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2.1 Measurement of Laminar Flame Velocity

Both stabilized (stationary) flame velocity and expanding (propagating) flame

velocity can be measured in premixed gases (Fig. 2.1). The flame can be stabilized

in various burners including opposed jet burners.

Schlieren photography of a spherical flame source and simultaneous pressure

recording at constant volume conditions provide the best method for measuring

propagating flame velocity. The most frequently used flame configurations are

shown in Fig. 2.2. These geometrical configurations of the flame are preferable

because their stretch effect can be controlled. A critical review of the methods for

flame velocity measurements can be found in Andrews and Brandley’s works [1, 2],

and [3–8] as well.

Quantitative investigations of gaseous mixture combustion have been developed

and upgraded since the first studies in the nineteenth century. The theoretical

concepts of laminar flame velocity measurements have been developed by Gui

and Michelson [9]. Michelson was the first who measured a flame velocity in a

hydrogen + air mixture at atmospheric pressure and room temperature on the inner

surface of a cone Bunsen flame [10]. Those unique and little known results were

obtained for a wide range of hydrogen concentrations (from 15.3% to 74.6% of the

mixture volume).

In the later work by Jahn [11] quoted in [6, 12] low hydrogen concentration

mixtures were not considered (investigated hydrogen concentrations were 30% and

higher), and maximum burning velocities (267 cm/s) were less than those measured

by Michelson (281 cm/s). Kozachenko L.S. [13] replicated the Michelson

measurements using a fantail burner; the results were close to those obtained by

Michelson.
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Experimental data for hydrogen combustion obtained before 1956 have been

discussed in [14]. In [15–19], both the theoretical premise and details of various

experimental techniques for flame velocity measurements were considered.

A characteristic of a simple Bunsen burner is a parabolic profile of the unburned

gas flow velocity. Moreover, the cone front area depends on a selected flame

boundary (Schlieren, shadow or self-luminescence) [8]. Two ranges with strongly

changing curvature (round vertex of the cone and the curves near the burner rim) are

sources of inaccuracy [1, 12].

A nozzle burner has been used to obtain the uniform flow velocity profile. But it

has been found in [15] that this velocity persists to be non-uniform due to the effect

of the boundary layer on the burner rim; the use of larger diameter nozzles has been
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Fig. 2.1 Methods of laminar flame velocity measurements
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Fig. 2.2 The flame geometrical configurations providing controllable stretch effect: (a) spherical

instable flame; (b) stationary cone flame; (c) stationary double flame in opposed jets. 1 – flame

front; 2 – symmetry plane
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recommended to minimize that effect. Comparison with the experimental data has

shown that the flame velocities measured on nozzle burners were systematically

higher than the values obtained in Bunsen burners.

Further, nozzle burners have been used in [16–18] for measurements in hydro-

gen-air flames and in [19, 20] for flames containing hydrogen, air and water steam.

Data collected in Table 2.1 and published in [10, 11, 13–33] illustrate the

discrepancy in flame velocity values for hydrogen-air mixtures obtained by various

measurement techniques at atmospheric pressure and room temperature.

A significant disadvantage of the burner method is the diffusion-thermal instabil-

ity of the flame front in lean hydrogen-air mixtures (15% H2 and less), which leads to

non-uniformities of the flame concentration and temperature. Instead of a smooth

cone, the flame in such mixtures takes the shape of a polyhedron with the alternation

of luminous zones and zones where luminescence is not observed. The other proof of

the non-uniformity is the cone vertex break. Experimental observations of the specific

features referred to in lean hydrogen-air mixtures have been made in [34–36]. In [37]

a theoretical description of the cone vertex break was presented.

Table 2.1 Laminar flame velocity Su (cm/s) in hydrogen-air mixtures at the atmospheric pressure

and the room temperature

Author Year Method % H2 Sstu Smax
u

Michelson 1889 Bunsen burner 15.3–74.6 217 281

Jahm 1934 Bunsen burner 30–75 187 267

Bartholome 1949 Nozzle burner 40–51.2 – 320

Kozachenko 1954 Fantail burner 20–70 233 287

Manton and Milliken 1956 Spherical flame 30–70 232 300

Fine 1956 Bunsen burner 28–62 193 304

Heimel 1956 Bunsen burner 28–57 206 297

Grummer 1959 Spherical flame 48–67.1 – –

Senior 1961 Bunsen burner 17.4–33 200 –

Gunther and Janisch 1972 Nozzle burner 15–70 282 355

Andrews and Bradley 1973 Two sources method 10–70 – 336

Liu and MacFarlane 1983 Nozzle burner 20.6–64 – 356

Takahashi 1983 Nozzle burner 29.6–64 – 308

Wu and Law 1984 Nozzle burner 22.7–70 – 332

Wu and Law 1984 Nozzle burner 29.6–62.7 – 308

Iijima and Takeno 1986 Spherical flame 17.4–62.7 238 298

Dowdy, Smith, Taylor 1990 Spherical flame 9–68 213 286

Egolfopoulos, Law 1990 Counter-flow 9.7–38.6 209

Koroll, Kumar, Bowles 1993 Two sources method 8–70 250 346

Koroll, Kumar, Bowles 1993 Nozzle burner 30–70 250 330

Vegelopopoulos and co-authors 1995 Counter-flow 9.5–18.8 – –

Faeth and co-authors 1998 Spherical flame 15.9–62.7 210 247

Law and co-authors 2000 Spherical flame 15.9–627 190 282

Langmuir and co-authors 2003 Spherical flame 10–60 209 282

Huang and co-authors 2006 Spherical flame 20–38.7 224 –
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Most of the early measurements were based on the concept of an infinitely thin

flame front where the temperature is sharply changed from the initial value Tu to
the burning temperature Tb, and the gas density falls from the unburned gas density

ru to the burn products density rb at temperature of Tb. As a result of the thermal

expansion, the visible flame velocity (the velocity relative to a motionless observer)

Sb exceeds Su. From the mass conservation law it follows that:

Su ¼ ðrb=ruÞSb:

The value ru/rb ¼ s - is the expansion ratio. The expansion ratio can be found

experimentally by using photography of a flame propagating in a mixture filling a

soap bubble or an elastic case. The expansion ratio can be computed by thermody-

namic calculation of the combustion temperature and the equilibrium products

composition at constant pressure. From the ideal gas state equation it follows that:

s ¼ ðnbTbÞ=nuTu:

This method is applied at the initial stage of a spherical flame development,

when the flame radius does not exceed one-half of a vessel radius. The measuring

techniques for spherical laminar flame velocities have been considered in the

literature [1, 3, 5, 21, 24, 27, 31–33, 38–43].

