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a b s t r a c t

This paper investigates the various techniques used in the literature to calculate the

effective Lewis number of two-component (H2/CO and H2/CH4) and three-component fuels

(H2/CO/CH4 and H2/CO/CO2) over a wide range of equivalence ratios (0.6 � 4 � 1.4) under

laminar flame conditions. The most appropriate effective Lewis number formulation is

identified through comparison with experimentally extracted Lewis numbers (Le). The

paper first identifies the proper methodology to extract the experimental Le from the

burned Markstein length of an outwardly propagating flame. Second, the different meth-

odologies for the calculation of the effective Le are presented and compared to experi-

mental results for H2/CH4 and H2/CO mixtures. Based on the experimental results, it is

shown that the calculation of the effective Le of mixtures can be divided into a three-step

procedure depending on the equivalence ratio: (1) calculation of the Le for each fuel and the

oxidizer; (2) use of the Le mixing rule; and (3) assessment of the necessity or not of

combining the fuel's and oxidizer's Lewis numbers. The paper shows that, in rich mixtures,

the oxidizer Le needs to be taken into account. Lastly, the methodology is validated for H2/

CO/CH4 and H2/CO/CO2 fuels.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Combustion is a process that relies profoundly on transport

phenomena. Through heat transfer, the heat released by the

flame is used to preheat the reactants to the activation tem-

perature. Meanwhile, mass transfer ensures that the flame is

continuously supplied with reactants. The imbalance of

thermal diffusivity to mass diffusivity is known as non-

equidiffusion [1]. It is represented by the Lewis number (Le),

which is defined as the ratio of the thermal diffusivity to the

mass diffusivity of the deficient reactant. Nonequidiffusion

impacts the behavior of the stretched flames in many ways,

such as on the minimum ignition energy and flame kernel

[2e4] or on the determination of flame speed [5,6]. In

particular, flame's stability characteristics depend on

nonequidiffusion through a mechanism referred to as dif-

fusionalethermal instability. While the flame is uncondi-

tionally unstable when Le is below the critical value Le*

(slightly smaller than 1 and thus often approximated as

Le* ¼ 1) [7], diffusion helps to stabilize the flame when Le > Le*.

This instability mechanism is the cause of the apparition of
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cells on lean hydrogen and rich propane flames [7e10]. These

cells wrinkle the propagating flame front, which creates a self-

accelerating flame [7], induces turbulence in the unburned

mixtures, and leads to engine knock [11]. The correct inter-

pretation of many combustion phenomena therefore relies on

the precise calculation of the Le which is a key parameter to

discriminate between stable and unstable flame fronts.

While the definition of Le in a single-fuel mixture is quite

straightforward, defining Le in a multifuel mixture is not

trivial since the diffusivity characteristics of each fuel have to

be considered. Because there is no consensus on the matter,

three formulations of an “effective” Lewis number (Leeff) have

been reported in the literature. Bouvet et al. [12] performed an

experimental investigation examining the validity of the three

Leeff formulations in lean mixtures (equivalence ratios of 0.6

and 0.8) of H2/CO, H2/CH4, H2/C3H8, and H2/C8H18. Using the

theoretical link proposed by Chen and Ju [13] between the

burned Markstein length (Lb) and Le, Bouvet et al. [12]

compared the experimentally determined Markstein lengths

to the Markstein lengths calculated using each formulation of

Leeff. They identified a qualitatively accurate formulation for

the prediction of Le in H2/alkane mixtures, while no Leeff
formulation has been found to adequately fit the results ob-

tained with H2/CO mixtures.

Over the last few years, there has been a marked interest

for hydrogen-based fuels, since hydrogen can reduce the

emission of pollutants from combustion by being a non-

carbon-based source of energy and by extending the lean

operating limit [14e16]. Many studies have been devoted to

the evaluation of the combustion characteristics and per-

formance of such fuels in gas turbines [17,18] and spark

ignition engines [19,20]. A precise characterization of com-

bustion properties of hydrogen-based fuels, including Le, is

of importance in theoretical and numerical analyses [21e24].

