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ABSTRACT

This study presents a numerical analysis of the impact of hydrogen addition
on the consumption speed of premixed lean methane-air laminar flames exposed
to combined strain and heat loss. Equivalence ratios of 0.9, 0.7, and 0.5 with fuel
mixture composition ranging from pure methane to pure hydrogen are considered to
cover a wide range of conditions in the lean region. The 1-D asymmetric counter-flow
premixed laminar flame (aCFPF) with heat loss on the product side is considered
as a flamelet configuration that represents an elementary unit of a turbulent flame
and the consumption speed is used to characterize the effect of strain and heat loss.
Due to the ambiguity in the definition of the consumption speed of multi-component
mixtures, two definitions are compared. The first definition is based on a weighted
combination of the consumption rate of the fuel species and the second one is based
in the global heat release rate. The definition of the consumption speed based on
the heat release results in lower values of the stretched flame speed and even an
opposite response to strain rate for some methane-hydrogen-air mixtures compared
to the definition based on the fuel consumption. Strain rate leads to an increase
of the flame speed for the lean methane-hydrogen mixtures, reaching a maximum
value after which the flame speed decreases with strain rate. Heat loss decreases
the stretched flame speed and leads to a sooner extinction of the flamelet due to
combined strain and heat loss. Hydrogen addition and equivalence ratio significantly
impact the maximum consumption speed and the flame response to combined strain
rate and heat loss. The effect of hydrogen on the thermo-diffusive properties of the
mixture, characterized by the Zel’dovich number and the effective Lewis number, are
also analyzed and related to the effect on the consumption speed. Two definitions
of the Lewis number of the multi-component fuel mixture are evaluated against the
results from the aCFPF.

KEYWORDS
hydrogen blending; preferential diffusion; stretched flamelet; consumption speed;
effective Lewis number

1. Introduction

Hydrogen addition to hydrocarbon-air flames enhances the chemical reactivity of the
combustion process leading to higher flame speeds and wider flammability limits [1].

Email: alex.garcia@tum.de


https://doi.org/10.1080/13647830.2023.2182235

The blending of hydrogen with conventional hydrocarbon gas fuels has received in-
creased attention in order to reduce COy emissions, especially in the sector of large-
scale power generation, where the higher reactivity of the hydrogen blends makes
possible ultra-lean premixed combustion systems without a negative impact on com-
bustion efficiency and emissions of carbon monoxide and unburned hydrocarbon, even
though it may be more susceptible to thermo-acoustic instabilities [2].

For situations in which the laminar flame thickness is smaller than the turbulent
length scales, a premixed turbulent flame can be considered as a statistical ensemble
of premixed laminar flames known as ”flamelets”, which are corrugated and wrinkled
by the turbulent flow field [3]. Thus, the propagation speed of the turbulent flame is a
function of the wrinkled flame surface area and the local flame speed of the flamelets.
In many applications, such as gas turbines, the flamelets are exposed to high levels of
flame surface deformation or stretch, and the turbulent flame speed may vary because
the local laminar flame speed varies with stretch. Moreover, under high enough stretch
flamelets may be extinguished [4, 5], which has a big effect on the global propagation
speed of the turbulent flame.

The effect of strain rate is highly related to the thermo-diffusive properties of the
reactant mixture. If the thermal diffusion is lower than the mass diffusion (Lewis
number Le < 1), the flame speed increases with strain rate. For pure hydrogen, thermo-
diffusive effects result in large changes in the local flame speed, that can be more than
twice larger than the unstretched laminar flame for positive local stretch conditions
along a turbulent flame front [6]. Therefore, the addition of hydrogen to a methane-air
flame reduces its thermo-diffusive stability causing the flame speed to increase with
positive stretch [7, 8].

Considering the increase of flame speed with positive stretch is crucial for the un-
derstanding and modeling of methane-hydrogen premixed turbulent flames. Various
fuel mixtures can have substantially different turbulent flame speeds, despite hav-
ing the same unstretched laminar flame speed and turbulence intensity [9, 10], due
to their different response to stretch. Experiments with methane-hydrogen mixtures
have shown that hydrogen addition triggers the transition from V to M-shape flame in
non-adiabatic turbulent flames, for mixtures with the same unstretched laminar flame
speed [11, 12].

Leading point theories suggests that the premixed turbulent flame speed is con-
trolled by the characteristics of the flamelets ahead of the flame brush that advance
farthest into the unburned mixture, called leading points or leading edge [13, 14]. The
flamelets at the leading edge are positively stretched (strain and curvature); therefore,
the local flame speed will increase for mixtures with Le < 1. The increase in the flame
speed will drive the leading edge to propagate further into the unburned reactants,
further increasing the stretch experienced by these flamelets and, therefore, the local
flame speed [15]. The process of increasing flame speed could continue until the lead-
ing point reaches the maximum stretched flame speed of the mixture. This makes the
maximum stretched flame speed an important parameter in turbulent flame combus-
tion, where the flame response to stretch governs the behavior of the reactive mixture
[15, 16]. Accordingly, the stretched flame speed and the extinction strain rate can be
used to characterise the flame shape, flow structure and thermo-acoustics stability of
different fuel mixtures in various combustion systems [17-21].