2.2 Results of Laminar Flame Velocity Measurements

Andrews and Bradley [1, 2] have analyzed the available measuring techniques and

have proved the necessity to consider a flame front thickness when the spherical

container method is used. They presented flame velocity data obtained in hydrogen-

air mixtures contained in a closed space for both a single spherical flame source and

for two flame sources moving toward each other.
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Fig. 2.3 The visible flame

velocity measured by

Andrews and Bradley [2]

(1) and laminar flame velocity

obtained by Dowdy and

co-authors [27] (2) versus the

percentage of hydrogen in

H2 + air mixtures.

Temperature – 298 K,

pressure – 0.1 MPa
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Figure 2.3 presents the values of visible velocity Sb of a single spherical source
[2] and laminar flame velocity Su

0 [27] for hydrogen-air mixtures. Later on, the

double ignition method was used in [20] for measuring combustion velocities of

both laminar and turbulent flames in lean hydrogen-air mixtures.

Figure 2.4 presents the laminar flame velocities measured by various techniques

in H2 + air mixtures. The results obtained by Liu and MacFarlane [19] noticeably

differ from those obtained for a spherical flame and in a Bunsen burner, which is

explained by the stretch effect. In [19] they used a small nozzle with a 3-mm

diameter; it resulted in overrated combustion velocity values. Figure 2.5 presents

cm/s

Fig. 2.4 The comparison of laminar flame velocities measured by various techniques in H2 + air

mixtures at atmospheric pressure and room temperature: 1 – Michelson [10]; 2 – Kozachenko [13];
3 – Manton and Milliken [21]; 4 – Grumer [24]; 5 – Andrews and Bredley [2]; 6 – Iijima and

Takeno [26]; 7 – Liu and MacFarlane [19]; 8 – Dowdy and co-authors [27]. The short strokes – Liu
and MacFarlane correlated curvature. The long strokes – calculation performed by IChPh RAS

(spherical flame). The solid curves – calculation performed by IChPh RAS (flat flame)

cm/s

Burner nozzle diameter, mm

Liu, MacFarlane

Dixon-Lewis

Dowdy, Smith, Taylor,
Williams

Fig. 2.5 The apparent laminar velocities in quick-burning H2 + air mixtures in burners with different

nozzle diameters. The measurements 1 – [15]; 2 – [44]; 3 – [45]; 4 – [46]. The Liu and MacFarlane

measurements [19] signed with the arrows. The dashed line – measurements [27]. The solid line –

calculations [38]
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the data collection of maximum flame velocities measured for various diameter

nozzles in H2 + air mixtures. It is seen that the apparent velocity decreases with

increasing nozzle diameter. All experimental data obtained for less-than 7-mm

diameter nozzles are evidently higher than results obtained by the Dixon-Lewis

numerical simulations [38] for a flat flame and from experimental data [27]

extrapolated to an infinitely large flame radius on the basis of the Markstein

phenomenological concept.

Data obtained for a smooth undisturbed flame by the spherical container method

agree with the numerical simulation results of a spherical laminar flame propaga-

tion provided that an up-to-date detailed kinetic scheme with hydrogen oxidation

and transport coefficients for describing multi-component diffusion of mass and

heat are taken into account [27, 30, 43]. In some cases, when the agreement is not

observed, it is necessary to analyze the arrangement of laminar flame velocity

measurements.

A small number of experimental techniques is applicable for measuring a flame

velocity in lean hydrogen mixtures. In such mixtures, effects requiring special

attention to the arrangement of measurements of both laminar and turbulent flame

velocities have been observed.

The value of S0u is important not only for simulating laminar and turbulent

combustions and chemical kinetic problems, but also for designing various fuel

burning devices. The value of S0u is a fundamental characteristic and denotes the

velocity of a laminar stable adiabatic flat flame.

In practice, not all these conditions are met. It is the reason for a significant

discrepancy in values of laminar flame velocity measured by various techniques

and observed in some cases. For example, the difference in published values of the

hydrogen-air flame combustion velocity in lean mixtures (15% H2 and less) runs up

to 2.5 times.

2.3 Development of Laminar Flame Velocity Measuring

Techniques

Lately, efforts have been made toward the development of techniques to improve

laminar and turbulent flame velocity measurements.

Flame velocity values depend on:

• Stretch effect,

• Nonadiabaticity,

• Finite combustion zone thickness,

• Flame instability.

Heat loss in burners has been quantified and has been taken into consideration.

Application of opposed jet burners has allowed development of a method for

determining a stretch-free flame velocity [28, 29]. The idea of this method is the

determination of several Su values at different stretch factors K and the further
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extrapolation toK¼ 0. The necessity of extrapolation follows from the impossibility

of stabilizing a flame at low K values.

It should be noted that the extrapolation method is complicated and time

consuming. An absolutely different approach has been offered in [27, 47, 48].

It is based on a well-known technique for the investigation of a developing

spherical flame using Schlieren photography. The idea of this method is to obtain

a flame velocity correction relying on the Markstein assumption that such a velocity

is a linear function of the flame curvature. The phenomenological ratio

Sb ¼ S0b= 1þ b=rf
� �

;

is used for the correction. After integration, this expression takes the form of an

equation suitable for experimental data (flame radius rf/time ratios) processing

rf þ blnrf ¼ S0btþ const:

Here S0b is the visible flame velocity corrected to the stretch, b – experimental

parameter. Parameter b takes into account two factors: a stretch and a flame

thickness. If S0b, is known, than S0u can be found by dividing the visible velocity

by the expansion ratio s ¼ ru/rb. The ratio of unburned gas density ru to the

combustion product density rb is found from the thermodynamic calculation.

Figure 2.6 presents expansion ratio values for H2 + air combustion (solid

curves) and H2 + O2 combustion (dashed curves) at several temperatures and at a

fixed pressure of 0.1 MPa.

A somewhat different method has been used in [30, 49, 50]. In this method,

firstly, a visible flame velocity Sb ¼ drf/dt is found by differentiating the experi-

mental flame radius - time function and calculating the Su ¼ Sb/s value. A stretch

correction has been performed by the linear extrapolation to zero flame curvature.

Numerical experiments in [43] proved that the same value of S0u can be obtained by
use of either of the mentioned methods.
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Fig. 2.6 The expansion ratio

of hydrogen-air (the solid
curves) and hydrogen-oxygen

combustion products (the

dashed curves) versus the
composition and the initial

temperature; P ¼ 0.1 MPa
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However, the numerical simulations have not used the experimental data, but the

smooth calculation curves that have allowed finding the S0u value by linear extrap-

olation. In practice, the experimental dependencies do not correspond to the smooth

curves and that method [49] proves to be less accurate than [51]. In some cases it is

preferable to accept the flame velocity as a value found at maximum possible flame

radius instead of an extrapolated value.

