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KEYWORDS Abstract Hydrogen-blended fuel is of fundamental interest due to difficulties in modelling and its
Turbulent premixed flames; practical significance for the development of high-performance hydrogen combustion devices and
Lean mixtures; safety technologies for the prediction and prevention of fire or explosion. In this analytical study,
Algebraic flame surface we validate an algebraic premixed turbulent model [13] for molecular transport effects in both
wrinkling; spherical expanding methane flames enriched with hydrogen and Bunsen burner flames. Experiment
Mean local burning velocity; comparisons are supported with theoretical ideas. Bunsen flames are measured at varied turbulence,
The Lewis numbers; equivalence ratios, temperatures, and pressures. We also consider other, very recent, experimental

Bunsen flames data [32] of similar fuel mixtures to support the trends.

In the study of outwardly evolving spherical expanding flames, we present three variants of this
model, with two functions based on the Lewis number Le, and one based on the experimentally
measured mean local flame burning velocity SFm. The Lewis number is significant in understanding
the role of the diffusion of deficient reactants, which is particularly noticeable in blended fuels. The
utilitarian part of this work is to demonstrate that the Le-based premixed turbulent models take
into account the preferential diffusion effect, and to embed a term that quantifies turbulent flame
speed explicitly for mixtures, for example, having the same unstretched burning velocity as the
model input. We show that in the modelling of turbulent burning velocity, the use of SFm avoids
the use of input parameters the unstretched laminar flame speed and the Lewis number. Moreover,
we validate high-pressure experiments by Bagdanavicius [12] to show that the pressure has less sig-
nificant impact on the Bunsen flames and, therefore, we model without the pressure term. The
model correlates well with most of the data.
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Nomenclature

a, b, cand d are constants

A averaged surface area

At turbulent flame surface area

Ka Karlovitz number

Le the Lewis number, for both single and dual fuels

1; Taylor’s length scale

P operating pressure

R, turbulent Reynolds number, based on lateral inte-
gral length scale

Sto unstretched laminar flame speed

SFm mean local burning velocity of turbulent flame, a

measured quantity
St turbulent burning velocity

u turbulent intensity
u’/Syp  turbulence intensity normalised by laminar burn-
ing velocity

1. Introduction

Due to political unrest around the world and increasing
unprecedented environmental concerns due to alarming rates
of global warming, the use of alternative sources of energy is
of paramount importance today and in years to come. On this
subject, we explore the suitability of an algebraic flame surface
wrinkling model to measure the turbulent flame speed for
hydrogen as an alternative fuel. Its unique flame characteristics
are known to offer greater flame stability and the hydrocarbon
flame characteristics can be attenuated by adding hydrogen
even by leaner amounts. This non-carbon fuel reduces UHCs,
NOx and CO to gain a higher percentage of hydrogen compo-
sition and enhances the reaction rate and thermal efficiency for
leaner mixtures. Among these fuels, natural gas is a less pollut-
ing fuel, but its burning velocity is lower than with gasoline [1].
The impact on the characteristics of CHy/air turbulent pre-
mixed flame by adding hydrogen is studied [2]. The primary
reason for the rapid increase in turbulent burning velocity is
more attributed to a reduction in the fuel Lewis number than
that of a surge in laminar burning velocity with the addition of
hydrogen. Power generation by means of H, addition not only
diversifies the energy supply, but also minimises dependence
on non-renewable fossil fuels. Hydrogen is unique, with its
high-potential combustion characteristics and particularly
wide range of flammability limits. Therefore, understanding
the characteristics of hydrogen-doped and hydrogen turbulent
flames is inevitable in development of safe premixed technolo-
gies for hydrogen [3].

The modelling of reaction rates is still seen to be a complex
problem as turbulence and combustion are non-linearly inter-
linked. Moreover, a number of combustion models continue to
evolve and many in the existing literature are less rigorously
validated. The superimposition of hydrogen on hydrocarbon
premixed flames poses a bigger modelling challenge. A number
of studies, particularly in extensive 1-D flame simulations by
[4], show that the behavioural characteristics of ultra-lean
hydrogen mixtures is nontrivial (see Fig. 1). In this respect,
experiments by Kido measure mean local burning velocity
SFm, a substitute for the undisturbed laminar burning velocity
for a plane flame S, [5]. This SFm is due to the local differ-

St/SLo turbulent burning velocity normalised by laminar
burning velocity
o molecular thermal diffusivity
[ equivalence ratio
on volume fraction of hydrogen
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Pbs density of combustion products
Vo molecular kinematic viscosity at 1 bar
v molecular kinematic viscosity
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Fig. 1  Shows the variation of consumption velocity with time

for the two Lewis numbers 0.44 and 2.0 (plots are redrawn, from
Betev et al. [28]).

ence in the equivalence ratio induced by changes in the diffu-
sional properties of the reactants, known as the preferential
diffusion effect. In other words, SFm is a function of the mix-
ture composition based on the different molecular diffusivities
among the reactants, i.e. a function of fuel type, equivalence
ratio, laminar burning velocity and turbulent intensity.

