects of the turbulent area A7 from the diffusive
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quantity dates back to the seminal work of Damkhdler,' and the search
for a model of the turbulent flame speed has been relentless ever
since.”

For carbon-based fuels, where thermal and mass diffusivities can
generally be of the same order at near-stoichiometric conditions, the
dependence of turbulent flame speed is sought in terms of observables
that can affect the amount of flame wrinkling, such as the whole spec-
trum of turbulent kinetic energy and its dissipation rate, usually
expressed in terms of the turbulent velocity fluctuations as well as
external and Taylor scales. The flame thermochemical parameters also
play their role: namely thermal expansion, thermal thickness, laminar
flame speed, whether strained (S;) or unstrained (S?). Usually, such
quantities are used in non-dimensional form, i.e., the turbulent velocity
fluctuations in units of laminar flame speed u’/S, thermal thickness

effects acting within the flame front thickness. To this end, the turbu-
lent flame speed was modeled as St/S? ~ Io(Ar/Ay), where Ay is the
unwrinkled mean flame area and the stretching factor I is a measure
of the discrepancy between the increase in turbulent flame speed and
the increase in turbulent area,'” ' effectively accounting for the varia-
tion of flame reactivity due to turbulence. An interesting scaling for I,
with the Karlovitz number was proposed in Ref. 16, I ~ Ka''/3),
which well fits the experimental results of Refs. 17 and 18 in which,
again, the fuel Lewis number is kept close to one.

An additional effect to be taken into account is the onset of the
intrinsic hydrodynamic or Darrieus-Landau (DL) instability, which
can potentially affect propagation at large scales. Asymptotic theory
and, more recently, direct numerical simulations (DNSs)"?** have
been used to perform linear stability analyses for premixed flames
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yielding dispersion relations for the growth rate of harmonic flame dis-
turbances. A cutoff length scale /. emerges so that any disturbance
larger than this is exponentially amplified in the linear regime. In prac-
tical situations, when the integral scale of the system is larger than the
cutoff scale, the flame can exhibit a range of unstable scales that further
enhance the wrinkling,” *” although at higher turbulence intensity a
unified turbulence-dominated regime is likely reached."”***’

The use of hydrogenated carbon-based fuels to mitigate carbon
dioxide emissions introduced the additional effect of uneven heat and
fuel mass diffusivities, resulting in Lewis numbers potentially signifi-
cantly smaller than unity. This leads to the activation of an additional
intrinsic instability mechanism, of thermodiffusive (TD) nature and
active at smaller scales, which has been observed, both numerically
and experimentally, to deeply affect both laminar and turbulent flame
propagation, in particular when the Lewis number is lowered below a
critical transitional value.”””*" ** As an exemplification of the differ-
ences between TD-stable/TD-unstable flames, Fig. 1 shows OH-LIF
measurements performed by the authors, used to trace the reactivity
and morphology of lean methane-air and hydrogen-air Bunsen
flames. On one hand, DL (pure methane) instabilities, which introduce
a distinct cellularity in the flame conformation, play a distinct role in
increasing the turbulent area. On the other (pure hydrogen), the
TD-induced stretch patterns locally increase the reaction rate, affecting
the flame reactivity,”’"”* inducing a strong reduction of the reaction
rate at cusp apexes (conventionally described with negative flame front
curvatures), in contrast to a superadiabatic flame temperature at flame
troughs where curvatures are positive. The two effects combined result
in an enhanced combustion regime typical of low Lewis number
flames. It is worth noting that the presence of thermal-diffusive insta-
bilities alone is not possible. Being the hydrodynamic instability a phe-
nomenon ubiquitous present in a flame, due to the thermal expansion
through the flame front, that of the thermal-diffusive type is driven by
the disparity between mass and thermal diffusivity, which can be elimi-
nated by acting on the composition of the reactant mixture. In addi-
tion, very lean mixtures at high contents of hydrogen are shown to be
characterized by a negative Markstein length Ma’*"° with the result
that negatively stretched laminar flames propagate faster than an
equally stretched hydrocarbon-based flame whose Markstein length is
positive.