Apart from the flame velocity, the aforementioned methods of experimental

ratios rf(t) processing can be applied to determining the Markstein length that is a

measure of flame response to stretch, and can be positive or negative depending on

the fuel composition. In recent years experimental data on the Markstein lengths for

some hydrocarbon + air mixtures (including hydrogenous mixtures) have been

obtained at atmospheric pressure, and a restricted number of the data points have

been obtained at elevated pressure [30, 47–49, 52].

The possibility of determining a flame velocity corrected to the stretch in

lean hydrogenous mixtures at higher than atmospheric pressure is still problematic.

In particular, traditional methods of measurement result in a discrepancy

between predicted and measured pressure characteristics of flame velocities at

initial elevated pressure. For example, an expanding flame simulation in lean H2

+ air mixtures, when real kinetics and multi-component transport processes are

taken into account, results in baric index values different from those obtained

experimentally.

Measurement of laminar flame velocities is complicated in quick-burning

H2 + O2 mixtures, and the data published are conflicting. It specifically relates to

a high pressure combustion.

The amount of flame velocity experimental data for H2 + O2 mixtures is much

less than for H2 + air mixtures. Figure 2.7 presents a comparison between measured

and calculated dependencies of the laminar velocity on mixture concentration over

a wide range of the concentrations. Calculated flat flame velocities, those that take

cm/s

Fig. 2.7 The laminar flame

velocities Su in H2 + O2

mixtures at atmospheric

pressure and 298 K

temperature. The measured

results [11] – 1 and [25] – 2
at Bunsen burner; [53] – 3
at nozzle burner. The

curve – calculated data taking

into account detailed kinetics
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into account detailed kinetics and transport processes, are in better agreement with

Jahn [11] and Senior [25] values measured in Bunsen burners, than those measured

in nozzle burners [53].

Good experimental flame velocity data reproduction by numerical simulations

allows using the simulation results when experimental data are not available.

2.4 Simulation of Flame Propagation

Currently, numerical simulations of flame propagation accounting for qualitative

mixture compositions and multi-component transports have been widely

performed. For example, calculation data of the laminar flame velocity in premixed

H2 + air mixtures at atmospheric pressure and room temperature have been

published in [27, 38, 54–57].

Many investigators use a flat flame model for their calculations. The best known

flat flame calculation algorithm PREMIX [58] has been developed by SANDIA.

A characteristic feature of this simulation is that the laminar flame velocity is found

as a stationary problem solution.

Another approach, introduced by Spalding [59], is a solution of the non-stationary

one-dimensional problem and is usually called an iteration method.

The one-dimensional spherical flame developed from a small ignition source can

be described by the mathematical model of [60] based on the mass, particles and

energy conservation laws:

@r=@tþrrðrUÞ ¼ 0; (2.1)

rð@Yi=@tÞ ¼ rrðrDi;M@Yi=@rÞ � rU@Yi=@r þWi; i ¼ 1; ::n; (2.2)

Wi ¼ mi
Xk

j¼1

vi;j Rj;

rCpð@T=@tÞ ¼ rrðL@T=@rÞ � rUCp@T=@r þ
Xk

j¼1

ð�DHjÞRj; (2.3)

rrA ¼ 1=r2 � @ðr2AÞ=@r; Di;M ¼ 1� YiP
j¼1

xj=Di;j
;

With the boundary conditions in the form of

ð@T=@rÞr¼0 ¼ 0; Tr¼R ¼ T0;

ð@Yi=@rÞr¼0 ¼ 0; ð@Yi=@rÞr¼R ¼ 0:
(2.4)
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Here: n and k are the number of components and reactions respectively, r, T, U
are the gas density, temperature and velocity; mi, Yi, xi are the molecular weight,

mass and volume fraction of particles i; Cp – specific heat capacity; Di,j – binary

diffusion coefficient; Di,M – diffusion coefficient of particle i in the mixture;

L – heat conductivity of non-reactive gases; DHj – heat of elementary reaction j;
ni,j – stoichiometric coefficients for particles i. The source term Wi depends on the

reaction rate Rj.

In the case of freely propagating flames, vessel walls (r ¼ R) are assumed to be

located far from the flame front, which corresponds to the boundary conditions (2.4).

The model assumes that the burning process is initiated by the ignition source of

radius R*, duration - t* and temperature T* > Tad, where Tad – adiabatic flame

temperature. The temperature condition (2.4) has the form:

t � t� : Tr�R� ¼ const ¼ T�;

t > t� : ð@T=@rÞr¼0 ¼ 0:

The reaction mechanism contains 26 elementary stages. The constants of veloc-

ity and efficiency of particles in tri-molecular reactions are taken following the

recommendations given in [61–65].

Unlike the flat flame model [57–59], the approach offered in [60] allows

investigation of the ignition process and further development of the spherical

flame source. At small source radii the flame velocity reproduces the Lewis number

effect. Figure 2.8 illustrates the spherical source development and allows compari-

son of radii predicted and measured using the Schlieren photography in an H2 + air

(f ¼ 0.26) mixture.

2.5 Initial Temperature Effect on Laminar Flame Velocity

Change of the initial temperature in H2 + air or H2 + O2 mixtures leads to a change

in the flame velocity.

Figure 2.9 illustrates the temperature effect on the flame velocity in a stoichio-

metric H2 + O2 mixture at atmospheric pressure. The velocities measured from

burners are shown by the solid circles [66], the calculated results [60] – by the

curve. Most measurements in [66] were performed for lower temperatures, the

range of high temperatures, which is of interest, have not been investigated.

Measured results agree with the calculated data; however, the calculations were

performed for a wider temperature range than the experimental measurements [66].

By using the flame velocity Su0
* at temperature T0 ¼ 298 as a normalized value,

Fig. 2.10 demonstrates the power law that can be applied to the approximation of

the Su dependence found for the temperature. The dashed parabolic curve shown in
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Fig. 2.9 The flame velocity

versus temperature in a

stoichiometric H2 + O2

mixture: the solid circles are
experimental data [66]; the

curve represents calculated
data [60]
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Fig. 2.8 The spherical flame

radius and laminar flame

velocity versus time for two

ignition source sizes ro:
(a) initial temperature

distribution; (b) the curves:
calculated dependencies r(t),
the open circles: flame radii

experimentally found using

Schlieren photography;

(c) flame velocity change

with increasing radius
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this figure is often used for hydrocarbons experimental data Su ¼ Su0
*(T/T0)

a

approximation [6, 41]. Actual temperature dependence of the velocity is weaker

for hydrogen, and for a stoichiometric H2 + O2 mixture it can be approximately

described by the power function exponent a ¼ 1.284.