Three effects can induce stretch in a flame: the curvature of the flame surface, the
movement of a curved part of the flame surface, and the aerodynamic strain produced
by flow non-uniformity along the flame surface [22]. These stretch effects could be
either positive or negative and they have different effects on the flame chemistry [23].



In a turbulent flame, the positive and negative curvature tend to balance each other
when they are averaged along the flame front (mean value of curvature near zero),
while the strain rate tends to be overall positive [24, 25]. Therefore, the present work
focuses on the stretch induced by positive strain rate. However, the effect of hydrogen
addition on the behavior of the stretch induced by curvature may differ from the one
induced by strain rate [26] and should be also studied.

Under non-adiabatic conditions, flamelets are more sensitive to being extinguished
by stretch effects, and both the flame speed and the extinction strain rate decrease due
to heat loss. Different approaches can be used to consider non-adiabatic conditions,
such a reducing the energy at the boundary of an adiabatic flamelet, introducing heat
loss as a sink term in the flamelet energy equation, or reducing the enthalpy of the
reactant mixture. However, the asymmetric counterflow flame (fresh-to-burnt) with
reduced enthalpy products is a more suitable representation of the stretched flamelets
in a turbulent flame confined with non-adiabatic walls, where reduced temperature
products flow back and interact with the flame. Therefore, this flamelet configura-
tion is an excellent building block for turbulent combustion models that consider the
combined effect of stretch by strain rate and heat loss [27-30].

The effect of heat loss in the asymmetric counterflow premixed flame has been
studied for hydrocarbon-air mixtures [31-37]. Most of these studies use asymptotic
analysis, giving qualitative results of the effect of various parameters without specifying
a particular reactant mixture. In the case of methane-hydrogen mixtures, the response
to strain rate has been studied mainly on outwardly propagating spherical flames [7, 8,
38—41] without considering the effect of heat loss. Therefore, the current study presents
a numerical analysis of the impact of hydrogen addition on the response of premixed
lean methane-air laminar flames to positive strain rate and heat loss. Special attention
is paid to the maximum stretched flame speed and the extinction by combined strain
rate and heat loss effects. Moreover, two definitions of consumption speed valid for
multi-component fuel mixtures are compared to observe their capability to describe
flamelets with the thermo-diffusive properties of methane-hydrogen mixtures under
the strain rate and heat loss conditions that may be experienced in a non-adiabatic
turbulent flame.

2. Methodology

The asymmetric counterflow premixed flame (aCFPF) configuration is used to study
the effect of positive strain and heat loss on the flame speed. A schematic of this
configuration is shown in Fig. 1(a). It consists in two opposing streams of reactants
and products, which create a stagnation point flow with a planar flame located at
the reactant side of the stagnation point. The subscripts -, and -, are used to denote
reactant and product quantities, respectively. The typical evolution of the profiles of
heat release, temperature, and fuel mass fraction are shown in Fig. 1(b).

2.1. Strain rate

The characteristic strain rate of the counterflow flame is defined as the maximum
gradient of the axial velocity, kK = max(|du/dz|), in the hydrodynamic zone upstream
of the flame position, as shown in Fig. 1(c)). This definition prevents s from being
affected by the flame response [5, 22]. The mass flow rates of reactants and products
are related by a condition of equal momentum, p,U? = ppUg [5], where p and U are
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Figure 1.: (a) Schematic of the counter flow premixed laminar flame, (b) characteristic
profiles of temperature, heat release and fuel mass fraction, and (c) characteristic axial
velocity profile.

the density and the axial velocity magnitude, respectively. Thus, as the mass flow rate
of the reactants increases, the flame is more strained by the whole velocity field. While
Kk increases, the flame (reaction zone) moves toward a position closer to the stagnation
point where the local flame speed balances the local axial velocity. The strain rate is
expressed in dimensionless form using the Karlovitz number Ka, which is the ratio
between the chemical time scale and the flow time scale. For laminar flames, Ka is
given as:

o
Ka = =%k, (1)
51

where (5% is the diffusive laminar flame thickness, defined as the ratio of the thermal
diffusivity of the reactants and the unstretched laminar flame speed S%.

2.2. Heat loss

Due to flow fluctuations in a premixed turbulent flame, some products flow back and
interact with the flame. Under non-adiabatic conditions, these products may lose heat
by convection before reaching the flame again. In that sense, heat loss is imposed on
the product side of the aCFPF, and a heat loss coefficient may be defined as [42]:
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where 7). is the temperature of the reactants, 7}, is the temperature of the product
stream, and T,y is the temperature of the products under adiabatic conditions. In
order to model non-adiabatic conditions, the value of 7T}, is progressively decreased
from 71,4, leading to S < 1. Radiation heat loss is not included in this numerical study
since its effects can be neglected for mixtures not close to their flammability limits
and without CO2 or HoO dilution [32, 43, 44].