In this work, we present results from an experimental campaign
in which the addition of hydrogen in a methane-air Bunsen flame at

200 400 600 200 400 600

FIG. 1. OH-LIF measurements for lean methane-air flame (left panel) and lean
hydrogen-air flame (right panel), as reported in Table . LIF signal is normalized
with the local maximum of each snapshot. In pure hydrogen flame, the enhance-
ment and depletion of LIF intensity signal are visible that can be translated into an
indication of the intensity of the reaction rate. Axes are reported in pixels and their
resolution is about 50 um per pixel.
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constant bulk Reynolds number (mixtures ranging from pure methane
to pure hydrogen) drives the Lewis number Le from almost unity
toward lower values. Such a set of variable Le flames is forced with dif-
ferent levels of turbulence, achieved by moving a perforated plate along
the streamwise direction. Mixtures are chosen to maintain the laminar
flame speed constant while the Lewis number is decreased to isolate
such effects. Then, the experimental results are presented as a function
of Le and a parameterization of the turbulent flame speed is proposed
to improve the existing models.

In Ref. 37, asymptotic expressions show that the stretched lami-
nar premixed flame increases its flame temperature and mass burning
rate when non equidiffusion of species is present, i.e., Le < 1. In partic-
ular, the mass burning flux is linearly proportional to the Karlovitz
number and to the inverse of the Lewis number. When the Lewis num-
ber is even lowered, thermodiffusive instability can occur, triggered by
small disturbances of the flow field.””* This is shown to have a deep
impact on the mass burning regime and consequently on the turbulent
flame speed.”””""*

In particular, turbulent flame speed models where non-
equidiffusion effects are not taken into account were proposed by
authors in Refs. 8-11 with the only exception of Ref. 11 where a Le®?
dependence is introduced, and in Ref. 7 in which an indirect depen-
dence from Lewis number acts through the influence on some thermo-
chemical parameters. In a recent work,”” this restraint was an object of
attention and corrections were proposed in order to introduce explic-
itly the Lewis dependence. Those turbulent flame speed models, where
the influence of the Lewis number is modeled with power laws having
a single exponent,'** do not seem to capture the behavior across the
transitional Le. For this reason, in this work the parameterization pro-
posed is based on a functional form depending on both Karlovitz and
Lewis numbers, with the aim of capturing the transition across the crit-
ical Lewis number for all turbulence levels.

Il. METHODS
A. Thermochemical properties

The experimental dataset features 10 different fuel-air mixtures
at increasing hydrogen content, having a fuel composition that varies
from pure CH, to pure H,. Each condition is fully characterized by the
equivalence ratio ¢ and the volumetric fraction of hydrogen « in the
fuel. The (¢, o) combinations for the present analysis are chosen such
that the unstretched laminar flame speed S? remains approximately
constant, without the introduction of any bias in the turbulence-flame
interaction interpretation. As the hydrogen content is increased, differ-
ential diffusion effects are expected to be more relevant. When fuel
blends and realistic mixtures are considered, as in the case of hydroge-
nated methane-air mixtures, multiple Lewis numbers can be singled
out and the definition of an effective Lewis number Le can be useful.
Such effective value is evaluated using the definition of Bechtold and
Matalon™ using a single reference Lewis number for the fuel’s mixture
with a volume-based approach,”

(Leg — 1) + (Lep — 1)F

1+F '
where F = 1 + Ze(® — 1), with Ze being the Zel'dovich number and
® = ¢ the equivalence ratio, when the mixture is rich (¢ > 1) and

® = ¢ ' for lean mixtures. Deficient and excess reactants can be
either the fuel mixture under investigation or the oxygen depending

Le=1+

1
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on the amount of air used, i.e., lean or rich mixture. The Lewis number
of the methane and hydrogen mixture is weighted with their respective
volume (or equivalently molar) fraction,

Lepisure = (1 - OC)LeCHA + OCLEHZ. (2)

Consistent with a companion work,”” the oxidizer and fuel Lewis
numbers are taken on the burned side of a laminar 1D premixed flame,
simulated using Cantera”’ with detailed chemistry and transport mod-
els,"" at each condition of interest in terms of ¢ and o. Using the same
set of 1D flames, the Zel'dovich number Ze is evaluated as described in
Ref. 42. The resulting Le ranges between 1.03 and 0.38 as « is increased
for the 10 thermochemical conditions used in this study. The values of
Le as well as the laminar unstretched flame speed S? and laminar ther-
mal flame thickness L are reported in Table I. Note that, as discussed
in Ref. 33, slightly different values of Le, i.e., 5%, can be obtained
using different definitions for Ze.