Based on earlier theoretical arguments, SFm is closely
related to consumption velocity due to the local enrichment
of the reaction zone at the leading edges [6].

One-dimensional simulations by Betev et al. [28] predict
that Le = 0.44 mixtures with the highest consumption velocity
2.05 m/s are obtained with 0.236 ms, and a steady value Sy (-
pu/Po), reaching beyond 2 ms, whereas at Le = 2.0 at the flame
expands slowly and increases suddenly after a long lapse. This
figure will be referred later in the discussion. This highest con-
sumption velocity is closer to the mean local burning velocity
SFm, a quantity measured by Kido and his research group
[7-9]. The leading point concept can be utilised to formulate
a method in which flame propagation is controlled by flamelets
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that advance further into the unburned mixture; thus, a state
of highest consumption velocity is achievable, as shown in
Fig. 1. This quantity is understood to be closely related to
the measurable quantity mean local burning velocity.

In the same year (1998), Kido and Nakahara [10] proposed
a similar concept that developed into a new model in which the
preferential diffusion effects on St are quantifiable, by replac-
ing Sy with SFm in the premixed combustion model. How-
ever, measuring St, an important characteristic of premixed
turbulent combustion, continues to be a challenge due to the
complex interaction between turbulence and combustion. Shy
et al. [11] state that the uncertainties in measuring values are
predominantly due to very wide ranges of temporal and spatial
scales in high-Reynolds-number chemically reacting flows.

Nakahara’s work [9] investigates ways to measure St/S1 as
a function of (u/Sy ) for various gaseous mixed fuels, mixture
compositions, and enrichment of hydrogen, i.e. for Le, and
Bagdanavicius [12] studies the influence of elevated inlet tem-
peratures and pressures. For modelling analysis, we use the
first author’s premixed turbulent combustion model, the Alge-
braic Flame Surface Wrinkling (AFSW) model [13,14].

2. Experimental details

2.1. Experiments by Nakahara

We chose five different mixture compositions based on
methane and propane with a hydrogen addition from experi-
ments by Nakahara for the measurement of turbulent flame
speed. The experimental set up, as shown in Fig. 2, consists
of a spherical combustion chamber with a diameter of
100 mm for the turbulence level, approximately u’/Syo ~ 1.4
and u’/Syy ~ 2.0, corresponding to fan speeds of 1000 and
1400 rpm with an initial pressure of 0.101 MPa, and an initial
temperature of 298 K. We present and discuss them in Sections
4.1 to 4.5.

They measure the mean local mean burning velocity SFm, a
significant characteristic of premixed turbulent flames that
quantifies the turbulent burning velocity without the need for
the Le term and the unstretched laminar flame speed Si in
the model. This quantity SFm takes into account the increase
in the preferential diffusion with the increase in hydrogen addi-
tion [9]. Fig. 3 shows a neat quantitative relationship between
SFm and St that are functions of the Le. To summarise, both
quantities increase with the decrease in Le, and this increase is
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Fig. 2 The experimental set up of a combustion test rig [9].
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Fig. 3  This comparison shows the influence of Le on mean local
burning velocity SFm and turbulent burning velocity St [9].

more dramatic for leaner mixtures of around Le < =0.4, and
SFm is a good replacement of S;, to quantity St.

2.2. Experiments by Bagdanavicius (Leeds group)

Experiments by Bagdanavicius examine the variation of turbu-
lent burning velocities, for different gaseous fuels at elevated
temperatures and pressures, using a Bunsen burner. The flame
is confined to a rectangular combustion chamber with a width
and height of 150 mm in a high-pressure optical chamber
(Fig. 4). Two sets of methane-hydrogen mixtures, 85%
methane—15% hydrogen, and 70% methane-30% hydrogen
is considered for the present analysis. Experiments were per-
formed at three different temperatures (473 K, 573 K and
673 K) and two different pressures (3 bar and 7 bar). He
inferred that hydrogen addition can enhance the turbulent
burning velocity for lean mixtures. Further details can be
found here [12].