The composition of the products is also changed according to the heat loss condition.
For the adiabatic case, the composition corresponds to the equilibrium composition
at constant enthalpy and pressure of the reactant mixture (i.e. equilibrium at the adi-
abatic flame temperature). For T}, < Tgq, the composition changes to be in chemical
equilibrium at the new temperature. As an example, Fig. 2 shows the evolution of the
molar concentration of some species in the products as a function of the coeflicient
B, for pure methane and pure hydrogen. While T}, decreases from the adiabatic flame
temperature, the equilibrium concentrations of the intermediate species and free radi-
cals drop sharply with temperature. When this is not considered, an artificial diffusion
of radicals from the products side of the stagnation point to the reaction zone may

occur.
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Figure 2.: Example of the product stream composition variation with temperature,
for (a) pure methane and (b) pure hydrogen, with ¢ = 0.7 and 7,=300 K. X: mole
fraction at T, X,4: mole fraction at Tqq.

2.3. Consumption speed

The consumption speed represents the rate at which the flame consumes the reactants
and is a suitable measure of flame speed under a variety of stretched conditions [3,
45]. The consumption speed, S, is obtained from the integration of the fuel mass
conservation equation along the axis normal to the flame front, as [3]:

1 o0
Sep = — / wedx, 3
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where Y; and wy are the mass fraction and the volumetric mass production rate of the
fuel, respectively. Equation (3) leads to a non-unique definition for multi-component
fuel mixtures. For an unstretched laminar flame (Ka = 0), the consumption speed
corresponds to the value of S9, irrespective of the species chosen for its definition.
However, the definition based on different species may lead to very different consump-
tion speeds for a stretched flame if they have highly different diffusion properties.
Therefore a suitable definition must be chosen for multi-component fuel mixtures such
as CH4-Hs. In the present work, the consumption speed for the multi-component fuel
is defined by a weighted combination of the Ny species in the fuel mixture as:

N; -
Z Mk / wrdx
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where the subscripts -, and -, denote the unburned and burned sides of the flame. Dif-
ferent values of the weighting coefficient n; have been used for some CHy4-Hy mixtures
[41, 46]. In the present work, the species mass fraction in the fuel mixture is used as
a weighting factor, ny = Y} .,/ Y},. This is done in order to match the one-component
fuel definition (Eq. (3)), mainly in the case of pure CHy, where Hs is still present in
the reaction as an intermediate species.

An alternative way to define the consumption speed is based on the heat release
rate by integrating the energy conservation equation, yielding:

. / Qdx
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where @ is the total volumetric heat release and ¢p is the mass-specific heat. The
definition based on the heat release eliminates the need to choose a species or weighting
factor to define the flame speed. Thus, it can be used for arbitrary fuel mixtures
without any change. However, for the present analysis, where heat loss at the product
side is considered, the consumption speed is not well-defined by Eq. (5). This is due
to the fact that the flame temperature 7T; changes as a result of heat loss, which is
not considered when the equation of energy conservation is integrated. Equation (5)
could be modified based on the idea that all the sensible enthalpy (the denominator in
Eq. (5)) comes from the enthalpy of formation (chemical enthalpy) of all the species
involved in the oxidation reaction, leading to:
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In the following, the definitions of the consumption speed given in Eqgs. (4) and (6)



are considered, and their respective influence on the response of the flames to strain
and heat loss is discussed.

2.4. Effective Lewis number

As indicated previously, the response of the laminar flame to strain highly depends on
the thermo-diffusive properties of the mixture: thermal diffusivity and mass diffusivity
of the various reactant species. The Lewis number Le relates the thermal and mass
diffusion as follows:

Dy,
Le; = 7
€; Di,N; ( )

where Dy, is the thermal diffusion of the fuel-air mixture, and D; y, is the bi-molecular
diffusivity of the species i*" and nitrogen No. D; n, is normally taken as the charac-
teristic diffusivity of the i"-species because Ny is the most abundant species in the
fuel-air mixture.

An effective Lewis number for the reactant mixture is necessary to analyze the
mixture as a whole. However, there is no general agreement on the most appropriate
definition of this quantity. Different definitions have been proposed in the literature to
calculate the Lewis number of various fuel mixtures [40, 47-49]. The two most com-
monly used definitions of the Lewis number for the fuel mixture CHy4-Hy are compared
in the present work. The definition based on the volume fraction expresses the fuel
Lewis number as [48]:

Lefyer v = Xcu,Lecn, + Xu,Lep,, (8)

while the definition based on the species mass diffusion expresses the fuel Lewis number
as [49]:

Dy, 1
Xcw,Deryn, + X, Da,ny  Xow,/Lecn, + Xu,/Lew,’
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where X; is the volume fraction of the species i*" in the fuel mixture, and Le; is the
-th

Lewis number of the fuel species i*"* in the fuel-air mixture (CH4-Hap-air), using Eq. (7).

