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Measurement of the burning velocity of unstretched laminar hydrogen/air premixed

flames suffers from large uncertainties owing to the highly diffusive nature of hydrogen

that can give rise to flame instability. This paper reports on a numerical study of the

structures and stability of laminar premixed CH4/O2/CO2 flames and H2/O2/N2 flames

anchored to a heat-flux burner using a high-order numerical method with detailed

chemical kinetic mechanisms and detailed transport properties. The aim is to elucidate the

effect of the flow and temperature inhomogeneity generated by the burner plate holes on

flame structures and burning velocity. Heat transfer flux between the burner plate and the

surrounding gaseous mixture is investigated under various standoff distances and burner

plate temperatures. The burning velocity and the detailed flow, temperature and species

distributions in flames with a zero net heat flux between the flames and the burner plate

are analyzed. It is found that for the methane flames, when the standoff distance is suf-

ficiently small, the burner can essentially suppress the intrinsic flame instability, but the

plate holes can give rise to flame wrinkles of the size of the holes. At high standoff dis-

tances, the non-uniformity of the flow from the burner plate holes has a minor effect on

the flame surface wrinkling; however, large-scale cellular structures can appear on the

flame surface due to intrinsic flame instability. For the studied methane flames the effect of

non-uniformity of the flow from the burner plate holes on the burning velocity is fairly

small. For the studied hydrogen flames the burner plate could not totally suppress the

intrinsic flame instability. The intrinsic flame instability can give rise to a significant in-

crease in the flame surface area and mean burning velocity, with more than 25% increase

in the burning velocity.

Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
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Introduction

A key parameter of unstretched premixed flames for various

combustible mixtures is the laminar burning velocity, for

which several kinds of burner systems have been developed to

do experimentalmeasurements. In general, laminar premixed

flames associated with a burner are affected by the burner

geometry. In certain situations, such as those of strained flat

flames stabilized in counterflow burners or developing

spherical flames in constant-volume enclosures, the flames

are stretched. In some burner configurations and fuel/oxidizer

compositions small-scale cellular shaped structures may

appear on the flame surface. One may employ extrapolation

methods to determine the unstretched burning velocity on the

basis of that of the stretched one [1,2]. However, it is generally

difficult to use extrapolation methods to correct the burning

velocity of flames with small-scale wrinkling due to the

cellular instability that exists.

It is highly desirable to have a flat-flame burner in order to

be able to generate unstretched planar flames. Powling [3] was

the first to report the use of a flat-flame burner. The principle

of the method is the following: the flame is anchored to the

burner by balancing the inflow velocity to the burning veloc-

ity. The latter can vary with the standoff distance between the

flame and the burner. A smaller distance leads to a lower

burning velocity due to the heat loss from the flame to the

burner. Botha and Spalding [4] proposed a method for stabi-

lizing the flame at a specific standoff distance by controlling

the inflowvelocity of the reactantmixture and the cooling rate

of the burner plate. The flame is essentially non-adiabatic

since there is heat loss from the flame to the burner. Due to

heat loss the flame thickness increases and the ratio of den-

sity or temperature across the flame decreases. This was

shown to suppress the cellular instability [5].

Theoretical analyses [6e10] and numerical simulations

[11e20] of freely propagating laminar premixed flames (far

from the burner) show that the hydrodynamic and

diffusional-thermal mechanisms can trigger the onset of

cellular flames. Thin flames with high density ratios between

gases on the unburned and burned side of the flame are un-

conditionally unstable due to the deviation of flow stream-

lines across oblique flames (hydrodynamic effect [6,7]). In

addition to this, fuel-lean flames with Lewis number well

belowunity (e.g. lean hydrogen/air flames) tend to redistribute

heat and fuel/air ratio at the flame front such that the flames

become increasingly cellular (diffusional-thermal effect

[9,10]), whereas flames with Lewis number larger than unity

tend to be pulsating [21] owing to the diffusional-thermal

effect.