3. Premixed turbulent combustion model

Considering the Borghi’s flame regime diagram, most turbulent
combustion models in the literature are derived for standard P
and T conditions. The author of this paper has established an
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/
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" Combustion chamber
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Fig. 4 Bunsen burner set up [12].
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effective closure for premixed turbulent combustion called the
AFSW model for pressures up to 3 MPa [13,15-17]. It could
take an explicit fuel-type (or the Le) and pressure effects (see
below Eqgs. (1), (2), (3), (4)-(6)). This closure is modelled using
the flame surface density of the reaction source term of the
flame wrinkling ratio of 4t/A4. The AFSW model shows St var-
ies inversely with Le. This basic parameter 1/Le of the burning
mixtures for Le < 1, is a manifestation of the increase in total
flame surface area per unit volume, thus the turbulent flame
speed and overall reaction rate. The model captures ultra-
lean mixtures equally well, Le < 0.5 (Lipatnikov-2005). DNS
by Trouve’- Poinsot [18] show the total reaction rate halves
for methane/air mixtures Le = 0.8 to Le = 1.2.
Furthermore, the model Equ. 1 was modified to Equ. 2 using
the exponential term, e““"V based on the theoretical concept by
Zel’dovich et al. [19] (also see [14,15] and see Table 3 in [20]).
This new relation is relatively more congruent with several ear-
lier experiments and numerical modelling studies [21,22]. This
model is also independently validated in several studies
[17,23,24]. This formulation is given in various closures.

Sty (V2 (1 geoas (24 °"’(v_o)°~2 n
Si 3 \Ze) " \5,) O

ST o \/Z 1 0.25 M' 03 Vo 0.2

So=l (T) (E(LH)) Re (- (7) )

ST — SFmJr\/Tz(Re?'25)(u’)0'3(SFm)0‘7 (3)

Here, SFm is related to the Karlovitz number, Ka = (u’/I;)
(o/SFm?), where I, is Taylor’s length scale, o is molecular ther-
mal diffusivity. Here, vy /v is the inverse of the molecular kine-
matic viscosity normalised by the same quantity at operating
pressure with vy at 1 atm, which accommodates additional
pressure influence. According to the flame regime diagram,
unity Karlovitz number represents the boundary between the
thin reaction zone and the corrugated regime.

The model in Eq. (3) show an increase in fluctuating
velocity u’ and characteristics length scale (integral length
scale) / increases St. Egs. (1), (2), (3) shows that the St is
proportional to w®*® which is closer to Damkéhler’s
expressionSy oc 1%,

This algebraic expression Eq. (1) or Eq. (2) in generic form,
Equ. 4.

Sr = Sio + (pre — constant) u I S5, v* (4)

gives combinations among exponents a + ¢ + d = 1; and
a+b+c+2d=1,usinga = 0.55;b = 0.25;¢c = 0.7; and
d = —0.25. This implies that the equation is homogeneous and
dimensionally consistent among the exponential constants; a
combination of these constants give a sum equal to unity,
the pre-constant taking the effect of fuel, ”Lﬂ

Using the Karlovitz number in terms of Sy .

W\’
Ka = 0.157Ré? <—)
Sto
Equ.(1)/(2) can be transformed to.

—-1.7
o Vo 02
= 18. 2 — =
Sr = Sio + 18.65Ka (SLO) (v) (5)

This expression, Eq. (5) St = f(Ka) is similar to that result-
ing from the Kido database. A fit model devised from this
database is split to identify two flame characteristics, the
straight-line and a flat curve (1- Ka?), which yield the condi-
tion of the flame quenching at Ka = 1.0.

Sr = (SL +\/7§ocu/> (1 - KaLZ)O < Ka; <0.5 (6)

An effort is made to show that Eq. (5) can be re-constructed
to form an analogy with Eq. (6), an empirical fit of the experi-
mental data given by Nakahara [7]. However, the present
numerical model could not demonstrate the quenching condi-
tion. In other words, more study is required to include stretch
effects in the model to show the level of steadiness that the tur-
bulent flame speed has to achieve, which should not increase
beyond a certain turbulence level or state of flame-quenching.

The quantification of the likelihood of flame quenching
could not be inferred from this reconstructed numerical model,
Eq. (5). This may require the inclusion of complex stretch
effects into the current model. However, the model works
equally well compared to Eq. (6) for the present measured
data, as discussed below using the various closures, Eqgs. (1)
to (3).

However, the significance of the Lewis number in leaner
mixtures on premixed turbulent flames is extraordinarily
reviewed by Lipatnikov and Chomiak [25]. They assert that
Le is more effective than the Markstein number Ma for turbu-
lent combustion modelling as well as perturbation, which is
applicable to turbulent flames. The AFSW model uses an
effective Lewis number Le, instead of Ma.

In practice, when modelling with the Markstein number,
Ma has proven difficult to obtain without significant experi-
mental or numerical studies. Moreover, Ma is in several forms
due to a wide variation in their values among independent stu-
dies [26]. Therefore, the turbulent burning velocity correlations
St mostly based on the Le that can be obtained directly from
mixture properties. One of the ways to estimate effective Lewis

number Le.g, for example by using the Dinkelacker model LE]W

=2 =ab 4 ob = o+ 72 [15]. Here, o is molecular heat
diffusivity and D is molecular mass diffusivity. However, in
this study, we use the values provided from the experiments.