In a lean mixture, the fuel is the reactant species in deficit and oxygen is the reactant
species in excess. Therefore, the effective Lewis number of a lean fuel-air mixture is
given by [50]:

LeOQ,stq + ALefuel,stq
1+ A

Leeg = , with A=1+Ze(1/p—-1) (10)

where Lep, is the Lewis number of the oxygen and ¢ is the equivalence ratio of the
lean mixture. The subscript -5, indicates that the Le numbers correspond to the stoi-
chiometric fuel-air mixture; otherwise, the effect of the equivalence ratio described by



Eq. (10) will be wrong. The Zel’dovich number is given by Ze = [Eq(Toqa—Ty)]/(RT2),
with R and F, being the universal gas constant and the overall activation energy, re-
spectively. The overall activation energy represents the sensitivity of the laminar flame
speed to flame temperature variations [51].

2.5. Numerical model

The aCFPF is simulated using the software Cantera [52]. A discretized version of the
one-dimensional conservation equations that govern momentum, energy, and species
mass transport are solved along the stagnation streamline (central axis) using the
general formulation derived by Kee et al. [53]. An adaptive gridding scheme is used
and the burner separation distance is set to 300 times the laminar flame thickness to
reduce its effects on the strain rate. The oxidation of the reacting mixture is described
using the detailed chemical kinetic mechanism GRI 3.0 [54], and full multi-component
mass diffusion and Soret effect are considered. The reference pressure for the analysis
is 101.3 kPa and the temperature of the reactants is kept constant at 7, = 300 K.
The methane-hydrogen mixtures evaluated range from pure CHy to pure Hy with
increments of 20% Hs by volume, and referred in terms of the hydrogen mole fraction
in the fuel mixture Xp,. The equivalence ratios covered are ¢ = 0.9, 0.7, and 0.5.
Finally, the strain rate for each mixture varies from a value corresponding to U, ~ Sg
to a value for which S, is zero or changes only very slightly after a considerable increase
in the strain rate.

The freely propagating laminar flame is simulated to compute the unstretched lam-
inar flame speed SY and the overall activation energy for each CHy-Hs-air mixture,
the latter by varying the N2 concentration in the oxidant at constant equivalence ratio
[51].

3. Results and discussion

3.1. Consumption speed for adiabatic strained laminar flame

In order to easily discern the effect of combined strain rate and heat loss on the laminar
flame response, the impact of hydrogen on the consumption speed under adiabatic
conditions is discussed first in this section. Figure 3(a) presents the evolution of the
consumption speed in the aCFPF as a function of the strain rate when the temperature
of the products is equal to T4 (5=1). The results from both definitions of consumption
speed are presented side by side.

Overall, the results obtained for the heat-release-based consumption speed S 0O show
a trend similar to that obtained for the consumption speed S.r. However, the values
of the stretched flame speed are generally slightly lower when S O 18 used.

The evolution of S,/ Sg in the aCFPF can be split into two main regions, referred to
as the low-Ka region and the high-Ka region in the following. In the low-Ka region, the
consumption speed varies differently with respect to strain depending on the fuel-air
mixtures. It decreases for most of the mixtures with an equivalence ratio of 0.9 but
increases for mixtures with a lower equivalence ratio. On the contrary, in the high-Ka
region, the consumption speed monotonically decreases as the strain rate increases
until the flame reaches a condition of weak combustion (quasi-extinction). However,
the flame never extinguishes completely as the heat coming from the product stream
sustains some reactions even at the highest strain rates [36]. It is seen in Fig. 3(a) that



this quasi-extinction condition leads to a value of consumption speed closer to zero
when the equivalence ratio decreases due to the lower temperature Ty, of the product
stream.

An alternative version of an adiabatic counterflow premixed flame is obtained when
the stagnation point flow is produced by two opposing streams of reactants, commonly
known as twin flame (twinCFPF). This is equivalent to imposing a symmetry boundary
condition in the stagnation point in Fig. 1(a). Figure 3(b) presents the evolution of
the consumption speed in the twinCFPF as a function of the strain rate. In the case
of the twinCFPF, there is no high-Ka region because the flame experiences an abrupt
extinction. This extinction is produced by the reduction in the residence time while
the flame is pushed against the stagnation point [22]. The maximum strain rate in the
twinCFPF configuration is known as the extinction strain rate of the mixture. This
extinction strain rate is also plotted in Fig. 3(a) for comparison. When the flame is
pushed against the stagnation point in the aCFPF configuration, the reaction zone
extends through the stagnation point to the product side. Then the reactions continue,
eventually reaching the quasi-extinction condition.
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Figure 3.: Response of CH4-Hj laminar flame to strain (a) in the adiabatic aCFPF and
(b) in the twinCFPF. Consumption speed based on fuel consumption S.r (left), and
based on heat release rate S, (right). The extinction strain rate from the twinCFPF

is shown by the marker (x) on top of the aCFPF results for comparison.