Laminar flame velocities have beenmeasured in [23] for a stoichiometric H2 + air

mixture at various temperatures and atmospheric pressure. Figure 2.11 represents

experimental and calculated [60] data. It is seen that the experimental data are in

good agreement with the calculated ones in the range between 300 and 700 К.
Dependence of the calculated flame velocities [60] on the temperature in H2 + air

mixtures is presented in Fig. 2.12. The evident temperature dependence of the flame

velocity was observed in a lean mixture containing 15% hydrogen.

Figure 2.13 illustrates other methods of laminar velocity prediction; it presents

comparisons between measured results at 600 К temperature [23] and the calcu-

lated data. The calculations presented and the experiments prove that high flame

velocities exist at elevated initial temperatures in H2 + air mixtures. The obtained

flame velocities are comparable with those observed in H2 + O2 mixtures at room

temperature.

calculation

Fig. 2.10 The selection of

the a exponent approximating

the initial temperature

dependence of the flame

velocity in a H2 + 0.5O2

mixture

cm/s

Initial temperature

air

calculation
measurements

Fig. 2.11 The comparison of

calculated and measured

values of flame velocity

versus temperature [23] for a

stoichiometric H2 + air

mixture at atmospheric

pressure
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2.6 Pressure Effect on Laminar Flame Velocity

The pressure effect on a laminar flame velocity cannot always be reliably determined

in experiments with hydrogen-containing mixtures. Contradictory conclusions for

normal flame velocity dependence on pressure can be found in the literature. In

technical applications, power functions for a flame velocity dependence approxima-

tion on temperature and pressure are used. Such power functions are called thermal

and baric indexes respectively.

Often hydrogen mixtures are groundlessly assigned a thermal index equal to two.

Experimental and calculated data presented show that this index changes depending

on the mixture composition. The situation is more complicated with the baric index,

because sometimes various measuring techniques result in opposite signs of the

baric index. This leads to errors in the measured data extrapolation to

uninvestigated pressure ranges.

One of the errors may be obtained by using the rule allegedly developed by

Lewis [67] for hydrogen + air mixtures. The rule runs as follows: in mixtures with

cm
/s

Initial temperature

Fig. 2.12 The calculated

flame velocities in H2 + air

mixtures at atmospheric

pressure versus initial

temperature: 1 – 29.6% H2;

2 – 20% H2; 3 – 15% H2.

The solid circles are
measured results [23]

in mixtures containing

29.6% H2

calculation
measurements

cm/s
Fig. 2.13 The comparison of

measured [23] and calculated

[60] data on flame velocity Su
versus the hydrogen

percentage in H2 + air mixture

at T0 ¼ 600 К
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flame velocity exceeding 100 cm/s at atmospheric pressure, the predicted value

grows with the pressure rise (positive baric index); on the contrary, in mixtures with

50 cm/s or less flame velocity, the laminar velocity falls with the pressure growth.

Authors [14, 67, 68] have presented the general dependence based on

measurements in hydrocarbon fuels. The data collected disprove that empirical

law, at least for mixtures containing hydrogen. Further results that compare the

numerical simulation data with the conformable experimental results free from

errors help to have a correct idea about flame behavior in hydrogen mixtures at

various pressures.

At first, let us consider the laminar velocity - pressure dependence in a stoichio-

metric H2 + air mixture at normal temperature 298 K. The solid curve in Fig. 2.14

illustrates calculated values of S0u (for a flat flame) in the pressure range between

0.01 and 0.5 MPa. The laminar velocity - pressure dependence has a sloping

maximum. All laminar velocity values are higher than 140 cm/s within this pressure

interval. In the range up to 0.2 MPa the laminar flame velocity increases with the

pressure, and after that it gradually falls.

A similar dependence for a stoichiometric H2 + air mixture at temperature 300 K

was obtained by numerical simulation considering the detailed kinetics [55] in the

pressure range between 0.025 and 3 MPa. The laminar velocity calculated in [55] is

higher than that obtained by the IChPh and presented in Fig. 2.14. The data at

atmospheric pressure (268 cm/s) [55] are higher than the current experimental

laminar velocity values (209–213 cm/s) measured in [27, 28, 30] (see Table. 2.1).

The results obtained by the IChPh are in better agreement with the experimental

results published in the literature excluding the measurements from [26] obtained in

the higher pressure range.

The discrepancies can be explained by the fact that sometimes, for laminar velocity

measurements done by the constant volume container method at elevated initial

pressure, high-speed Schlieren photography was not used; the visible flame velocity

was found either from the pressure records or from data on the front arrival time to a

certain position (flame-ionization detectors, photodiodes). The experiments in [26]

and [41] were performed in such a manner.

cm/s

MPa

Fig. 2.14 The laminar flame

velocity versus pressure in a

stoichiometric H2+air mixture

at initial temperature 298 K,

measured by various

techniques: 1 – [22]; 2 – [27];

3 – [41]; 4 – [30]; 5 – [26];

obtained by the numerical

simulations: 6 – [55]; 7 – by

the IChPh according to [60]
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When the flame is subjected to small-scale curvatures, which is typical for lean

H2 + air mixtures, an experimenter does not measure a normal velocity, but blindly

measures some velocity depending on the level of the developing front. The front

perturbation at an initial pressure of atmospheric or lower may be insufficient for a

significant increase in the flame surface area. Therefore, even with the “blind”

method of measurement in [26, 41], plausible results were obtained in the range

between 0.05 and 0.1 MPa.

However, with the initial pressure growth the flame surface perturbations

increase, which leads to discrepancies (see Fig. 2.15) between the calculated and

the measured data on laminar flame velocities [26]. It can be said with confidence

that the equations for the pressure index [26, 41] do not characterize a laminar flame

in a H2 + air mixture at elevated pressure.

Since lean mixtures are of interest, both from scientific and practical standpoints,

IChPh RAS have analyzed the available experimental data on a laminar flame

velocity and have performed experimental investigations and calculations in the

lean range with 8% H2 -20% H2 in air [70]. The calculations were performed within

the pressure range from 0.05 to 1 MPa. Figure 2.15 presents the calculated and

measured data on the laminar flame velocity obtained by IChPh RAS in comparison

with data from [2, 69].

The calculated dependencies, in the aforementioned pressure range with 8–15%

H2 concentration, illustrate the laminar flame velocity decrease with increasing

pressure; a maximum close to 0.2 MPa was obtained, but only in a 20% H2 mixture.