Previous theoretical works focused on the diffusional-

thermal effects (i.e. assuming constant density in the flow

field) on flame instability in porous plug burner flames with

heat loss to the burners. For small wave number disturbances,

Buckmaster [21] developed a dispersion relation based on a

large activation energy asymptotic analysis and one-step

chemistry, which reveals that the porous plug burner tends

to suppress the cellular flame instability in mixtures with

Lewis number less than unity whereas for mixtures with

Lewis number larger than unity the burner can enhance the
onset of pulsating instability when the flame is not very close

to the burner plate. There is a minimum standoff distance

from the flame to the burner plate within which both the

cellular and pulsating instabilities can be suppressed. The

recent works of Kurdyumov et al. [22,23] reveal the

diffusional-thermal effect on the onset of pulsating flames

near the porous plug burner; it was found that with thicker

burner plate and higher density ratio the flames are easier to

develop into a pulsating mode, and radiative heat loss from

the flame can further promote the onset of pulsating flames

and cellular flames. In previous theoretical studies heat loss

from the flame to the burner plays an essential role in the

flame instability. For example, the analysis of Joulin [24]

indicated that the pulsating instability was a result of the

time lag of the travelling temperature disturbances between

the burner surface and the flame front.

In order to enable an adiabatic flame to be anchored to the

burner, De Goey and his co-workers [25e27] improved a cooled

flat-flame burner to a so-called heat-flux burner. The burner

plate has a temperature higher than the unburned fuel/

oxidizer mixture; when passing through the plate the gas

mixture receives heat from the plate. By adjusting the velocity

of the unburned fuel/oxidizer mixture the flame can be sta-

bilized in the proximity of the burner, i.e. at a characteristic

standoff distance from the flame to the burner surface. When

the standoff distance is large the net heat transfer flux from

the plate to the gas is positive, whereas if the standoff distance

is small heat can be transferred from the flame to the plate,

hence the net heat flux on the burner plate is a function of the

standoff distance, burner plate temperature and temperature

of the unburned fuel/oxidizer mixture. When the latter tem-

peratures are prescribed, the standoff distance becomes the

control parameter for the net heat flux between the burner

plate and surrounding gas. In practice, the standoff distance is

controlled by prescribing the mixture inflow velocity, where

the net heat flux theoretically becomes zero if the gas velocity

is equal to the adiabatic burning velocity.

With the heat-flux burner, previous experimental and nu-

merical studies have shown that the flames may develop to

cellular shape when the standoff distance is large [28e30]. It is

unclear how the burner porosity and hole size, which could

disturb the flow field in the proximity of the burner plate,

would affect the onset of flame instability. Consequently,

when the flame is moderately cellular, an important question

is the impact of the cellular flame front on the net heat flux

between the porous plate and the surrounding gas, and the

implications of this on the determination of the adiabatic

unstretched laminar flame speed. This has motivated the

present study in which we employ a recently developed high

accuracy numerical method [31] to simulate the detailed re-

action zone structures and the heat transfer process, aiming

at clarifying the various instability mechanisms and the

burner plate effect.
Governing equations and numerical methods

Heat transfer and flame stabilization of premixed CH4/O2/CO2

and H2/O2/N2 mixtures passing through the porous plate of a

flat-flame heat-flux burner are studied using high fidelity
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Fig. 1 e Computational domain, burner/mixture

parameters and boundary conditions.