Figure 3 highlights the influence of hydrogen addition and equivalence ratio on the
response of a premixed CHy-Ho-air laminar flame to positive strain. As reported in
previous studies [7, 41, 55, 56], adding hydrogen to a lean methane flame not only
increases the value of S%, but also makes the flame respond positively to positive



stretch, increasing the flame speed when the strain rate increases in the low-Ka region.
This trend is easily seen for ¢p=0.7 in Fig. 3(a), where the consumption speed remains
nearly constant in the low-Ka region when the fuel is pure methane but increases for
the CH4-Hy mixtures. The equivalence ratio significantly impacts the effect of Hs on
the response to strain. For the leaner condition, ¢=0.5 in Fig. 3, the consumption
speed increases even for pure methane, and the effect of hydrogen addition is more
pronounced. On the other hand, this effect is less pronounced when the mixture is
closer to the stoichiometric condition.

Figure 4(a) shows the evolution of maximum consumption speed in the adiabatic
aCFPF as a function of the hydrogen concentration for various equivalence ratios using
both definitions of the consumption speed. S¢max/ S% increases as the equivalence ratio
decreases and as the hydrogen addition increases up to X p,=0.8. The values of S; max
for the CH4-Hs mixtures obtained in the aCFPF are lower than the ones obtained in
the twinCFPF (as seen in Fig. 3). The difference is because in the aCFPF configuration
the enhanced diffusion of radicals out of the reaction zone toward the product side of
the flame plays an essential role, while in the twinCFPF, the reduced residence time
is the only mechanism producing a reduction in the flame speed for Le<1.
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Figure 4.: (a) Normalized maximum stretched consumption speed, (left) based on fuel
consumption Scr, and (right) based on heat release rate S 4. (b) Maximum stretched

consumption speed S.r compared with unstretched laminar flame speed Sg.

The impact of the different responses of the flame speed to hydrogen addition can be
observed by plotting the maximum consumption speed together with the unstretched
laminar flame speed as shown in Fig. 4(b). These results illustrate how various CHy-
Hs-air mixtures with the same S% could have different flame speeds along a turbulent
premixed flame due to stretch-induced by strain rate.

3.2. Thermo-diffusive properties of the laminar flame

The change in the consumption speed with strain rate is a result of the variation
of the convective-diffusive equilibrium in the flame front. Therefore, the definition
of the consumption speed should agree with the thermal-diffusion properties of the
fuel mixture. The thermal-diffusion of the CHy-Hs-air mixtures are discussed in this
section. First, Figure 5(a) shows the Lewis number of each reactant species in the
mixture for the various values of Xy, and ¢ values. The Lewis number for each species
increases with Xp,, due to the increase in the thermal diffusion of the mixture. The
opposite happens with the equivalence ratio. The thermal diffusion of the mixture,
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and therefore the Lewis number of each species, decreases when the mixture becomes
leaner, especially for high hydrogen addition.
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Figure 5.: (a) Lewis number of the reactants, (b) Lewis number of the fuel mixture
CHy4-Ha, (left) based on the volume fraction and (right) based on the mass diffusion.

The Lewis number of the fuel mixture is presented in Fig. 5(b) using the two def-
initions, Eqs (8) and (9). Both definitions give a Leyf,¢ varying from pure methane
to pure hydrogen but with a different trend. The definition based on mass diffusion
varies more sharply for low hydrogen concentrations while varying non-monotonically
when approaching pure hydrogen. In both cases Ley,¢ is below unity for the CHy-Ha
mixtures. For Le < 1, positive strain rate increases the consumption speed because the
enthalpy gain by reactant mass diffusion is greater than the heat loss by conduction
from the reaction zone away from the reactants ahead [22, 33]. The significant differ-
ence between the Lewis number of the hydrogen compared with the other reactants
is due to the high mass diffusion of the former, which is around 3.5 times higher. A
differential diffusion coefficient can characterize the difference in the mass diffusion
of the various reactants as DD;_; = Le;/Le; = D;_n,/D;_n,. For positive strain
and DDyye—0, <1, the fuel diffuses toward the reaction zone more than the oxygen.
This differential diffusion produces a richer mixture locally ahead of the reaction zone,
which increases the flame speed for lean mixtures.

The effective Lewis number is used to consider both preferential diffusion effects,
non-unity Lewis number, and differential diffusion, in the fuel-air mixture. In Eq. (10),
Lecsr is calculated using the Zel’dovich number, which characterizes the sensitivity
of chemical reactions to the variation of the maximum flame temperature [50, 57].
Figure 6(a) presents the evolution of the Zel’dovich number of the fuel-air mixture as
a function of Xy, for the various equivalence ratios. As observed in previous works
8, 41], the Zel’dovich number decreases when hydrogen addition increases for all the
equivalence ratios. This result is related to the higher reactivity of the hydrogen, which
results in a mixture with lower overall activation energy. The equivalence ratio has the
same effect on the Zel’dovich number. The latter increases when the mixture becomes
leaner due to the increase of activation energy and the decrease of adiabatic flame
temperature.