A mixture is defined as thermodiffusively unstable when the
effective Le is lower than a critical Ley. Possible definitions of Ley stem
from model dispersion relations, identifying the Lewis values that lead
to a null second-order term in the dispersion relation as discussed in
Ref. 30. In the present case, using realistic mixtures, we employ the
model dispersion relation of Matalon et al."’ as also done in recent
DNS studies.””** However, it is worth mentioning that the resulting
Ley is only a qualitative indicator as the model dispersion relation can
largely differ from the dispersion relations obtained using DNS."**’
This being said, the resulting Ley remains in a rather confined range
between 0.50 and 0.63, confirming that the thermochemical flame con-
ditions investigated in this work span both TD-stable (low ) and TD-
unstable (high o) mixtures. Note that a detailed discussion on the sta-
bility limits of the thermochemical condition explored by the present
experimental dataset is reported by the same authors in Ref. 33.

B. Turbulence characteristics and measurements

The flames investigated in this work feature a Bunsen burner
configuration with a diameter of D = 18 mm. The same geometry and
setup was employed in previous studies focusing on the interaction
between DL instability and turbulence'*******° at different Reynolds
numbers and propane-air mixtures. For the present study, a moderate

TABLE I. Thermochemical conditions of the experimental dataset: equivalence ratio
¢, volumetric fraction of hydrogen in the fuel o, thermal flame thickness Lr, laminar
flame speed S, and effective Lewis number Le.
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bulk Reynolds number Re ~ 5000 is chosen and the turbulence inten-
sity is further modulated by a grid placed before the nozzle exit. In par-
ticular, three positions of the grid are chosen to reach different levels of
axial velocity fluctuations «//, located at 1D, 2.5D, and 6D from the
nozzle exit. The mean axial velocity Uy, defined as the mass of fresh
reactants flowing through the Bunsen cross section, is the same for the
three levels of turbulent intensity, with the bulk Reynolds number
being constant, thus Uy = 4.4m/s. As expected, higher ' and larger
turbulence integral scale ¢, are obtained when the grid is located closer
to the nozzle exit as reported in Table II.

The axial velocity fluctuations are measured along the burner axis
at its exit while the integral length scale is measured at the first zero
crossing of the axial velocity autocorrelation coefficient along the
burner axis.

The velocity fields are measured via particle image velocimetry
(PIV), seeding 2 um alumina particles in the fresh mixture as a laser
sheet scans an axial plane above the Bunsen exit. Mie diffusion of light
resulting from the elastic interaction between the laser light and the
alumina particles is recorded by a CCD camera with a repetition rate
of 10Hz and a resolution of 2048 x 2048 pixels equipped with a
80 mm focal length lens and an interference filter to suppress any other
wavelength of light except that at 532 nm, typical of 2"* harmonic of
Nd:YAG sources. The velocity field is obtained by 32 x 32 pixels inter-
rogation windows with an overlap of 50%. The laser source is a
532nm Nd:YAG delivered through a cylindrical lens to expand the
beam into a laser sheet characterized by a thickness of ~400 um at
FWHM. The resolution for each pixel is 41 um. The resulting images
are comprised of two distinct regions defined by very different levels of
scattered light intensity reflecting unburnt and burnt regions with dif-
ferent values of temperature and density. The steep gradient separating
the two regions traces the flame front separating burnt to unburnt
mixture. A threshold technique allows for the definition of a binary
image, where zero values are associated with cold denser reactants and
ones stand for hot burned gases, leading to the definition of a mean
progress variable C ranging between 0 and 1. With binary images
available, the flame front can be measured and values for the turbulent
area as well as mean flame position follow.