In the AFSW model, St is dominated by three parameters,
normalised turbulent velocity u’/Syg, the turbulent Reynolds
number Re and the Le. However, a very recent experimental
study by Lhuillier et al. [27] partly modifies the AFSW model
with a multiplication factor, modulus of Markstein number to
the power 0.06, shows that the model correlates very well with
their expanding ammonia flames enriched with H,, and con-
cludes that St/Sy increases with the decrease of Le.g due to
the onset of preferential diffusion, which amplifies the acceler-
ating effects of turbulence-induced flame wrinkling.

In the following, we examine St using the AFSW model to
show that the model captures the experimental findings for
each data point for the addition of hydrogen to methane/air
mixtures under lean conditions, for the Le range 0.4 to 1.59,
shown in Table 1. The model works equally brilliantly by
replacing Le and S;y with SFm, a flame quantity that quanti-
fies the preferential diffusion effect, due to different molecular
diffusivities among reactants. We extend the discussion to inde-
pendent set of data from Bunsen flames.
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Table 1 Properties of fuel mixtures and of test conditions of spherical expanding flames at ¢ = 0.5. Experiments by Nakahara
(personal communication).

d) SH C3Hg CH4 H2 02 N2 SLO Oy v Le Rel u’/SLO Re[ u’/SLO

(cm.0/s)  (mm?s)  (mm?/s) (1000 rpm) (1400 rpm)

05 0 — 1 0.0 40 92 250 21.1 15.6 0.89  63.0 1.404 88.20 1.97
05 02 - 0.8 02 34 84 248 222 15.8 080 622 1.415 87.08 1.98
05 05 - 0.5 05 25 75 250 24.3 16.2 0.66  60.6 1.405 84.84 1.97
0.5 08 - 0.2 0.8 1.6 72 252 26.9 16.7 0.51 58.9 1.395 82.46 1.95
0.5 1.0 - 0 1.0 1.0 69 251 29.2 17.2 0.40 57.4 1.402 80.36 1.96
04 08 - 0.2 08 20 69 252 26.9 16.7 0.51  58.9 1.395 82.46 1.95
05 0 1.0 - 0.0 10 25 25.0 19.6 1.59 66.4 1.402 92.96 1.96
05 02 038 - 02 82 20 25.2 20.1 14.9 1.35 659 1.391 92.26 1.95
05 05 05 = 05 55 14 25.4 21.4 15.2 1.00  64.6 1.381 90.44 1.93
05 08 02 - 08 28 88 253 24.6 15.9 0.65 61.6 1.388 86.24 1.94
0.5 1.0 00 - 1.0 1.0 6.6 249 29.5 17.2 041  57.1 1.413 79.94 1.98

4. Results and Discussion

4.1. = 0.5: CH,|H, foru'|S;y~ 14 and u’|S;, ~ 2.0, with 1/
Le & E(TI,,) term

We analytically investigate spherical expanding flames using
AFSW model (Eq. (1), (2), (3) & Eq. (2)), for the influence
of hydrogen on methane and propane mixtures at turbulence
fan speeds 1000 rpm (x’=0.35) and 1400 rpm (u’=0.49), for
varied Lewis numbers, given in Table 1. The propane mixtures
will be presented from Section 4.3.

Fig. 5a and b, in the vicinity of u’/Sy o ~ 1.4, show variation
in St/Sy o due to the influence of the preferential diffusion,
more predominantly for Le < 1 mixtures, corroborates with
the hypothesis by Zel’dovich [19] as cited in Betev et al. [28].
The model values from Eq. (2). with the term 1/¢**") is based
on this idea and, therefore, it complements these experiments
very well. It shows that, for Le < 1, from a physics point of
view, the radius of the minimum critical radius with respect

3.00 ¥
)
=]
£ 250
e
&
2,00
1.50
100 O Nakahara 1000 rpm CH4 (1/Le)
0.50 Muppala 1000 rpm CH4 (1/Le)
0.00
1.390 1.395 1.400 1.405 1.410 1.415 1.420

u'/SLO

Fig. 5

to laminar flame thickness decreases, which helps propagate
the flame faster, and tends to become more radical the leaner
the mixtures become under the influence of preferential diffu-
sion. Similarly, Peters and Williams’ (1981) concept states that
the local burning rate in the flamelets and their local extinction
depend substantially on Le. Poinsot and Trouvé [18] show that
Le < 1 flames are thermo-diffusively unstable causing higher
heat release and the generation of a higher flame area (also
see recent studies [29,30]).

Note that the data points (i) and (ii) overlap for both the
experiment and the model.

Fig. 5a shows the results for Eq. (1), (2), (3), with an over
prediction for one data point (iii), whereas Eq. (2) captures this
experimental trend near perfectly for all the Le values ranging
between 0.4 and 0.89.

Fig. 6a and b show slightly higher turbulence u’/S;y ~ 2,
and the model with 1/Le term continues to show a similar pat-
tern to that in Fig. 5a and b. However, Eq. (2) with 1/etD,
yields a very good qualitative trend for all values, but partly
under predicts within an acceptable level.