Figure 6(b) shows the effective Lewis number as a function of Xy, and equivalence
ratio based on the two definitions of Ley,¢;. As expected, the impact of the equivalence
ratio is less significant for low-hydrogen addition as methane and oxygen have similar
Le (or similar mass diffusion coefficient). According to the definition of the effective
Lewis number, the reactant species in deficit has a predominant effect on Lecg. This
predominance grows when the species in deficit reduces with respect to the species
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Figure 6.: (a) Zel’dovich number, and (b) effective Lewis number of the CHy-Ho-air
mixture, (left) based on the volume fraction and (right) based on the mass diffusion.

in excess, which means that Le.s gets closer to the Lewis number of the fuel as the
mixture becomes leaner. The most significant difference occurs for the pure Hs-air
mixture. Figure 6(b) shows that for ¢ = 0.9, the effective Lewis number is above 1.0
for some CH4-Ho-air mixtures. This observation is consistent with the results presented
in Fig. 3(a), where, for similar values of Xp,, the consumption speed decreases when
the strain rate increases in the low-Ka region, as expected for a mixture with Le>1.

For low Karlovitz number, the relationship between the flame speed and the strain
rate is linear and can be expressed as S./ SOLzl—MacKa, where Ma,. is the Markstein
number based on the consumption speed [50, 58]. This number is a property of the
fuel-air mixture and quantitatively describes the sensitivity of the flame speed to strain
rate. Figure 7 represents the evolution of Ma, with Xp, for both definitions of the
consumption speed. The values of Ma, are determined by linear regression from the
S¢/SY profiles presented in Fig. 3(a) for low strain rate range.
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Figure 7.: Markstein number for the CHy-Hs-air mixtures, (left) based on fuel con-
sumption S.p, and (right) based on heat release rate S «- The parameter Ze(Leeg — 1)
is included to compare the definitions of Le fy;.

The Markstein number varies non-monotonically with hydrogen addition, as previ-

ously observed experimentally in outwardly propagating spherical flames [7, 8]. Adding
hydrogen to a methane-air flame decreases Ma., but the trend is reversed for Xp,
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around 0.8, which means that adding methane to a hydrogen-air flame makes the
diffusively unstable flame even more unstable, especially when the mixture becomes
richer. The values of Ma,. obtained with the definition of the consumption speed based
on the heat release differ quantitatively, but not qualitatively, from those obtained
with the definition based on fuel consumption. It seems that the effect of the equiv-
alence ratio is more pronounced for Markstein numbers based on S ;. For ¢ = 0.9,
values of Ma, are always positive even for mixtures with effective Lewis numbers below
one. This result highlights the influence of the consumption speed definition used to
characterize the flame response to stretch and suggests that the definition based on the
fuel consumption could better describe the speed of the CH4-Hy stretched flamelets.

It has been argued that Ze(Leeg — 1) is a relevant parameter to describe the rela-
tionship between the flame response to strain rate and the thermo-diffusive properties
of the mixture [8, 50]. This parameter is computed using the two definitions of Lefy¢
and the results are plotted Fig. 7. A remarkable agreement with the Ma, is obtained
when the Lewis number of the fuel mixture is defined based on the volume fraction.
In contrast, the definition based on the mass diffusion over-predicts the decrease in
Markstein number of the CH4-Ho-air mixtures, in disagreement with results from the
aCFPF simulations.

3.3. Consumption speed for strained laminar flame with heat loss

Under non-adiabatic conditions, the flame experiences heat loss, which slows down the
chemical reactions. This reduces the flame speed and can eventually cause extinction.
The response of a premixed laminar flame to stretch is altered by heat loss, therefore,
the propagation characteristics of the flame depending on its response to combined
stretch and head loss. This section presents the effect of hydrogen addition on the
response of the premixed laminar flame to combined positive strain rate and heat
loss in the aCFPF configuration. Figure 8 presents the normalized consumption speed
Se/ 5’2 for various CH4-Hs-air mixtures as a function of the Karlovitz number for values
of 5 ranging from 1 to 0. The response of the laminar flame to combined strain-heat
loss behaves in two main ways depending on the level of heat loss, as reported in
previous works for methane and propane laminar flames [22, 29, 36]. For low heat
loss levels (8 ~ 1), the consumption speed varies continuously with strain rate. For
high heat loss level, however, the consumption speed sharply drops to reach a zero-
value after the strain rate has exceeded a critical value that depends on the heat loss
condition, but is always lower than the extinction strain rate obtained in the twinCFPF
configuration, indicated by the marker x on top of the curve for § = 1. The latter is
perceived as an extinction event due to combined strain and heat loss, different from
the quasi-extinction condition present for adiabatic or low heat loss levels.

For low heat loss and strain rate levels, the consumption speed varies independently
of heat loss, following the same curve 8 = 1. This happens because, the flame is located
far from the stagnation point; thus, the reaction zone is insulated by a diffusive-
convective zone before the stagnation point. When the reaction zone approaches the
stagnation point due to the increase in the strain rate, the heat loss adds to the negative
effects of the strain rate on the laminar flame, and it produces a faster decrease in
the consumption speed. This combined effect of strain and heat loss results in a lower
maximum stretched consumption speed for the flame under non-adiabatic conditions,
especially for the case with the lowest equivalence ratio. The addition of hydrogen
attenuates the impact of heat loss on the consumption speed response to strain rate,
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Figure 8.: Response of consumption speed based on the fuel consumption, S,., to the
combined effect of strain and heat loss. The extinction strain rate from the twinCFPF
is shown by the marker (x) on top of the curve 5 = 1.

which can be seen in Fig. 8 as closer profiles of S./S9 for a wider range of j.