Notice the group of experimentally obtained points between the curves relevant

to 10% and 12% H2 mixtures. The solid circles denote results obtained by the “blind

container” method where only P(t) record processing was used for the flame

velocity assessment. The empty triangles show results obtained in a similar

cm
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. .
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Fig. 2.15 Theflame velocity -

pressure dependencies

in lean H2 + air mixtures.

The curves are calculated

data. The measured results

are: □ – according to [2],

x – according to [69], • – P(t),
D – r(t)
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container by Schlieren photography of the initial stage of the flame development

before the total pressure in the container has increased. In fact, it reduces the flame

sphere radius to one-half of the container radius. The P(t) record suitable for

processing starts at the time when the Schlieren – registration r(t) has finished.
If the flame sphere were smooth, the aforementioned measured results would be

close to each other. This is true at atmospheric pressure. The discrepancies gradu-

ally increase with the initial pressure growth. The Schlieren photograph processing

revealed a change in the slope of the r(t) graph. It is caused by development of a

front instability during the late stage of the flame sphere expansion. The laminar

flame velocity assessed according to the second slope is denoted by II and the first

slope – by I.

2.7 Mixture Composition Effect on Laminar Flame Velocity

The initial temperature T0 and the pressure effect on the laminar flame velocity in

lean H2+air mixtures containing 10% H2 (fuel excess coefficient f ¼ 0.26) is

presented in Fig. 2.16a, b. In Fig. 2.16a illustrates the pressure effect in the range

cm
/s

cm
/s

MPa

MPa

MPa

MPa

a

b

cFig. 2.16 The initial

temperature and pressure

effect on the flame velocity in

lean H2 + air mixtures (a, b).

The change in the temperature

index a as a the mixture

composition according to the

calculations (the solid curve)
and the experimental results

(the dashed curve and the
squares) (c)
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between 0.5 and 10 MPa. The solid curves relate to the laminar flame velocity

calculated at initial temperatures of 298, 373 and 473 K.

The temperature effect is illustrated in Fig. 2.16b for 0.1 and 0.4 MPa pressure. It

is seen that in the lean mixture the flame velocity falls with increasing pressure at

constant temperature (negative baric index) and increases with temperature at

constant pressure.

The temperature index a is given in Fig. 2.16c. for a wide range of H2

concentrations in H2+air mixtures. The temperature index of the laminar flame

velocity has a minimum value in the range of H2 content approximately between

30% and 45%; it grows in the lean and rich mixture ranges. The calculated

temperature index data have been compared with the measured results of

[19, 23]. For a complete description of the baric index values, Su(P) ratios, similar

to those illustrated in Fig. 2.14 by the solid curve, can be differentiated to find the

pressure range where the transition to the negative pressure index occurs.

Figure 2.17 presents values of dSu=d P=P0ð Þ for mixtures containing 29.6% H2,

40% H2, 60% H2 and 70% H2 that were calculated using the flat flame model [58]

and the kinetic scheme applied in [60, 70]. The calculations have been performed

for an initial temperature of 298 K. It is seen that the laminar flame velocity

falls with increasing pressure throughout the entire range in the mixture containing

70% H2.. The feasible maximum flame velocity occurs near the lowest measured

pressure.

Figure 2.18 demonstrates the laminar flame velocity - pressure dependence in

the mixture containing 60% H2 at 298 K. The solid curve denotes calculated

velocities, the solid circles – experimental results [24] at lower and higher pressures

than atmospheric. Measurements of both P(t) and r(t) records have been used in

[24]. The discrepancies between velocity values obtained by two methods were

insignificant (about 1–2 cm/s). The difference is explained by the fact that in the

rich mixture containing 60% H2 the flame sphere remained smooth even at

pressures higher than atmospheric.

The data obtained by the spherical flame model are in close agreement with the

aforementioned results. The model has been used for the laminar flame velocity

calculation for the finite radius of the 3-cm sphere for 70% H2 mixture at elevated

cm
/s air

Fig. 2.17 The calculations

of dSu/d(P/P0) values for

the H2 + air mixtures at the

initial temperature 298 K.

P0 ¼ 0.1 MPa

2.7 Mixture Composition Effect on Laminar Flame Velocity 31



pressure and a temperature of 423 K. The temperature choice was based on the

Babkin experimental data [71].

The solid curve in Fig. 2.19 illustrates the calculated laminar flame velocities

and is compared with the experimental data denoted by the solid circles. Due to the

elevated initial temperature (423 К) and atmospheric pressure, the flame velocity in

the 70% H2 mixture is higher than in the 60% H2 mixture at room temperature

(200 and 172 cm/s, respectively).

It has been noted in [71] and proved by numerical simulation data that the Lewis

“rule” is not fulfilled in rich H2 + air mixtures. Other cases when Lewis’ “rule” is

not correct for hydrogenous mixtures have been mentioned in [69].

Comparison of the calculated flame velocity data obtained by the kinetic simu-

lation with the experimental results in H2 + O2 mixtures relative to the initial

pressure effect on the flame velocity is of interest. Figure 2.20 demonstrates that

the kinetic simulation predicts the laminar flame velocity growth with increasing

pressure to approximately 2 MPa, after that the flame velocity falls. Similar results

were obtained by the numerical calculation [54]. Such behavior of the flame

velocity has not been proven experimentally. The work [72] presented the

cm/s

MPa

Fig. 2.18 The flame velocity

change in the rich H2 + air

mixture (60% H2) versus

the initial pressure at 298 K

temperature: the curve –
calculations; the solid
circles – measurements [24]

cm/s

MPa

Fig. 2.19 The comparison of

the numerical simulation data

for a 70% H2 + air mixture

combustion at elevated

temperature with the Babkin

experimental results [71]: the

curve – calculations; the

squares – experiments
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measurements performed in the “blind” container within the 0.05–0.5 MPa pressure

range, which gives evidence of the fractal nature of the flame front.

2.8 Effect of Noncombustible Gas Additives on Laminar

Flame Velocity

Let us consider the effect of noncombustible additives, such as water steam, carbon

dioxide or nitrogen on the laminar flame velocity along with combustion of binary

fuel mixtures (H2 + CO and H2 + CH4).

Noncombustible diluents reduce the laminar flame velocity due to a decrease in the

flame temperature. Figure 2.21 illustrates the flame temperature Tb decrease and the

decrease of the expansion ratios in two leanH2 + airmixtures (f¼ 0.39 andf¼ 0.26)

when water steam or carbon dioxide is added. As a diluent, CO2 has a stronger effect

because of its high heat capacity. If the water is added in the form of small drops, the

picture is different, but here we are considering a gaseous diluent effect.