Radical concentration measurements are performed by acquiring
the fluorescence signal emitted by hydroxyl (OH) radicals. To this end,
a Nd:YAG laser beam combined with a tunable dye laser and with a
second-harmonic generator crystal is used to shift the laser wavelength
from 532 nm down to 282.93 nm (further experimental details can be
found in Ref. 47). An intensified 2048 x 2048 pixels SCMOS camera,
triggered with PIV CCD, collects the induced fluorescence emitted at

Case# b0 () Ly (mm) 8¢ (m/s) Le 310 nm. The fluorescence signal from OH radical is proportional to its

1 0.875 0.0 0.48 0.33 1.03 TABLE II. Turbulent non-reacting flow field characterization of the Bunsen configura-

2 0.825 0.3 0.47 0.34 0.92 tion at Re ~ 5000 for the three different grid positions resulting in fow, medium, and

i / ; i —

3 0.775 03 0.49 032 085 high u'. Turbulence intensity, T.U. = '/ Uj.

4 0.725 046 0.48 0.32 0.76 Case label: Low Medium High

5 0.675 0.6 0.48 0.33 0.67

6 0.650 0.66 0.49 0.32 0.62 Grid position 6.0D 2.5D 1.0D

7 0.625 0.72 0.49 0.32 0.59 u' [m/s] 0.22 0.33 0.44

8 0.600 0.78 0.49 0.33 0.54 4y [mm)] 5.5 6.2 6.9

9 0.550 0.88 0.49 0.33 0.47 T.U. 0.05 0.075 0.1

10 0.475 1.0 0.51 0.33 0.38 Plots legend O O A
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concentration and relative measurements are possible (absolute mea-
surements of concentrations are instead prevented from non-radiative
deexcitation channels that are generally active together with detectable
fluorescence emission).

Since parameters (¢, o) have been chosen such that $°
remains approximately constant, the Karlovitz number Ka = L2 /n?
= (u’/Sg)WZ) (Lr/£o)"?, where the Kolmogorov scale 5 is also
approximately constant. Indeed, the location of each flame series char-
acterized by low, medium, and high values of u' is rather close in the
Borghi-Peters diagram as shown in Fig. 2.

Ill. RESULTS
A. Experimental turbulent flame speed

The turbulent flame speed is evaluated using the global consump-
tion speed concept,
m

Sp=—"
" A

3)
where 7 is the inlet mass flow rate of the fresh mixture of density p,
(at room temperature), while A, represents the reference surface area
of the mean flame, evaluated at the averaged progress variable
C = 0.5, when the time-averaged flame is considered as axisymmetric.
In Appendix A, implications for different values of iso —C are
discussed.

Figure 3 shows the turbulent speed, normalized with the laminar
unstrained speed Sg, as a function of Le for the three turbulent condi-
tions investigated. Large symbols refer to the Le numbers reported in
Table I, while smaller symbols, used here as a reference, represent val-
ues of Le obtained using alternative definitions, as discussed in Ref. 33
and in Sec. IT A. Thus, in the figure each point of the experimental
results is reported by using different values for the Lewis number to
show that Lewis variations have little influence on the results discussed
and that the existence as well as the identification of a transitional
Lewis number is not compromised. For the lower #’ case, the enhance-
ment of S7/S? is rather limited as the hydrogen content in the fuel
blend is increased and the Lewis number is lowered. Conversely, a sub-
stantial impact of hydrogen addition can be observed for the medium
1 values and even more so for the large v/ cases. Comparable results
are present in the literature for the corresponding thermochemical and
fluid-dynamic conditions. In particular, DNS results in Ref. 38 have

1000
low o _
medium O
100 high N
S
E\’J 10
= } o Ka = 1
w8,
N N
01 I T \0 |
0.1 1 10 100 1000 10000

lo/ Ly

FIG. 2. Regime diagram for premixed turbulent combustion: each point represents
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FIG. 3. Log-log plot of the turbulent flame speed Sy normalized with S?. Dashed
and continuous lines are linear regressions of experimental results conditioned to
Le < Ley and Le > Ley. For color coding, see Fig. 2. Large symbols refer to the
Le numbers reported in Table |, while smaller symbols represent values of Le
obtained using alternative definitions, as discussed in Ref. 33 and in Sec. Il A.

comparable amplitudes of St for Le = 0.34 and Le = 1.2; DNS results
reported in Refs. 30, 31, 49, and 50 and experiments’”‘S 152 show the
thermodiffusively unstable turbulent flame velocity to be almost three
times larger than that of thermodiffusively stable flames. Those values
are comparable to the present results, at least for the largest turbulent
velocity fluctuations; DNS results reported in Ref. 22 show 65% incre-
ment of the flame velocity compared to laminar flame speed in the
same thermochemical conditions.