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 4 1 ( 2 0 1 6 ) 2 0 3 7e2 0 5 1 2039
numerical simulations employing detailed transport and an

elementary chemical reaction mechanism. Under the pres-

ently investigated flame conditions the flow speed is low and

essentially it can be assumed as a lowMach number flow. The

physical pressure can be decomposed into two parts, a ther-

modynamic pressure that is uniform throughout the domain

and a hydrodynamic pressure that appears in the momentum

equations. The mixture considered is in the gas phase,

without body force and with negligible thermal radiation. The

governing equations for such a system are made up of the

transport equations for the speciesmass fractions and energy,

the NaviereStokes equations, the continuity equation, and

the equation of state for ideal gas,

r
DYk

Dt
¼ �vrYkVk;i

vxi
þ _uk (1)

rCp
DT
Dt

¼ �
XN
k¼1

hk _uk �
 
r
XN
k¼1

Cp;kYkVk;i

!
vT
vxi

þ v

vxi

�
l
vT
vxi

�
(2)

r
Dui

Dt
¼ �vp

vxi
þ vtij

vxj
(3)

vui

vxi
¼ �1

r

Dr
Dt

(4)

P ¼ rRT
XN
k¼1

Yk

Wk
(5)

where r is density; Yk is mass fraction of species k; ui is the

velocity component in the xi-direction; Vk,i is the diffusion

velocity of species k in the xi-direction; _uk is the reaction rate

of species k; p is the hydrodynamic pressure; P is the ther-

modynamics pressure, which is 1 atm in the present study; tij
is the component of viscous stress tensor; hk is the specific

enthalpy of species k; Cp,k is the specific heat capacity of spe-

cies k at constant pressure; T is the temperature; l is the

thermal diffusivity;Wk is the molecular weight of species k; D/

Dt denotes the material derivative of a quantity. The diffusion

velocity is modeled using Fick's law with mixture-averaged

diffusion coefficients [32].

The continuity equation has been deliberately written in

terms of the material derivative of density, which thenmakes

use of the equation of state (5) to couple the continuity

equation (4) with the species transport equation (1) and the

energy transport equation (2). In this way, robust numerical

stability can be achieved when high density gradients exist in

the flow field [31].

The temporal integration of the governing equations is

performed using a second order operator splitting scheme

with a stiff solver for chemical reaction rates. In this method

all variables are computed explicitly except the hydrodynamic

pressure, which is obtained from the numerical solution of a

variable coefficient Poisson equation derived from the mo-

mentum equations and the continuity equation. The pressure

equation is solved with a multi-grid method [33]. The spatial

derivatives in the governing equations are discretized using a

6th-order central difference scheme except the convection

terms in the species transport and energy transport equa-

tions, which are discretized using a 5th-order WENO scheme
[34] to avoid wiggles in the mass fractions of species and

temperature that can lead to unphysical solution. The solver

is parallelized based on the domain decomposition method.

The code is written in a vector form enabling simulations from

1D to 3D. More details of the solver and numerical methods

can be found in Ref. [31].
Computational cases, initial and boundary
conditions

The computational cases are chosen following the work of de

Goey et al. [29], where two-dimensional methane/air flames

around one of holes of the heat-flux burner was studied

numerically. Since only one hole wasmodeled, the large-scale

flame instability observed in the heat-flux burner [30] was not

captured. We consider here a two-dimensional domain with

multiple holes in the calculation.

Fig. 1 illustrates schematically the burner, the computa-

tional domain and boundary conditions considered in this

study. The burner hole has a width of l1 and wall width of l2.

The thickness of the wall is h. Four flames, CH4/O2/CO2 flames

(F1a and F1b) and H2/O2/N2 flames (F2a and F2b), are consid-

ered. The burner plate porosity defined as l1/(l1þl2) is set to

0.469, with l1¼ 0.938dL and l2¼ 1.062dL for the four flame cases,

where dL, defined as the ratio of the maximal temperature

difference between the burned and unburned gases to the

maximal temperature gradient, is the characteristic thickness

of the adiabatic planar unstretched laminar flame under cor-

responding unburned mixture conditions. The burner plate

thickness for the four flames is set as h ¼ 4.23dL. Since the

thickness-to-width ratio (h/l2) is rather large (about 4) the

burner wall temperature is assumed to be constant. This

avoids the computation of heat transfer inside the wall. The

burner plate temperature Tp is varied to generate adiabatic

flames with various standoff distances, xf. A summary of the

burner parameters is given in Table 1. The burner porosity and

hole size are relevant to those of the heat-flux burners in

Eindhoven and Lund [30,35].