2.9 Carbon Dioxide Effect on Laminar Flame Velocity

Figure 2.22 illustrates the effect of a CO2 diluent on the laminar flame velocity in a

H2+air mixture. Figure 2.22a shows a comparison between the measured and calcu-

lated laminar flame velocity values in three lean mixtures containing 14%, 10% and

8% H2 before the dilution (f ¼ 0.39, 0.26 and 0.21 respectively). The relative

reduction of the velocity Su Su0= , where Su0denotes the flame velocity in the undiluted

mixture, is presented in Fig. 2.22b. To reduce the velocity by half in the stoichiometric

mixture (f ¼ 1) 20% of the CO2 diluent is required, whereas in the lean mixture

m/s

Pressure, MPa

calculation

Fig. 2.20 The initial pressure

effect on the flame velocity in

H2 + O2 stoichiometric

mixtures at 298 K.

Comparison of the calculated

and experimental data [72]

obtained in the spherical

container without Schlieren

photography
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(f¼ 0.39) the velocity is cut in half at 10%CO2 content. At the same CO2 percentage

the laminar flame velocity decrease is more evident in the lean mixtures.

The temperature and pressure effect is illustrated in Figs. 2.23 and 2.24. The

curves represent the dependencies of laminar flame velocity on the temperature

with a variable pressure parameter. It is seen that the velocity grows with the

temperature increase at a fixed pressure, but it falls with increasing pressure at a

fixed temperature value.

2.10 Water Steam Effect on Laminar Flame Velocity

The water steam effect on the laminar flame velocity is illustrated in Fig. 2.25. The

steam content in the mixture is in the range between 12% and 43% at a temperature

of 373 K and normal pressure. The relative content of H2 in the H2 + air mixture is

plotted on the x-coordinate. The circles on the diagram denote the measured flame

velocity results [44], the curves – the calculated data [73] from the kinetics

simulation. The maximum values of the laminar flame velocities correspond to

a

b

Fig. 2.21 The effect of water

steam or CO2 diluents on the

flame temperature (a) and on

the expansion ratio in lean

H2 + air mixtures (b).

The solid curve – water

steam diluent, the dashed
curve – CO2 diluent

34 2 Laminar and Cellular Combustion of Hydrogenous Gaseous Mixtures



cm
/s

cm
/s

cm/s

calculation

a

b

Fig. 2.22 The effect of a CO2

additive on the flame velocity

in H2 + air mixtures at

atmospheric pressure: (a) the

measured and calculated

flame velocities in the lean

mixtures; (b) relative

reduction of the flame

velocity for mixture dilution

with CO2 at various fuel

excess coefficient f

cm
/s

cm
/s

MPa

MPa

MPa

MPa
MPa

MPa

Fig. 2.23 The flame velocity

Su versus the temperature and

the pressure in lean H2 + air

mixtures with CO2 additive:

the curves – calculated data;

the squares – pressure/

combustion time records

processing in the spherical

container; f ¼ 0.39, (a) 10%

CO2; (b) 20% CO2
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practically the same H2/(H2 + air) ratio and is approximately equal to 0.4–0.45 and,

in fact, close to the ratio in undiluted H2 + air mixtures.

To verify the feasibility of the laminar flame velocity prediction in lean H2 + air

mixtures diluted with water steam at higher pressure, the calculation at 393 K

temperature and 0.3 and 0.5 MPa pressures have been performed for the mixtures

with f ¼ 0.26 and f ¼ 0.39.

Figure 2.26 presents the measured results (the open circles) and the calculated

data (the curves) for the laminar flame velocity. The calculation and the

experiments have been performed in the mixtures with various water steam content.

In fact, the mixture with f ¼ 0.39 cannot be diluted with more than 32% H2O, and

the mixture with over-fuel factor f ¼ 0.26 cannot contain more than 12.5% H2O.

The diagram in Fig. 2.27 illustrates the flame velocity decrease with the growth

of the initial pressure in the f ¼ 0.39 mixture diluted with water steam. The upper

curve in Fig. 2.27 demonstrates the change in the mean baric index for the dry

mixture; the two other curves denote the baric index change for the mixture diluted

with water steam.

cm
/s

MPa

MPa

MPa

Fig. 2.24 The flame velocity

Su versus the temperature and

the pressure in lean H2 + air

mixtures with CO2 additive:

f ¼ 0.26, 5% CO2

cm/s

air

Fig. 2.25 The flame

velocities in H2 + air + H2O

(steam) mixtures at T0 ¼ 373

K and P0 ¼ 0.1 MPa: 1 – 12

vol.% H2O; 2 – 22%;

3 – 33%; 4 – 43%. The

open circles, squares,
triangles – measured results

[44], the curves – calculated

data [73]
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When the calculated and experimental data obtained at atmospheric pressure and

higher (up to 0.5 MPa) are compared, it is apparent that the kinetic simulation

method can be applied for combustion investigations in mixtures containing water

steam. The kinetic simulation method can also be used for attempts to predict the

behavior of H2 + air + H2O (steam) and H2 + O2 + H2O (steam) mixtures in the

range where experimental data are not available.

For substantial steam content and high pressure in H2 + O2 + H2O (steam)

mixtures, the quantitative discrepancy in predicted and realistic flame velocities

dependence on pressure have been observed. The flame velocity measurements at

473 K and up to 7 MPa pressure in H2 + O2 + H2O (steam) mixtures at the

stoichiometric H2/O2 ratio have been published in [74] for the case when the

mixture is diluted with steam (up to 70%).

cm
/s MPa

MPa

vol

Fig. 2.26 The water steam

effect on flame velocity in

H2 + air mixtures. The

measured and calculated data

on the flame velocity at 393 K

temperature

MPa

MPa

Fig. 2.27 The relative

decrease in the flame velocity

with the growth of the initial

pressure in mixtures diluted

with water steam. Figures on

the curves indicate the

pressure index b

cm/s

MPa

Fig. 2.28 The measured

flame velocity in a

stoichiometric mixture

H2 + O2 + H2O (steam) versus

the initial pressure, 473 K

temperature and three

different water steam

concentrations
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Figure 2.28 presents the aforementioned data. The three curves for 55.6%, 60%

and 70% steam content pass the pressure zone where Su is rapidly decreasing. If the
dependence Su ¼ Su(P, T) is written in the form

SuðP; TÞ ¼ Su0ðT=T0ÞaðP=P0Þb;

where a and b are the flame velocity temperature and baric indexes respectively,

then, in this zone b¼ �1.5 to �1 at 0.1 MPa. The sharp flame velocity fall with the

pressure growth in H2 + O2 + H2O (steam) mixtures is proven by the calculations.