Comparing the effect of increasing turbulence under the same
thermochemical conditions, i.e., same Le, it is evident that flames with
higher hydrogen content are more sensitive to increasing u'. This syn-
ergistic interaction”' of turbulence and thermal-diffusive flame insta-
bilities has been discussed in Ref. 33. In addition, the log-log
visualization reveals not only a linear scaling but also a visibly different
behavior whether the effective Lewis number is larger or smaller than a
transitional value, in the range of Le, as previously discussed and irre-
spective of the turbulence levels. These limits, shown in Fig. 3 by two
vertical dashed lines, encompass all the scaling transitions obtained
with the different Lewis number definitions and are comprised
between a minimum value and a maximum value of 0.63 and 0.74,
respectively, which closely fall within the range of critical Lewis num-
bers Ley = 0.50 — 0.63 previously reported. It is thus reasonable to
assume a reference transitional Lewis number Lej ~ 0.68 taken as the
average between the two limit values identified where the slope of
Sr/S? is steepened as Le decreases. In addition, the transition between
the two slopes is observed to be smoother when turbulence is
increased. In other words, for flames with higher hydrogen content,
the higher sensitivity to turbulence persists but the transition from
thermal-diffusive unstable to stable regimes ceases to be abrupt. This
behavior is akin to the unifying “turbulence-dominated regime”
observed for hydrodynamically stable and unstable flames, ”***’
where turbulence effects in creating turbulent surface area overwhelm
instability surface generation.

To further investigate the global consumption speed, we express
it as

the conditions of an experimental flame colored with the turbulence intensity that is S% =1 ﬁ, (4)
varied through grid positioning as reported in Tables | and II. St Ay
Phys. Fluids 36, 115122 (2024); doi: 10.1063/5.0232458 36, 115122-4
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in which two contributions are singled out: the turbulent surface area
Ar, normalized with Ay, and the stretch factor I, which is a global
measure of the deviation of the flame speed from that of an
unstretched laminar flamelet. The turbulent area At is determined
from the volume integration of the flame surface density X, which is
the ratio between the flame surface area and its embedding volume, as
discussed in Refs. 14 and 46, while the mean flame surface A, is
defined in Eq. (3). Note that the choice of the reference surface A,
becomes immaterial when Eq. (3) is plugged into Eq. (4).

The instantaneous flame fronts shown in Fig. 4 underline the
effects of both turbulence and Lewis number on the development of
the turbulent area. The increased amount of flame wrinkling acts to
reduce the flame height as the turbulence is increased and the Lewis
number is reduced. A quantitative visualization of the normalized tur-
bulent area Ay /Ay, which deprives the turbulent area of flame height
effects and of the influence of the mean flame, is displayed in Fig. 5 as
a function of the Lewis number. Although both thermal-diffusive
effects and turbulence come into play in the enhancement of the nor-
malized turbulent area, the trend appears to have a constant slope,
insensitive to the turbulence intensity and Lewis number, and no tran-
sitional behavior is observed at the critical Lewis number Lej. On the
other hand, if we observe the stretching factor Iy, displayed in the top
panel of Fig. 6, a clear transition emerges for Le < Lej, wherein
thermal-diffusive effects act synergistically with turbulence in amplify-
ing I, and thus the net flame reactivity. This reveals that flame behav-
ior shown in Fig. 3 cannot be entirely accounted for by the flame
surface area enhancement Ay /Ay, but it should be sought mostly in
the enhancement of reactivity given by the synergistic action of turbu-
lence (induced flame curvature and strain) and thermal-diffusive
effects within the inner structure of the flame front, as revealed by the
behavior of Ij,.