The computational domain has a width of 16dL. In the

present study dL is about 0.5 mm, hence the domain width is

about 8 mm, which is about one fourth of the burner plate

used in the experiments of Hermanns [35]. The length of the

computational domain (along the streamwise direction) is not

very influential on the cellular instability and the heat transfer

http://dx.doi.org/10.1016/j.ijhydene.2015.11.105
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Table 1 e Burner plate parameters and setup of the
computational domain.

Burner plate parameters

Width of the holes l1/dL 0.938

Width of the plate wall l2/dL 1.062

Thickness of the plate wall h/dL 4.23

Plate temperature Tp [K] 303, 368

Computational domain

Width of the domain, H/dL 16

Length of the domain, L/dL 16

Burner position in the domain, xb/dL 3.77
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studies in the present case. Thus, we have chosen a domain

length of 16dL. The number of computational cells (with a

uniform grid spacing) in both the transverse direction and the

streamwise direction is 256. About 16 cells are used to resolve

the reaction zone, which was shown to be adequate. The

distance between the burner plate and the inlet of the

computational domain is set to about xb ¼ 3.77dL, which al-

lows for the use of uniform unburned mixture inflow condi-

tions at the inlet.

The flame conditions and computational domain are

summarized in Tables 1 and 2. For all flame cases, the ther-

modynamic pressure is 1 atm and temperature of the un-

burned mixture (Tu) is 298 K. The oxidizer of the methane

flames (flames F1a and F1b) is a mixture of O2 and CO2 with a

molar fraction of O2 in the oxidizer of 0.35 (parameter D in

Table 2). This flame has been studied experimentally in

Ref. [30]. The oxidizer in the hydrogen flames (flames F2a and

F2b) is amixture of O2 and N2with amolar fraction of O2 in the

oxidizer of 0.18. These cases are chosen to explore both the

hydrodynamic effect (themethane flameswith higher density

ratio) and the diffusional-thermal effect (the hydrogen flames

with lower Lewis numbers and lower density ratio) on the

stability of the heat-flux burner flames.

In the following discussion all lengths are normalized with

the flame thickness dL, and time is normalized with the flame

time dL/SL, e.g., the domain width is thus H ¼ 16, and the

distance between the domain inlet and the burner plate is

xb ¼ 3.77. The non-dimensional time is denoted as t* to

distinguish it from the physical time t. Other physical quan-

tities, e.g., velocity, temperature, heat fluxes, etc., are however

not normalized.

For the two mixtures numerical simulations are first car-

ried out for the corresponding one-dimensional planar freely

propagating adiabatic flame configuration. The simulations

are done using the same numerical method described above.

For themethane flames Smooke's mechanism [36] is used and

for the hydrogen flame the H2 subset of the Peters'mechanism

[37] is used, which contains 9 species and 38 reactions.

Detailed transport properties and a uniform grid spacing of
Table 2 e Numerical setup of the flame cases and key parame

Flames Mixture D 4 Tp [K] Q

F1a CH4/O2/CO2 0.35 0.7 368

F1b CH4/O2/CO2 0.35 0.7 303

F2a H2/O2/N2 0.18 0.56 368

F2b H2/O2/N2 0.18 0.56 303
5 mm are used in the simulations. From these simulations the

key flame parameters are obtained. As given in Table 2, the

density ratios between the unburned and burned gases are

6.89 and 4.9 for the methane flames and the hydrogen flames,

respectively. The thicknesses of the two flames are similar,

about 0.5 mm. The laminar burning velocity of the methane

flames (F1a and F1b) is 0.236 m/s and for the hydrogen flames

(F2a and F2b) it is 0.39 m/s.