But the measured velocity decreases more gradually with the pressure rise than is

predicted by the calculation. Consideration of emission self-absorption by the water

steam molecules decreases to some extent when the flame velocity falls at P0¼ 2–5

MPa, but it cannot explain the observed discrepancy.

A probable cause of the discrepancy between the calculated and measured Su at
the higher pressure is the change in the steam molecular structure such as formation

of associates (dimers, trimers). Under this condition, the change in kinetic

parameters of reactions with associated steam molecules can take place. The kinetic

simulation has revealed that quantitative agreement between the experimental and

calculated dependencies can be obtained with the assumption that the steam

collision efficiency in a tri-molecular reaction H2 + O2 + H2O (steam) decreases

with pressure growth. On the basis of [73] it can be assumed that at the high

pressure the tri-molecular reaction effect on combustion of an oxy-hydrogen gas

mixture with high water steam content is not as significant as could be expected

based on the data obtained for low pressure.

It is of interest to compare the behaviors of Su(P) and Su(T) in the stoichiometric

mixtures of H2 + O2 containing water steam and nitrogen. Experimental data [73]

for the flame velocity pressure and temperature indexes for 0.2–0.8 MPa

pressure and 373–473 К temperature are given in Table 2.2 along with values of

Su
0 at P0 ¼ 0.14–0.18 MPa and T0 ¼ 373 К.
Table 2.2 illustrates the change in sign of the baric index b from positive to

negative when water steam is replaced by nitrogen. As this takes place, the

temperature index a grows. In H2 + O2 + H2O (steam) flames with high velocities

(Su> 1.5 m/s) the baric index persists in being negative. This phenomenon has been

observed in [75].

2.11 Laminar Flame Velocity in H2 + CO + Air Mixture

Let us study a H2 + CO mixture as a fuel. The flame velocities of rich H2 + CO

mixtures in air at atmospheric pressure and room temperature have been measured

in [76]. Figure 2.29 presents the data obtained. Each curve in Fig. 2.29 corresponds

to a constant CO/H2 ratio, but the (H2 + CO) fuel percentage in the air is changing.

The upper curve represents pure H2 fuel, and the lowest curve – CO with a small
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content of water steam and H2. Completely dry CO + air mixtures without any trace

of hydrogenous components do not burn. The flame velocities have been measured

in the burner, maximum Su in the mixture free of CO is slightly lower than that

obtained by modern methods of measurement.

The range of the stoichiometric and lean mixtures has been investigated in

[77–79]. The authors in [77] have measured the flame velocity in spherical flames

Table 2.2 Mean experimental values a, b and S0u (m/s) at combustion of stoichiometric mixtures

H2 + O2 diluted with H2O or N2

vol.% H2O, N2 H2O N2 P0, MPa

a b S0u a b S0u
55.6 2.23 �0.12 3.06 1.26a 0.26a 3.35a 0.18

60 2.65 �0.34 2.29 1.60 0.20 3.03 0.17

65 3.01 �0.46 1.22 1.82 0.13 2.50 0.155

70 3.28 �0.54 0.78 2.10 0.0 1.76 0.14
a Data reported by [41].

cm/s

fuel percentage in the air

Fig. 2.29 The flame velocity

at various (H2 + CO) fuel

concentration in air and at the

percentage composition

varying from 100% H2 to

100% CO. The measurements

have been performed in the

burner [76] at atmospheric

pressure and room

temperature
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of stoichiometric (H2 + CO) + air mixtures, replacing some of the H2 with CO.

The dependence presented in Fig. 2.30 was obtained. The solid circles show the

measured results and the line illustrates the numerical simulation data obtained in

[78]. The applied method of flame velocity measurement is similar to the one

described in [27, 48]. In [79] the flame velocities in H2 + CO + air mixtures

were obtained in the range between f ¼ 0.6 and f ¼ 5 and at pressures varying

from 0.05 to 0.4 MPa.

Figure 2.31 illustrates the change in the laminar flame velocity in mixtures

where some of the H2 is replaced by CO. The CO/H2 ratio is the varied parameter.

The upper curve corresponds to a hydrogen–air mixture without CO. The solid

circles show the flame velocities measured by Schlieren photographs of a spherical

flame. The CO/H2 ¼ 1 and CO/H2 ¼ 3 curves were obtained by experimental data

processing [79].

Additionally, in the range of the leanest mixtures containing H2 + CO it was

necessary to investigate combustion at both atmospheric and higher pressures. The

cm/s
measurements
numerical simulation

Fig. 2.30 The flame velocity

in stoichiometric (H2 + CO)

fuel mixtures with air at

298 K and 0.1 MPa

cm/s

Fig. 2.31 The flame velocity in H2 + CO + air mixtures where some of the H2 is replaced by CO.

The upper curve and the solid circles – measured results and their IChPh approximation by the

least-squares method. The curves CO/H2 ¼ 1 and CO/H2 ¼ 3 – the measured data processing [79].

Initial conditions: atmospheric pressure, room temperature
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measurements of laminar and turbulent flame velocities were performed in [80–82].

Let us consider the flames that have not been subjected to artificial turbulence

generation.

Let us study flame propagation in lean pre-mixed (H2 + CO) fuel + air mixtures at

equimolar H2/CO ratio. The choice of fuel is justified by the knownmechanism of CO

oxidation in the presence of H2 and by scanty amounts of experimental data on flame

velocities in lean mixtures containing less than 20% (H2 + CO). The measurements

and the numerical simulation have been performed in the pressure range between 0.05

and 0.3MPa at a fixed initial temperature 298K. The premixed airmixtureswith a fuel

percentage from 10% to 20% (by vol.) have been investigated. The experiments were

performed in a 3.8 L container with a center spark ignition. For the simulation, the

spherical flame surface was assumed to be smooth. Thermal diffusion and convective

motion were not considered.

Figure 2.32a, b presents the radius of the expanding flame source in relation to the

time. Data were obtained by Schlieren photography and by numerical simulation.

The aforementioned data illustrate the behavior of a system containing two types of

fuel, H2 and CO, at molar ratio CO/H2 ¼ 1 and the total fuel concentration (H2 + CO)

equal to 15%. At 0.1 MPa pressure, a flame ball initially expands as is predicted by the

detailed kinetic model. When the flame radius reaches 15 mm, the evident deceleration
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experiment

experiment

numerical simulation

numerical simulation

a

b

Fig. 2.32 The expansion of a

spherical flame source in 15%

(H2 + CO) fuel+air mixture at

CO/H2 ¼ 1. Temperature –

298 K, pressure – 0.1 MPa

(a) and 0.3 MPa (b).