The effect of the Ka number at low Lewis numbers is more
evident if the stretching factor is compensated with a scaling law of

80 ‘ ‘ ‘ ‘ ‘
low o’ medium ' high o’
707
—— Flame #1
60t 1 {l{—— Flame #5 |]
Flame #10
507
El
£ 40
=
307
207 \
' \
10/ /} )
|
, |
[ 1 > U
-10 0 1 -10 0 10
z [mm] x [mm)] x [mm)]

FIG. 4. Instantaneous flame front realizations at different Lewis and Karlovitz num-
bers. Left, case low; middle, case medium; right, case high (see Table Il). Colors:
black, flame #1; red, flame #5; cyan, flame #10 (see Table I).
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FIG. 5. Behavior of the normalized flame surface area A7 /A, for different Lewis
numbers and turbulence intensity. Vertical dashed line refers to Le = 0.63 — 0.74.
For color coding, see Fig. 2.

the kind Ka'/? purposely built for near unity Lewis number (lower
panel of Fig. 6) as discussed in Ref. 16, for flames with thermal and
mass diffusivity of the same order. In the latter scaling, the discrep-
ancy between turbulent combustion enhancement Sr/S? and the
normalized turbulent area increase Ay /A, is entirely accounted for
by Karlovitz effects. For Lewis numbers closer to unity, the com-
pensation yields a rather flat response (I - Ka=1/3) ~ const), but

3 T ; I
i ) o v small
2.5 : X o v medium
A
oL A ! ! A v large
A 1 1
u] A A Al
1.5 SR A A A s
. o .
o 0 0O ? 8 :g [= =]
1 B 1 1 ]
1 1
0.5 : : _
1 1
0 | [ 1 | |
0.4 0.6 0.8 1
Le
T T T T T 1
3 — —
D25 Lo 1§°®
g Le
= oL {06
15 1 | L | l 0.4
-08 -07 -06 -05 -04
Logio(Ka)

FIG. 6. Top: stretching factor Iy at different operational conditions. Vertical dashed
line refers to Le = 0.63-0.74. For color coding, see Fig. 2. Bottom: stretching factor
vs Karlovitz number parameterized with Le reported in the color bar. Iy was com-
pensated with Ka('/®) according to Ref. 16.
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as the Le is further reduced and the thermal diffusivity exceeds the
mass diffusivity, the Ka'/? scaling is lost.

B. Parameterization for turbulent flame speed

We now focus on the search for a suitable scaling function for the
turbulent flame speed, capable of fitting the experimental results seen
thus far. We begin by analyzing its sensitivity to the Karlovitz number.

Concerning the logarithmic plot in Fig. 3 (large symbols), the
thermodiffusively unstable regime (Le < Leg) is represented by dashed
segments whereas the stable regime (Le > Le;) with continuous seg-
ments, both representing power laws found by linear regressions of the
kind of y = mx + p. Figure 7 shows that both m and p (in the log -log
plot they represent, respectively, the exponent and the prefactor in a
power law function) can be well approximated by linear functions of
the Karlovitz number. By introducing the ansatz that such parameters
are functions of the Karlovitz, Ka, number alone, one may represent
the turbulent flame speed as

§ (Ka, Le) = A(Ka)Le" X (5)
where all the dependencies from the Karlovitz number are explicitly
expressed. In this view, the prefactor A stands for turbulent area
increase with turbulence, while the power law should mimic the syner-
gistic effect between thermal-diffusive instability and turbulence.

In logarithmic form, this reads

S
Logio (S—g) = Logio(A) +mLogio(Le) (6)
L N——

with dependencies from Karlovitz and Lewis removed for conciseness
and 107 = A. Plugging such results into Eq. (5) with p = {,(Ka) and
m = (,,(Ka), we obtain

N ¢ ¢

T (Ka, Le) = 105 &) [fn(Ka) )
St

« »

with different values for {» and {,,, in the stable (subscript “s”) and
unstable (“u”) regions. Linear regressions of data pictured in Fig. 7
yield exponents {,(Ka) and {,,(Ka). More precisely, when Le < Lej,

{pu(Ka) = —0.08 + 0.96 - Ka, ©
{mu(Ka) = —0.04 — 1.90 - Ka,

and when Le > Le;,

1 _|—G m uns‘t —-% D unst I—e—m stable I—llt-—p stablel_
Un \ |
O
—_——
. _
| | |
0.1 0.2 0.3 0.4 0.5

Ka

FIG. 7. Fitting parameter of turbulent flame speed power laws of Fig. 3. The fitting
function is of the kind y = mx + p. Labels unst and stable refer to regressions for
Le < Ley and Le > Leg, respectively.
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{ps(Ka) = 0.03 +0.72 - Ka,

. ©
{ms(Ka) = 0.55 — 3.08 - Ka.