3.50

<0

3.00

2.50

g
@
= 2.00
A
1.50
1.00
< Nakahara 1000 rpm CH4 (1/exp(Le-1)
0.50 [J Muppala 1000 rpm CH4 (1/exp(Le-1)
0.00
1390 1.395 1.400 1.405 1.410 1.415 1420

u'/SLO

a. (L) (Eq. (1)) and 5b (R) (Eq. (2)). For 1000 rpm shows a comparison between the Nakahara experiment and the Muppala

model for St/Sy vs. ©’/Syy for CH4/H, mixtures at § =0.5, except for one piece of data at § — 0.4. From Table |1 (L to R): (i) § — 0.4 -
(Spo = 252, Le = 0.5, Re = 58.9) - 6y _ 0.8; (1)) @ — 0.5 — (Spp = 25.2, Le = 0.5, Re = 58.9) - 6y _ 0.8; (iii) (SLo = 25.1, Le = 0.4,
Re = 57.4)- 0y 1;(iv) (SLo = 25, Le = 0.9, Re = 63) -8y _0; (v) (SLo = 25, Le = 0.7, Re = 60.6) - 6y _ 0.5; (vi) (SLo = 24.8, Le = 0.8,

Re = 62.2) - 65 - 0.2.
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5.00
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1
4] t
3.00 0
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@ L T
a
.
il
2.00
1.00 O Nakahara CH4-H2 (phi 0.8; 1000rpm)
[J Muppala CH4-H2 {phi 0.8; 1000rpm)
0.00
137 1.38 139 1.40 141 142 1.43

u'/sLo

Fig. 7 (Eq. (2)) shows the variation of St/Syo with Le (condi-
tions given in Table 2). The data points from L to R: i)
(SLo = 254, Le = 0.67, Re = 60.4); ii) (S0 = 25.3,
Le = 089, Re = 63.1); iii)) (Spo = 25.1, Le = 0.53,
Re = 58.2); iv) (Spo = 24.7, Le = 0.42, Re = 56.5); v)
(Spo = 24.8, Le = 0.80, Re = 62.2).

42.¢ = 0.8, CHy/H; at w[Spy ~ 1.4, with 1= term

For ¢ = 0.8, all lean CH4/H, mixtures are prepared in the vici-
nity of u’/S;y ~ 1.4 (Fig. 7). The predominant factor that
affects St/Syo is due to the preferential diffusion in lean mix-
tures (Le < 1), despite lowering the Reynolds number, as
shown in Table 2. The model gives an excellent agreement with
the measurements. At u’/Syy = 1.42 for Le = 0.42 gives the
maximum St/Sp, for the given data. This can be explained
through the higher enrichment of hydrogen leading to higher
diffusivity of deficient reactant into the convex part of
unburned mixtures, which indicates that a leaner mixture
yields a higher burning velocity. Karpov and Severin [6] state
that a smaller Le in the range Le < 1, the mixtures burn at
higher rates and the cellular structure becomes more
pronounced.

Fig. 7 shows a consistent variation with Le, with higher St/
Sy for the lower Le. The model values for C3;Hg/H, mixtures

(not shown here), for Le = 0.42 to 0.89, indicate that a similar
inverse relationship can be seen between St/S;o and Le.

4.3. ¢ = 0.5: C3Hg |H, mixtures, for u’/|Syy ~ 1.4 and u’/
Sro ~ 2.0, with 1/Le & AT’,,) term

For higher hydrocarbon, propane five fuel mixture composi-
tions with the addition of hydrogen varying from 0%, 20%,
50%, 80% and 100% hydrogen mixtures are prepared (see
Table 1). Fig. 8a and b show that the AFSW model predicts
extremely well for all data points, except for one that it over
predicts. For Le = 0.4 and predictably even leaner mixtures,
the hydrogen flame shows special characteristics in that the
constant limit of consumption velocity increases more than
for Le > 0.4 (as shown in Fig. 1). This transport phenomenon
of expanding hydrogen flames is extensively discussed by
Lipatnikov and Chomiak [4].

A comparison between Fig. 5a (L) and Fig. 8a (L) provides
evidence that the burning rate of methane mixtures is relatively
much higher than propane mixtures with corresponding
values. The results shown are the variations for St o 7.

Nakahara et al. [9] explain that for lean hydrogen-added
mixtures, the diffusion of lighter fuel is more predominant
towards the convex flame of the unburned mixture due to pre-
ferential diffusion. From their numerical simulations, Brower
et al. [31] show that St increases two-fold when 50% of H,
is added to CHy/air mixtures.

Fig. 9a(L) and b(R) show for a higher level of turbulence u’/
Sro ~ 2.0 the model yields exact predictions for some data and
shows a sudden jump for Le = 0.4 for the reasons mentioned
above. Fig. 9b shows a very similar trend to Fig. 6b.