The extinction of the flame due to combined strain and heat loss occurs for all
the mixtures when the heat loss is high enough. The value of Karlovitz number at
which extinction occurs varies highly non-monotonically with heat loss coefficient 5.
For 0.3< B <0.6, the extinction strain rate alternatively increases and decreases when
the heat loss increases. Overall, however, extinction tends to occur at lower strain rates
when the heat loss increases. The trend continues until a condition of maximum heat
loss is reached for which the flame is extinguished even at the minimum strain rate.
The values of 8 in Fig. 8 are varied by 0.05 initially and then by 0.01 to capture the
behavior close to the extinction. The addition of hydrogen increases the resistance of
the flame to combined strain and heat loss. The same happens with the equivalence
ratio in agreement with its higher sensitivity to flame temperature variations, as seen
in Fig. 6(a).

In addition to the decrease of the Zel’dovich number, the effect of hydrogen on flame
extinction by heat loss is related to the early oxidation of hydrogen. This increases the
heat and radical production rates at low temperatures and allows methane oxidation
under conditions where pure methane combustion might not be possible. To show
this, Fig. 9 presents the profiles of heat release and mole fraction of important radicals
across the unstretched laminar flame with various hydrogen additions. The position
through the flame front is indicated by the reduced temperature, which is 0 and 1 at
the unburnt and burnt sides of the flame, respectively. The reactions start at a lower
temperature as the addition of hydrogen increases. This is illustrated by the location
of the peak mole fraction of HOy and H5Os, which are two of the most important
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Figure 9.: Effect of hydrogen addition on the internal structure of the laminar flame,
shown by the profiles of the heat release rate and mole fraction of OH, O, H, HOq,
and HsO9 across the unstretched laminar flame thickness for ¢ =0.7.

radicals controlling ignition and combustion at low-temperature [59].

The combined effect of strain rate and heat loss on the consumption speed based
on the heat release rate is shown in Fig 10. Overall, the same qualitative trend is
observed in the response to combined strain-heat loss. Quantitatively, the values of
the stretched flame speed are lower compared with those obtained from the definition
based on the fuel consumption rate. This difference is higher at the high-Ka region for
the adiabatic condition but diminishes as the heat loss level increases. This is shown
in Fig 10 where the values of S.p are plotted for 8 = 1.0 and 0.8.

The discrepancy between the two definitions of consumption speed can be explained
by comparing the main reactions involved in the processes of fuel consumption and
heat release. For the lean CH4-Hs-air mixtures, only five reactions represent more than
99% of the fuel consumption process. These reactions are: CH; + OH < CHs + H50,
CH; + H & CHs + Hs, and CH4 + O & CH3 + OH for methane; and Hy + OH <
H + H50, and Hs + O < H + OH for hydrogen. They occur in the inner layer of the
reaction zone and are directly enhanced by the hydrogen diffusion from the reactants.
Therefore, the effect of strain rate results from the balance between the diffusion of
hydrogen into the reaction zone and the diffusion of radicals out of the reaction zone.
On the other hand, heat release is a multi-step process where many reactions are
involved, and the contribution of each reaction may change with the reactant mixture,
the strain rate, and the heat loss. Around 30% of the heat release, e.g., is produced by
a combination of the reactions: CHz + O < CH-O + H, H + H20 + Os & Hs0 +
HO,, CO + OH & COs + H, and Hy + OH < H + H>0O. Most of these reactions are
indirectly enhanced by hydrogen diffusion but are highly affected by the diffusion of
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Figure 10.: Response of consumption speed based on the heat release, S ., to the
combined effect of strain and heat loss. The consumption speed based on the fuel
consumption, S.r, is indicated by dashed line for 5 = 1.0 and a dash-dotted line for
B = 0.8. The extinction strain rate from the twinCFPF is shown by the marker (x)
on top of the curve g = 1.

radicals out of the reaction zone. Consequently, the negative effect of the strain rate
on the consumption speed is more significant when the definition based on the heat
release is used. When the flame is stretched and close to the stagnation point (high-Ka
region), the discrepancy between the two definitions of the consumption speed reduces
with increasing 3, because heat loss becomes the predominant negative effect on the
consumption speed.