The system of Egs. (7)-(9) can be used to parameterize the turbu-
lent flame speed at varying Lewis and Karlovitz numbers as shown in
Fig. 8, where all the experimental data, belonging to the stable/unstable
regions, are well fitted and the critical Lewis number is found at the
intersection of the two scaling laws. At high Ka (black triangles), the
two curves are almost superimposed, thus supporting once again
the hypothesis that turbulence acts to smooth the transition between
thermal-diffusive stable/unstable regimes. Indeed, this is also seen by
the converging trend of the two angular coefficients m, shown in Fig. 7
and representing the exponent of the scaling law of Eq. (5).

An attempt to find a unifying function to describe the turbulent
flame speed being able to model the crossover through the critical
Lewis number Le;; can be made by introducing the following:

S 10%u - LeSmu
T (Ka, Le)) = S
St (1 108 - (Le/Le} ")W
+ ( e/ 60) (10)
B= (:ps - pr
V= Cmu - Cms’
When Le < Lej, the model behaves as
Sy o
—(Ka, Le) o< 10 - L™, (€3))
S
and when Le > Lej
ST (Ka, Le) oc 10% - Len 12
g( a,Le) o« s . L, (12)

In this case, the constant % is used to tune the transition steepness
across Le; and a suitable value is taken equal to i1 = 5. The result is
plotted in Fig. 9.

To conclude, we compare results obtained with the present
parameterization to those obtained with two different models chosen
in the literature. The first one is found in Ref. 11 in which the Lewis
dependence is set with and exponent of —0.3,

ST M’ 0.55 EO 0.15 0
— = 1.53( — — Le 7.
S0 <s°) 5.) ¢

FIG. 8. Turbulent flame speed: experiments vs fitting functions. Dashed lines use
parameters defined in Eq. (8). Continuous lines refer to those in Eq. (9).
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FIG. 9. Turbulent flame speed: experiments vs unified fitting functions of Eq. (10).

The other was originally proposed in Ref. 9 and further modified
to take into account the thermal-diffusive effects of the Lewis

number,”®

Sy N 075 140\ 025 1-Le\ /S
o1+ 062+ Le (= 2 S A
G R (sﬁ 5.) T\Ie Juisita

where 8, = ar,/S? is the Zel'dovich flame thickness with o7, being
the unburned gas thermal diffusivity.”

Results are plotted in Fig. 10 as a function of the Karlovitz num-
ber and parameterized with the Lewis number. With this representa-
tion, the synergistic effect at high Karlovitz number is further
highlighted. The proposed parameterization (black solid lines), while
converging at low Ka values, tends to diverge as the turbulence forcing
increases and the synergistic effect comes into play. The other two
parameterizations reported with green and red dashed lines, instead,
apart different amplitudes, in one hand, fail to reproduce the synergis-
tic effect at high Karlovitz, while in the other, do not collapse to a
unique value at low level of turbulence.

IV. CONCLUSION

In this work, we have presented an investigation of an experimen-
tal dataset under addition of hydrogen in a methane-air Bunsen flame

12
T T T T T N 1
10 - T 0.9
8 ¢ . M 0.8
=l P *, o
= 6f . N e | 0.7 3
2 ; 0.6
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Sk _
o P 0.4
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FIG. 10. Turbulent flame speed: experiments vs fitting functions present in literature.
Red dashed line,"" green dashed line,”” and black solid line present fitting function
as a function of the Karlovitz number parameterized with the Lewis number. Color
code, Lewis number.
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at constant bulk Reynolds number and variable Lewis numbers. These
values, for elevated hydrogen volume fractions in the fuel, fall below a
critical Lewis number Ley, indicating that the mixture is thermodiffu-
sively unstable. The turbulent flame speed St is monitored at different
turbulence intensities and a wide range of Lewis numbers. Results
show that Sr/S? increases as the Lewis number decreases while an
enhanced sensitivity to the turbulent velocity fluctuations is observed
when the fuel blend is characterized by low Le. The increase in turbu-
lent flame speed is shown to be caused by an enhancement of the reac-
tivity of the flame front rather than by the increase in the normalized
turbulent flame area. A thorough quantitative parameterization of the
experimental results is proposed, based on a functional form depend-
ing on both Karlovitz and Lewis numbers, which is also capable of cap-
turing the transition occurring in the Le ranges that approach a
representative critical Lewis number Le; for the mixture investigated.
While the range of Lewis numbers explored in this work can
hardly be enlarged, additional future research efforts are envisaged to
span wider variations of the Karlovitz as well as the Reynolds numbers,
to assess the validity of the results obtained or establish a more complex
behavior of the functional fit proposed for the experimental results.
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APPENDIX: EXPERIMENTAL DATASET OF H,/CH,-AIR
BUNSEN FLAMES: INTERPLAY OF INTRINSIC
INSTABILITIES AND TURBULENCE