In the following, for the fuel/air mixtures of various equiva-
lence ratios and Bunsen flames, we use the model that is more
characteristic of the outwardly expanding spherical flames. See

Eq. (2).

4.4. Validation of ¢ = 0.5, 0.6 & 0.8 C3Hg/H, mixtures at
different turbulence levels, using model St e(u%,)

Here, we compare the model with the experiment using higher
order hydrocarbon, propane/air mixtures enriched with hydro-
gen for the two varying turbulence levels given in Table 2.
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Table 2 Properties of CHy/H,/air mixtures, for ¢ = 0.8 and 1000 rpm, where dy is a hydrogen fraction.
don Components u’ (cm/s) Sto Le 1000 rpm

CH4 Hz 02 Nz (cm/s) u’/SLO Re,
0.0 1.0 0.00 2.50 9.63 34.91 253 0.89 1.38 63.1
0.2 0.8 0.20 2.13 8.93 35.22 24.8 0.80 1.42 62.2
0.5 0.5 0.50 1.56 7.42 35.05 25.4 0.67 1.38 60.4
0.8 0.2 0.80 1.00 6.45 35.14 25.1 0.53 1.40 58.2
1.0 0.0 1.00 0.63 6.13 35.07 24.7 0.42 1.42 56.5

Table 3 Properties of Mixtures and Test conditions for the three compositions § = 0.5, 0.6, 0.8 of propane/air mixtures (plotted in
Figs. 10 to 12) (Nakahara et al. personal communication).

Components (mol) St (cm/s) o (mm?/s) v (mm?/s) Le Fan speed 1000 rpm Fan speed 1400 rpm
¢ H, GHg O, N, w/Sro Re, uw'/Spo Re,
05 08 02 2.80 10.53 15.60 24.1 15.9 0.64 224 61.8 3.14 92.4
0.5 1.0 0.0 1.00 3.76 69.60 34.2 18.3 0.47 0.51 53.9 0.71 80.5
0.6 0.8 0.2 2.33 8.80 24.10 24.7 15.9 0.66 1.46 61.5 2.04 91.9
0.6 1.0 0.0 0.83 8.78 104.40 36.6 18.8 0.50 0.23 52.4 0.33 78.2
08 0.0 1.0 6.25 3.14 30.00 19.4 14.6 1.57 1.17 66.9 1.64 100.0
0.8 0.8 0.8 5.13 19.28 30.70 20.0 14.8 1.34 1.14 66.4 1.60 99.2
0.8 0.5 0.5 3.44 12.93 35.10 21.5 15.1 1.00 1.00 64.9 1.40 97.0
0.8 0.2 0.2 1.75 6.58 53.90 259 16.1 0.68 0.65 60.9 0.91 91.0

5.00 4,00
4.50 45 g
4.00
3.00
3.50
3.00 2.50
g 2,50 i 2.00
” 2.00 ’ 1.50
1.50
1.00
1.00 o Nakahara 1000 rpm C3H8 (1/1e) © Nakahara 1000 rpm C3H8 (1/exp(Le-1)
0.50 £ Muppala 1000 rpm C3H8 (1/Le) 0.50 Muppala 1000 rpm C3H8 (1/exp(Le-1)
0.00 0.00
1.375 1.380 1.385 1390 1.395 1.400 1.405 1.410 1.415 1375 1380 1.385 1390 1.395 1.400 1.405 1.410 1.415

u'/SLO u'/5L0

Fig. 8 a (L) (Eq. (1)) and Fig. 8b(R) (Eq. (2)). (i) 8 <0.5 (Sro = 254, Le = 1, Re = 64.6) (i) 84-0.8 (Sro = 25.3, Le = 0.7,
Re = 61.6) (iii) 85-0.2 (S0 = 25.2, Le = 1.4, Re = 65.9) (iv) 8110 (S1o = 25, Le = 1.6, Re = 66.4) (V) dg—1 (Spo = 24.9, Le = 0.4,
Re = 57.1).

Fig. 10 shows the model and Eq. (2) predicts the experimen-
tal trend that can be seen in two partitions, a flatter behaviour
beyond u’/S;y > =1, and an increase in turbulent burning
velocity. The figure also shows St/S; o increases with a decrease
in the Lewis number, and it is even more significant with the
corresponding increase in turbulence. This is a fascinating phe-
nomenon in premixed turbulent flames, which is generally seen
as a difficult part of modelling. Nevertheless, as shown in Fig.
11, the AFSW model captures the qualitative and quantitative
trends very well and for higher turbulence and Le ranging from
0.47 to 1.57.