There is no general definition of the extinction strain rate in the aCFPF configu-
ration due to the different extinction behaviors depending on the heat loss level. As
mentioned above, a quasi-extinction condition is reached at high Ka for adiabatic or
low heat loss conditions. To visualize the effect of hydrogen on this extinction behavior
an extinction Ka is calculated based on the strain rate when the heat release-based
consumption speed reaches 20% of the unstretched value. Figure 11 shows this ex-
tinction Karlovitz (Kaeyt) for various CHy-Hg-air mixtures as a function of the heat
loss coefficient  ranging from 1 to 0.5. The extinction strain rate computed in the
twinCFPF is also shown for comparison. The latter is still defined as the maximum
strain rate supported by the flame in this configuration. The extinction strain rate
from the non-adiabatic aCFPF is higher than the one from the twinCFPF until the
heat loss is high enough. The Kaey varies non-monotonically with hydrogen addition,
especially for values of 3 close to the adiabatic condition. The maximum Kaey occurs
for mixtures with X9 between 0.4 and 0.8. When the heat loss increases (3 decreases),
Kaeyt decreases more steeply with less hydrogen addition. Finally, the Kaeyt increases
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when the mixture becomes leaner due to the higher 69 /S ratio (chemical time) used in
the dimensionless strain rate, but also due to the increase in the preferential diffusion,
which produces a stronger positive response to strain rate.
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Figure 11.: Extinction Karlovitz number from asymmetric counterflow premixed flame
with heat loss (Ka 509¢)- The extinction strain rate from the twinCFPF is shown

by the marker (x).

4. Summary and conclusions

A premixed counterflow flame in the asymmetric (aCFPF) configuration is used to
study the effect of positive strain and heat loss on the consumption speed of lean
methane-air laminar flames with hydrogen addition. A detailed chemical kinetic mech-
anism and full multi-component diffusion are used to describe the combustion process
of the various mixtures, which range from pure methane to pure hydrogen, and three
equivalence ratios to cover a wide range in the lean region. It is observed that the
addition of hydrogen has a significant and non-monotonic effect on the response of the
consumption speed to positive strain rate. This effect highly depends on the equiva-
lence ratio of the fuel-air mixture and becomes more pronounced while the mixture
gets leaner. The tolerance to both strain rate and heat loss is increased by hydrogen
addition, which increases the maximum heat loss endured by the laminar flame before
extinction due to the early oxidation of the hydrogen at lower temperatures.

The maximum stretched consumption speed is reported for the lean CHy-Hos-air
mixtures. It can be easily seen from these results that mixtures with more Hy addition
but the same laminar flame speed can have higher turbulent flame speeds due to
a higher maximum stretched consumption speed. This is relevant to modeling and
understanding the propagation of turbulent flames with hydrogen. It is also shown that
the values of the maximum stretched consumption speed obtained with the aCFPF
configuration are lower than those obtained with the twinCFPF configuration due to
a better representation of the boundary conditions prevailing in a realistic flame front,
where the diffusion of radicals from the reaction zone to the burnt side of the flame
plays an important role on the response to stretch.

Two definitions of the consumption speed are compared, showing that different
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results are obtained. The definition based on the heat release leads to lower values of
the flame speed under a positive strain rate and heat loss than the definition based on
the fuel consumption. This behavior results from a more significant impact of strain
rate and heat loss on the multiple reaction steps involved in the heat release process.
Therefore, the two different expressions of the consumption speed are expected to yield
the same value in the context of one-step chemistry and begin to diverge while the
heat release process is distributed over more reaction steps in detailed chemistry.

The response of the laminar flame to strain rate and heat loss is related to the
effect of hydrogen on the thermo-diffusive properties of the fuel-air mixture, mainly
described by the Zel’dovich number and the effective Lewis number. The definition
based on the fuel consumption is found to agree with the thermo-diffusive properties
of the mixture for the range of equivalence ratio and hydrogen addition evaluated. On
the other hand, the definition based on the heat release exhibits a trend opposite to that
of the thermo-diffusive properties for mixtures close to the stoichiometric equivalence
ratio. This result suggests that the former definition could better describe the speed
of the CH4-Hy premixed flamelets exposed to turbulence-induced stretched and heat
loss. Comparing both definitions in the context of turbulent flame would confirm this
conclusion.

Two commonly used approaches to compute the Lewis number of the fuel mixture
are also compared. The results obtained with the definition based on the volume frac-
tion are in better agreement with the simulations of the aCFPF than those obtained
with the definition based on the mass diffusion.

The results of the present work can be used to understand and explain the effect of
hydrogen addition on the shape and dynamics of a flame in real combustion systems
exposed to high levels of aerodynamic strain and heat loss, a scenario that is relevant
for many applications. Additionally, the results presented are relevant in the context
of turbulent combustion modeling of CHy4-Hs-air flames. On the one hand, kinematic
models used to track the flame front, like the G-Equation, or to calculate the flame
propagation, like the flame-surface-density models, rely on the laminar flame speed
that is normally fixed constant along the flame front. In the cases of Hs enriched flames,
the effect of stretch must be considered. This can be included directly in the laminar
flame speed or by an additional stretch model. On the other hand, these aCFPF
simulations can be used as a reference to validate reduced chemical mechanisms or
to build a tabulated chemistry for flamelet-based models where the effect of heat loss
and strain rate are included as trajectories in the model table.
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