The initial flame is placed at a standoff distance of xf , i.e.

x ¼ fðy; t* ¼ 0Þ ¼ xb þ hþ xf þ ε sinð2py=HÞ; (6)

where a slightly wrinkled flame front is assumed to have a

sinusoidal wave shapewith awavelength of the domainwidth

(H) and an amplitude of ε ¼ 0.1. The one-dimensional

unstretched flame profile discussed above is used as the

initial field. To incorporate the profile the flame front is

defined at the position of the maximal heat release rate. The

inlet flow is assumed to be the unburned mixture with a

uniform velocity of U¼ SL initially, and then tuned to get a

time-independent mean flame position with a total net heat

flux of zero value (for the F1a and F1b flames) or a specified

mean standoff distance (for the F2a and F2b flames). At the

outlet the dependent variables are assumed to have a zero

gradient. Periodic boundary conditions are applied on the

transverse boundaries to allow for the development of cellular

instabilities in the transverse direction.
Results and discussions

To find the adiabatic condition, a net heat flux between the

burner platewalls and the surrounding gas is calculated under

various standoff distances and burner plate temperatures. By

definition the net heat flux from the gas to the plate walls is,

dQ ¼
Z

wall surface

dqds; dq ¼ l VT$ n!� �
(7)

where n
.

is the unit vector perpendicular to wall surface

pointing outwards, and dq is the local heat flux on the wall

surface. Only conductive heat transfer is considered in the

calculation; radiative heat transfer is neglected.

To analyze the evolution of the flame front, Fourier

decomposition of the flame front function is carried out,

x ¼ fðy; t*Þ ¼ A0ðt*Þ þ
XN
n¼1

Anðt*ÞsinðknyÞ (8)

The flame front function is a superposition of sine waves

with various wavenumbers and amplitudes. Wavenumber kn
is defined as kn ¼ 2pn=H. Its associated amplitude is An, where

n is the number of waves along the flame front (in the lateral y
ters.

L [kW/m] ru/rb dL [mm] SL [cm/s] Leeff

7.30 6.89 473 23.6 0.78

7.30 6.89 473 23.6 0.78

5.96 4.90 487 39.0 0.39

5.96 4.90 487 39.0 0.39

http://dx.doi.org/10.1016/j.ijhydene.2015.11.105
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direction). With n ¼ 1 and H ¼ 16, the wavenumber is

k1 ¼ 2p,1=H ¼ 0:39.

To investigate the effects of burner induced flow non-

uniformity on the flames, the following three quantities

were examined,

FS ¼ 1
H

ZH
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ dxf yð Þ=dy� �2q

dy;

HRR ¼ Q=QL;
Q ¼ ∬

U

uTdxdy; uT ¼
X
k

hk _uk;

SD ¼ Sd=SL; Sd ¼ 1
H

ZH
0

Sd;u yð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ dxf yð Þ=dy� �2q

dy

(9)

where Fs is the surface length of the flame front normalized by

the initial flame surface length (H); Q is the total heat release

rate in the domain U as a whole; HRR is Q normalized by its

value at the initial planar flame, QL. Sd is the mean laminar

burning velocity of the flame front averaged along its trans-

verse direction; SD is Sd normalized by its initial value, SL. Sd,u
is the local displacement velocity defined as

Sd;u ¼ 1
ru

�
r
DYF

Dt

�
jVYFj

�����
YF¼YF;f

: (10)

Here, YF is the mass fraction of the fuel, and YF,f is a

reference mass fraction of the fuel, defined at the maximal

temperature gradient in the 1D flame solution, which is about

36% of the mass fraction of methane in the unburned mixture

for the methane flames, and 33% of the mass fraction of

hydrogen in the unburned mixture for the hydrogen flames.