The goal of this paper is thus to focus on investigating syngas

Le while broadening the investigation of Bouvet et al. [12] by

(1) assessing the validity of the three Leeff formulations using

two additional theoretical equations linking Le to the

Markstein length; (2) expanding the investigation from lean

to stoichiometric and slightly rich conditions; (3) evaluating

the impact of CH4 and CO2 addition to H2/CO. This

broad investigation is performed at equivalence ratios (4)

ranging from 0.6 to 1.4, with respect to the rich flammability

limit of CH4. The volumetric content of H2, CO and CH4

was varied from 0 to 100%,1 while the CO2 content was

Nomenclature

A Flame area, m2

A1 Factor of mixture strength, e

Cp Specific heat, J kg�1 K�1

Dij Binary mass diffusivity, m2 s�1

Di,mix Mixture-averaged mass diffusivity, m2 s�1

(dT/dx)max Maximum temperature gradient, K m�1

Ea Activation energy, J mol�1

k Thermal conductivity, W m�1 K�1

Lb Burned Markstein length, m

Lu Unburned Markstein length, m

lfG Flame thickness calculated based on the

temperature gradient, m

lfK Flame thickness calculated based on the kinetic

definition, m

Le Lewis number, e

Leeff Effective Lewis number, e

Lef=O2
Combination of Le associated to the fuel and

oxidizer, e

Lefuel Fuel Lewis number, e

Lei Individual Lewis number of each component i

(fuel i or O2 as the limiting reactant), e

Lei,a Lei with diffusion towards the whole air/fuel

mixture, e

Lei,4 Lei with diffusion towards air, using the quantity

of air required to maintain 4 of the overall

mixture, e

Lei,4i Lei with diffusion towards air, using all the air

available in the overall mixture, e

LeD Diffusion-based mixing formulation of Lei, e

LeH Heat-based mixing formulation of Lei, e

LeV Volume-based mixing formulation of Lei, e

LeO2 Oxidizer Lewis number, e

LeBM Experimental Le extracted based on the work from

Bechtold and Matalon [32], e

LeChen Experimental Le extracted based on the work from

Chen et al. [5,44], e

LeLaw Experimental Le extracted based on the work from

Law and Sung [51], e

qi Nondimensional heat release, e

Qi Heat of reaction, J kg�1

R Flame radius, m

R0 Universal gas constant, J mol�1 K�1

Sb Laminar flame speed of the burned gas, m s�1

S0b Unstretched laminar flame speed of the burned

gas, m s�1

Su Laminar flame speed of the unburned gas, m s�1

S0u Unstretched laminar flame speed of the unburned

gas, m s�1

t Time, s

Tad Adiabatic temperature, K

Tu Unburned mixture temperature, K

Yi Mass fraction of species i in the fuel blend, e

Yi,mix Mass fraction of species i in the air/fuel mixture,e

Ze Zel'dovich number, e

Greek symbols

a Thermal diffusivity, m2 s�1

a Factor accounting for the expansion ratio, e

k Stretch rate, s�1

rb Density of the burned mixture, kg m�3

ru Density of the unburned mixture, kg m�3

s Flame expansion ratio, e

4 Equivalence ratio, e

F Ratio of excess-to-deficient reactants, e

ci Mole fraction of species i in the fuel blend, e

1 2% of H2 (5% at 4 ¼ 0.6) was required to ensure the combus-
tion of pure CO.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 7 ) 1e1 52

Please cite this article in press as: Lapalme D, et al., Assessment of themethod for calculating the Lewis number of H2/CO/CH4 mixtures
and comparison with experimental results, International Journal of Hydrogen Energy (2017), http://dx.doi.org/10.1016/
j.ijhydene.2017.01.099

http://dx.doi.org/10.1016/j.ijhydene.2017.01.099
http://dx.doi.org/10.1016/j.ijhydene.2017.01.099


Download English Version:

https://daneshyari.com/en/article/5148318

Download Persian Version:

https://daneshyari.com/article/5148318

Daneshyari.com

https://daneshyari.com/en/article/5148318
https://daneshyari.com/article/5148318
https://daneshyari.com