4.5. ¢ = 0.5. Evaluation of St;Sy9 by replacing 'Sy and Le
terms’ with SFm

Fig. 3 shows a cosmic connection between SFm and St. By
modifying the combustion model by replacing terms contain-
ing ‘S and Le’ with a measured quantity SFm, which takes
into account the preferential diffusion, an excellent agreement
is given for the whole range of experimental data, as shown in
Fig. 12. The significance of this quantity is discussed for Fig. 1,
and in the Kido database.
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2.00
1.00 © Nakahara 1400 rpm C3HS (1/Le)
O Muppala 1400 rpm C3HS8 (1/Le)
0.00
1.93 1.94 1.95 1.96 1.97 1.98

u'/SLO

Fig. 9

5.00
4.00 e
= 3.00 o
- S o
12,00 0
1.00 <© Nakahara 1400 rpm C3H8 (1/exp(Le-1)
O Muppala 1400 rpm C3HS8 (1/exp(Le-1)
0.00
1.93 1.94 1.95 1.96 1.97 1.98

u'/SL0

a(L) (Eq. (1)) and 9b(R). (Eq. (2)) (i) (SLo = 25.4, Le = 1, Re = 64.6) - dy; _ 0.5; (ii) (S0 = 25.3, Le = 0.7, Re = 61.6) - 8y _

0.8; (iii) (Sro = 25.2, Le = 1.4, Re = 65.9) - 8 _ 0.2; (iv) (Sro = 24.9, Le = 0.4, Re = 57.1) - oy _ 1.

N

4.5
4
o
5
34 < (m]
= D o
= a
£25 9
Z 2 S X S m]
2 o =5
1.5
1 3
¢ Nakahara(1000rpm)
0.5 0O Muppala(1000rpm)
0
0.00 0.50 L.00 |  1.50 2.00 2.50
u’/SLO
Fig. 10 (Eq. (2)). Comparison between experiment and AFSW

model, for St/Sto vs. #’/Syo for C3Hg/H, mixtures at § = 0.5, 0.6,
0.8 for 1000 rpm (St ﬁ) 1).(So = 1044, Le = 0.50,
Re = 52.4); ii)) (S = 69.6, Le = 0.47, Re = 53.9); iii)
(So = 53.9, Le = 0.68, Re = 60.9); iv) (S0 = 35.1, Le = 1,
Re = 64.9); v) (S o = 30.7, Le = 1.34, Re = 66.4) vi) (Sro = 30,
Le = 1.57, Re = 66.9); vii) (S0 = 24.1, Le = 0.66, Re = 61.5);
viil) (Spo = 15.6, Le = 0.64, Re = 61.8) (See Table 3).

5. Bagdanavicius data: CH4 — H, mixtures at various
equivalence ratio and turbulence

We analyse and validate a different set of data for turbulent
burning velocities measured by Bagdanavicius [12] on a &
25-mm Bunsen burner for pure methane and two mixed 85%
CH4-15% H,, and 70% CH4-30% H, mixtures at elevated
temperatures 473 K and 673 K and pressures 3 bar and
7 bar. This experiment shows no evidence of an increase in
St/SLo at elevated pressures. Therefore, the pressure term in
Eq. (1), (2), (3) is dropped. For further validation, we include
recent data at standard pressure and temperature conditions
from [32], which show that both have good qualitative trends.
For two data points, 1.5 < u’/S o < 2.0, a considerable devia-
tion is seen, as shown in Fig. 13. This is possibly attributed to
high integral length scale and the model seems to over predict.
Otherwise, the rest of the data are largely congruent with the
experiment. The model predicts well even for high turbulence,
u’/SL() ~ 3.0.

5
4.5 o
4 o o
3.5 m]
m]
g * AR
225 (m] (m]
o
& o © o0
2 Q
1.5
1
< Nakahara(1400rpm)
0.5 O Muppala(1400rpm)
0
0.00 1.00 2.00 3.00 4.00
u’/sLo
Fig. 11 (Eq. (2)). Comparison between experiment and AFSW

model, for St/Syo vs. ’/Sy for C3Hg/H, mixtures at $=0.5, 0.6,
0.8 for 1400 rpm (St ﬁ) i) (Spo = 1044, Le = 0.50,
Re = 78.2); ii)) (S = 69.6, Le = 0.47, Re = 80.5); iii)
(SLo = 53.9, Le = 0.68, Re = 91); iv) (S o = 35.1, Le = 1,
Re = 97); v) (Spo = 30.7, Le = 1.34, Re = 99.2) vi)(Syo = 30,
Le = 1.57, Re = 100); vii) (S = 24.1, Le = 0.66, Re = 91.9);
viii) (S 9 = 15.6, Le = 0.64, Re = 92.4).

Fig. 14 also gives a consistent summarisable correlation
with independent experiments by Zhang et al. [32], which were
carried out for natural gas mixed with 10% H, and 30% H,
mixtures. These data fall on either side of Bagdanavicius’ data.
A smooth U-curve is possible (not shown) among both experi-
ments and model values, with the lowest around u’/Sy o ~ 1.3.

They argue that with the addition of hydrogen for mixtures
w'/Srp < 1, the Darrieus-Landau-type bulge-cusp structures
contribute to an increase in St/Syy, and similar arguments
are made by Creta et al. [29].