The values of QL and SL are given in Table 2 for the four flame

cases.
Evolution of flame instability (flames F1a and F1b)

The simulations of flames F1a and F1b start from an initial

mean standoff distance of xf ¼ 1 for the Tp ¼ 368 K case and

xf ¼ 2 for Tp ¼ 303 K case. The inlet flow velocity U is firstly set

as U ¼ SL and according to the net heat flux (dQ, calculated

from Eq. (7)) it is adjusted such that the flame is stabilized at a

standoff distance where dQ ¼ 0. When dQ > 0 the flame is too

close to the burner, so a higher inlet velocity has to be

assigned. In the simulations the inflow velocity is updated

every 10 time steps; for example, if dQ > 0.05 W/m the inlet
Fig. 2 e Temporal evolution of the mean standoff distance, xf, th

methane flames at the burner plate temperature of (a) Tp ¼ 368
velocity is increased by 1 mm/s, while if dQ < 0.05 W/m the

inlet velocity is increased by a smaller fraction of U, i.e. 0.02%

of U. If dQ < 0 a lower inlet velocity is assigned accordingly.

This procedure can be demonstrated in Fig. 2, where the

temporal evolution of the net heat flux dQ is shown together

with the mean standoff distance xf and inlet velocity U for

flames F1a and F1b at burner plate temperatures Tp ¼ 368 K

(F1a) and 303 K (F1b), respectively. For example, Fig. 2b shows

that when the inlet velocity is initially set to U ¼ SL and the

mean standoff distance set to xf ¼ 2 (at t* ¼ 0) the mean flame

propagates toward the burner and dQ < �10 W/m; U is then

decreased by an increment of 1 mm/s (or 0.02% of U) until

dQ > 0. Thereafter, U is increased until dQ < 0. It appears that

this process oscillates for a rather long time (t*>30) and

eventually the flame is stabilized at the condition of dQ ¼ 0.

When dQ ¼ 0, xf for cases Tp ¼ 303 K and 368 K are 2.06 and

1.07, respectively. That is, when Tp is increased, xf is

decreased under the adiabatic flame condition.

The evolution of the flame surface of themethane flames is

shown in Fig. 3. For the Tp ¼ 368 K case the flame is stabilized

when t*>10; for the Tp ¼ 303 K case the flame is stabilized

when t*>30. For the two cases shown in this figure the initial

disturbance has a wave number of k1 ¼ 0.39, i.e. the wave-

length is equal to the domain width. It is seen that when the

flame is moving closer to the burner (decreasing x) the high

plate temperature case (Tp¼ 368 K) shows a steady flame front

with k8 mode cells. The number of wrinkle cells is identical to

the number of holes in the burner plate. As shown later the

onset of these cells is due to the non-uniformity of the burner

plate. The walls in the plate generate a non-uniform flow ve-

locity as well as non-uniform distribution of the temperature

and composition of the mixture along the burner surface,

which in turn causes the flame towrinkle according to the size

of the holes. No other mode can be seen in the flame front in

the high plate temperature case (F1a). For the low plate tem-

perature case (F1b) a large-scale two-cell structure can be

seen, Fig. 3b. The two-cell mode, i.e. the k2 mode, is due to

intrinsic flame instability. The effect of the burner plate holes

ismore evident in the earlier stage of the evolution process. At

a later stage the burner effect on the flame front is fairly small,

although one may notice the k8 mode in the middle of the

domain (y/dL ¼ 8). This can be understood from Fig. 3b. In the

low plate temperature case (F1b) the standoff distance is large

and hence the non-uniformity of the flow in front of the flame

is less pronounced.
e total net heat flux, dQ, and inlet velocity, U [m/s], for the

K (F1a), and (b) Tp ¼ 303 K (F1b).
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Fig. 3 e Temporal evolution of the flame front of the methane flames for burner plate temperatures of (a) Tp ¼ 368 K, F1a and

(b) Tp ¼ 303 K, F1b.
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To further examine the instabilities for the methane

flames various Fourier modes of the flame fronts are shown in

Fig. 4. The k1 mode is the initial mode superimposed on the

flame fronts with A1 ¼ 0.1. For the Tp ¼ 368 K case (F1a), it is

seen that the amplitude of mode k1 decays directly and be-

comes zero after t* ¼ 6. Meanwhile, the k8 mode is developing

and increases in magnitude rapidly. As t* increases the flame

is moving closer to the burner and all modes except the k8
mode are suppressed. The k8 mode becomes steady with an
Fig. 4 e Temporal evolution of the amplitudes of various Fourie

Tp ¼ 368 K, F1a and (b) Tp ¼ 303 K, F1b.