Indeed, the choice of C = 0.5 is somewhat arbitrary when con-
sidering the turbulent flame speed as the reactant mass flow rate
flowing through an average flame front. The closer the isosurface is
chosen to the leading edge of turbulent flame brush, the higher the
numerical value of the turbulent flame speed. This is debated in
detail in Refs. 48 and 53 where different contributions from litera-
ture are considered either evaluated at C = 0.5 and C = 0.1, and
for the purpose of comparison, they are converted to the value of
C = 0.5.”" Nonetheless, in Ref. 53 the turbulent flame speeds vs the
turbulent intensity evaluated at C = 0.5 and C = 0.1 are shown to
be described by a power law with the same exponent although with dif-
ferent prefactor, suggesting that the only difference between the two of
them is the amplitude but not the general scaling behavior. Also in
experimental work'” and in the review work of Ref. 48, the reference
value of C = 0.5 is chosen for the measurement of the turbulent flame
speed.

In the present case, where the Lewis number is lowered to val-
ues where the thermodiffusive instabilities are likely present, the
choice of the proper isoline value for C has its importance. In

1 T
B R
%
2
@l‘ 06 F o-o__
Zo04af o
g
=02 F
o L
!
-05 -04 -03 -02 -0.1 0 0.1 0.1 0.2 0.3 0.4 0.5
Logy (Le) Ka
1 ! T T
3 08 H -
5 0.6 .A"‘Ay;,i —
Zoo4 o PR
> Smag
S o2 b Oeoag :m 4
0+ b i
1 1 l il I
-05 —-04 -03 -02 -0.1 0 0.
Logo (Le)
1 T T T T T
= 08 b 4
&)
=
5 06 | J
ExY ERREIN v
4 A, b _
g o VA, !
02 | Tteel g :&\H‘\A —
Seg |
0 o----0---e-08g . 0e°
T
I 1 | 1 L | L

|
-05 -04 03 -02 0.1 0 0.1 0.1 0.2 0.3 0.4 0.5
Logio (Le) Ka

FIG. 11. Left: turbulent flame speed as measured at increasing values of
C =[0.1,0.5,0.9], with the corresponding local linear fitting. Right: Red and black
lines, angular coefficient and intercept of local linear fitting, respectively. Dashed
lines, thermodiffusively unstable flames (corresponding to leftmost points in the pan-
els of the first column); solid lines, thermodiffusively stable flames (corresponding to
rightmost points in the panels of the first column).
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Fig. 11, the turbulent flame speed of the whole dataset has been
evaluated at three different levels of C = [0.1,0.5, 0.9]. Results show
that at the leading edge of the turbulent flame brush, C = 0.1, the
effects of thermodiffusive instabilities are not evident and, as a
result, the turbulent flame speed shows a constant power law across
all the Lewis numbers explored. This is also evidenced by the red
lines (dashed and solid) in the rightmost column panels expressing
the angular coefficients of the linear regressions, which we remind
are the exponents of a power law in double logarithmic scale. In
addition, from the isoline C = 0.5 toward the trailing edge of the
turbulent flame brush, the general behavior of the results seems not
to change. These results seem to imply that the thermodiffusive
effects affect the flame mostly in the outer region of the turbulent
flame brush, where the small-scale corrugations of the flame front
typical of thermodiffusive unstable flames™ are present. In other
words, the fingerlike structures™ push the most reactive zones of
the flame front toward the trailing edge of the turbulent flame
brush. This is further strengthened by considering that the ratio
between the measure of turbulent area and the average one increases
at constant slope with Lewis number, see Fig. 5. This implies that
below a critical value of the Lewis number, increase in the turbulent
flame speed is not only driven by an area increase but also enhanced
by an increase in the reactivity.”****>>¢
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