Bagdanavicius’ experiments show that the addition of Ho,
even in small amounts to CH,4 /air mixtures significantly
increases St. A similar effect was noticed for the increase in
temperature, albeit to a lesser degree (for quantitative figures
and longer discussion, see Figs. 14 & 15 in their original
paper). Fig. 14 also shows for higher % of hydrogen at the
higher temperature of 673 K there is a shift in peak on the lea-
ner side. The AFSW model predicts these qualitative trends,
with some deviation at higher turbulence. Fig. 15 shows a
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0.00
1.370 1.380 1.390 1.400 1.410 1.420
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Fig. 12 (Eq. (3)) (Comparison between u’/Syo vs. St based

on SFm for 1000 rpm. i) (Syo = 254, Le = 1, Re = 64.6); ii)
(Spo = 25.3, Le = 0.65, Re = 61.6); iii) (S = 25.2, Le = 1.35,
Re = 65.9);iv)(S.o = 252, Le = 0.51, Re = 58.9);v)
(SLo = 25.2, Le = 0.51, Re = 58.9); vi) (S0 = 25, Le = 1.59,
Re = 66.4);vii)(SLp = 25.1, Le = 0.4, Re = 57.4); viii)
(SLo = 25, Le = 0.89, Re = 63);ix) (S o = 25, Le = 0.66,
Re = 60.6);x) (Spo = 249, Le = 041, Re = 57.1);xi)
(SLo = 24.8, Le = 0.8, Re = 62.2).

4
3 (]
a
N
S ob?
@2 ©
= <
7 °
l Ty .
<© Bagdanavicius-CH4
0O Muppala-CH4
0
0 1 z 3 4
u'/SLO

Fig. 13 Comparison between Experiment and AFSW model of
Bagdanavicius data for pure CHy4 at 3 and 5 bar. (read L to R for
conditions of each data): i) (573 K, 3 bar, ¢ = 0.84); ii) (473 K,
3 bar, ¢ = 0.96); 1ii) (673 K, 3 bar, ¢ = 0.73);iv) (573 K, 7 bar, ¢
= 0.78); v) (473 K, 3 bar, ¢ = 0.75); vi) (473 K, 7 bar, ¢ = 0.78).

slightly different behaviour. In the vicinity of u’/Syy ~ 1.5,
experiments show that St /Spo is passive for Le numbers
0.59 to 0.72. However, the module predicts higher values for
lower Le. This inconsistency gives scope for further
investigation.

6. Conclusions

The algebraic flame surface wrinkling AFSW flame model pre-
dicts the closest agreements for the turbulent flame speed with
both spherical expanding lean flames and geometrical Bunsen-
burner flames. We conclude that the ratio of turbulence flame

© Bagdanavicius-15% H2

6 O Muppala-15% H2 &
Zhang M et al. (2020) u'/SL0 0.9 X
5 X Zhang M et al. (2020) u"/SL0 3.0 %
=4
5 o
7 3
B o
<
2 o KL
1
0 oo
0 1 2 3 4
u'/SLO

Fig. 14 Bagdanavicius data: Comparison between experiment
and the AFSW model for 85% CH4 — 15% H,. 1) (673 K, 3 bar, ¢
= 0.82); ii) (573 K, 3 bar, ¢ = 0.98); iii) (473 K, 3 bar, ¢ = 1) iv)
(573 K, 3 bar, ¢ = 0.81); v) (473 K, 3 bar, ¢ = 0.82); vi) (673 K,
7 bar, & = 0.79); vii) (573 K, 7 bar, ¢ = 0.99); vii) (573 K, 7 bar,
¢ = 0.8); viii) (473 K, 7 bar, ¢ = 0.86).

o

e
4 &
m]
o o
=3 o
|
z o
2 Ced
= R e
1 < Bagdanavicius-30% H2

O Muppala-30% H2

0 0.5 1 1.5 2
u'/SLO

¥
n
%

Fig. 15 Comparison between model and Bagdanavicius data, for
70% CH4-30% H,. 1) (673 K, 3 bar, ¢ = 0.82); ii) (473 K, 3 bar,
¢ = 0.9); i) (673 K, 3 bar, é = 0.99); iv) (573 K, 3 bar, ¢
= 0.83); v) (473 K, 7 bar, & = 0.99); vi) (473 K, 7 bar, ¢ = 0.85).

speed to unstretched laminar burning velocity (St/Sio)
increases proportionately with hydrogen concentration, and
increases non-linearly for leaner mixtures, i.e. lower Lewis
numbers. For all the data shown, the model St/Syo o 7 pre-
dicts better than St/Spo Ll for all expanding flames. The
model predicts a four-fold increase in u’/Syo doubles St/Sio
for both turbulence levels. The model replacing the
unstretched laminar flame speed S; o, with mean local burning
velocity, elucidates that the influence of curved flamelets gives
excellent quantification for St/Sto.
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