Comparison of the numerical

simulation data (the curves)
with results obtained by

Schlieren photography (the

solid circles)
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followed by an acceleration that changes to a deceleration and vice-versa have been

recorded. The peculiarities observed are not boundwith the accuracy of the flamephotos

processing. Similar “pulsations” have been recorded in repeated experiments. But, in

H2 + air mixtures without CO additive, such a pulsing behavior was not observed.

Figure 2.33 presents photos testifying to the smooth flame front in CO + H2 + air

mixtures at lower than atmospheric pressure (0.05 MPa), the numerical simulation

data agree with the experimental results up to 35 mm radius. Such measured results

can be used for determining the laminar flame velocity. At 0.3 MPa pressure the

flame surface is rough and the comparison with the simulation data allows finding

the degree of front radius growth and the efficient flame velocity.

The obtained Schlieren photos show that the flame front changes with the pressure

growth. At atmospheric pressure the flame in the mixture containing 15% (H2 + CO)

preserves its smoothness and no cells are evident, but at 0.2 and 0.3 MPa pressure the

Fig. 2.33 Schlieren photography of the spherical flame source expansion in an air mixture with

15% (H2 + CO) at CO/H2 ¼ 1 at 0.05 MPa (a); 0.1 MPa (b); 0.3 MPa (c). The upper photos

correspond to 35–40 ms time from the ignition
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front appearance becomes typical for developing instability. The efficient flame

velocity exceeds the predicted laminar flame velocity at 0.3 MPa.

The concentration and temperature profiles found in the simulation have allowed

determination of some spherical flame peculiarities in (H2 + CO) fuel mixture

components having close combustion heat values but different reactivity and

diffusion coefficients. The concentration profiles are dependent on the flame radius

and the pressure (Fig. 2.34). Unlike the H2+air system, an essential factor changing

the (H2 + CO) fuel system behavior is the fact that CO has a delayed reaction in

comparison with that of H2. The Lewis numbers for CO and H2 are different and

that leads to the peculiarities observed.

2.12 Laminar Flame Velocity in H2 + CH4 + Air Mixture

The change in the composition of H2 + CH4 fuel affects the laminar flame velocity,

which is illustrated by Fig. 2.35 plotted following [76] data. It is seen that the H2

added to CH4 increases the laminar flame velocity, but the increase is not
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Fig. 2.34 The concentration

profiles in the fuel+air

mixture (H2 + CO)

(CO/H2 ¼ 1) at two sizes

of the spherical flame source.

Temperature – 298 K,

pressure – 0.05 MPa
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proportional. Even a 50% H2 content in the fuel does not greatly raise the flame

velocity. Significant growth of the flame velocity is achieved in the fuel mixture

with more than 90% H2.

The data for the laminar flame velocity in a CH4 + air mixture at atmospheric

pressure and room temperature [83] are presented in Fig. 2.36 in relation to the fuel

cm/s air
Fig. 2.36 The flame velocity

in CH4 + air mixtures at

atmospheric pressure and

the room temperature. The

circles –measured results [83],

the curve – data by the
numerical simulation using the

GRIMech-3 kineticmodel [85]

cm
/s

Fig. 2.35 The measured

flame velocity in (H2 + CH4)

fuel + air mixtures at the room

temperature and atmospheric

pressure [76]
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excess coefficient – f. The circles in the diagram show the flame velocities measured

in the opposite jets burner. The open circles relate to the results measured by the laser

Doppler- anemometer in [84], the solid circles correspond to the results measured by

an up-dated technique using a digital image anemometer. The curve shows data

obtained by numerical simulation using the GRIMech-3 kinetic model [85].

Values of the stretch-factor Kext crucial for flame quenching in mixtures

containing a CH4 fuel and for CH4 mixtures with H2 additive have been obtained

for lean near-limiting compositions [86]. Figure 2.37 shows that in an (8% H2 +

92% CH4) + air mixture flame quenching is more difficult (Kext value is higher) than

in a CH4+air mixture. This conclusion is of practical importance because it means

that an engine can run on lean mixtures.

Let us note the specific character of laminar combustion of a binary fuel H2 + CH4

(Hytane) in air. Assume that the volume fractions of H2 and CH4 are XH2 andXCH4 so

that XCH4 ¼ 1� XH2. The dependencies of the laminar flame velocity on this binary

fuel composition and the fuel/air ratio are illustrated in Fig. 2.38 based on data

obtained in [87, 88]. The solid curve with the solid circles correspond to experimen-

tal results, and the dashed line shows the following relations SHY ¼ SH2 � XH2 +

(1 � XH2) � SCH4. Here SHY, SH2 and SCH4 – hytane, hydrogen and methane laminar

flame velocities.

It is seen that the obtained dependence is not a linear combination of known values.

For 0 < XH2 < 0.5 H2 added to CH4 has a weak effect on the flame velocity and the

methane dominates the flame propagation. For hydrogen content 0.9< XH2< 1 in the

mixture, the CH4 additive noticeably slows down the hydrogen combustion.When the

binary fuel is diluted with CH4 and in the range 0.5< XH2< 0.9 transient variations of

hydrogen combustion with moderate difficulties for flame propagation, have been

observed.

An attempt was made to apply the Le Shutele law in the form

air

air

Equivalence ratio

Fig. 2.37 The stretch-factor crucial for flame quenching in the near-limiting CH4 + air mixture

and in the (8% H2 + 92% CH4) + air mixture
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SHY ¼ XH2=SH2 þ ð1� XH2Þ=SCH4f g�1:

to the calculation of the binary fuel combustion velocity [87].

cm/s

first regime second regime

third regime

cm/s

cm/s

Fig. 2.38 H2 effect on the laminar flame velocity in HYTAN + air mixture [87]: - - - - linear

interpolation, experimental results

cm/s

vol. % of additive

Fig. 2.39 Methane, propane

and carbon dioxide effect on

the laminar flame velocity of

H2 in air [89]: 1 – H2 + CO2;

2 – H2 + C3H8; 3 – H2 + CH4
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The investigations using the complicated models have proved the applicability

of the aforementioned equation for calculations at XH2 < 0.7. At the higher content

of hydrogen, the accuracy of this equation is low and it should not be used. Gaseous

hydrocarbon additives can be recommended for slowing down the flame velocity in

hydrogen-air mixtures. Figure 2.39 demonstrates the laminar flame velocity reduc-

tion when some of the hydrogen is replaced by carbon dioxide, methane, or

propane. It is seen that the hydrocarbon additives better slow down the combustion

than incombustible carbon dioxide [89].
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