Fig. 5 e Temporal evolution of the total heat release rate, HRR, fl

flames at the burner plate temperature of (a) Tp ¼ 368 K, F1a and

the corresponding values of the initial planar flames, cf. Eq. (9)
amplitude of about 0.06. For the Tp ¼ 303 K case (F1b, Fig. 4b), it

is seen that the k1 mode is amplified first as the flame evolves.

When t*>30 the k1 mode is suppressed while the k2 and k4
modes are evolving to be the dominant modes. The k3 mode

appears in the time interval 10< t*<25. Thesemodes are due to

the intrinsic flame instability, mainly the hydrodynamic effect

[30], which promotes the shorter wavenumber modes sup-

ported by the domain. The k8 mode, which is owing to the

burner non-uniformity, is noticeable during the evolution of
r modes of the flame front of the methane flames at (a)

ame surface area, FS, and flame speed, SD, for the methane

(b) Tp ¼ 303 K, F1b. HRR, Fs and SD have been normalized by

and Table 2 for the initial values of these quantities.
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flame instability. The amplitude of the k8 mode is however

rather small. In a previous study of the F1b flame [30] a similar

cellular structure was observed when the effect of burner

holeswas neglected. The onset of cellular instability in the F1b

flame was shown to be primarily owing to the hydrodynamic

instability. Diffusional-thermal instability played a less
Fig. 6 e Distributions of temperature, T, hydrodynamic pressur

around the burner plate for the methane flames with the burne

respectively.
important role under the F1a and F1b flame conditions. The

tendency of burner suppression of flame instability as the

burner plate temperature increases is consistent with the

experiment [30]. In Fig. 6 of Ref. [30] it was shown that the

flame becomes stable as the standoff distance decreases (a

result of increasing burner plate temperature). The present
e, p, local heat release rate, uT, and velocity vectors (u)

r plate temperature Tp ¼ 368 K (F1a) and 303 K (F1b),
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Fig. 7 e Distributions of mass fractions of OH, H2O2, H and H2 around the burner plate for the methane flames with the

burner plate temperature Tp ¼ 368 K (F1a) and 303 K (F1b), respectively.
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results agree also very well with the numerical results of

Ref. [30], which predicted that F1a is stable whereas flame F1b

is cellular.

The impact of flame front wrinkling in flames F1a and F1b

(due to burner non-uniformity and flame instability) on the

global heat release rate, flame surface area and mean burning

velocity is shown in Fig. 5. At the high plate temperature

condition (Tp ¼ 368 K, F1a, Fig. 5a), the flame front wrinkling is
mainly due to the burner flownon-uniformity, and as such the

flame surface area is increased only slightly, about 0.8%. The

curvature (and flame stretch) caused by the k8 mode is rather

low and it leads to a minor increase of the global heat release

rate and burning velocity by about 0.3%. For the low plate

temperature case (Tp ¼ 303 K, F1b, Fig. 5b), the flamewrinkling

is owing to intrinsic flame instability; with the dominant k2
mode the wavelength of the wrinkling flame surface is half
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Fig. 8 e Velocity vector and temperature in a zoomed

region around the burner plate for flame F1a with the

burner plate temperature Tp ¼ 368 K.

Fig. 9 e Velocity vector and temperature in a zoomed

region around the third hole of the burner plate (from top)

for flame F1b with the burner plate temperature Tp ¼ 303 K.
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the domain width. This has caused a larger increase of the

flame surface area, about 7%; accordingly, the global heat

release rate and the mean burning velocity are increased by

about 8%. It can be concluded that the effect of the flow non-

uniformity generated by the burner holes on the burning ve-

locity is not significant. This conclusion is consistent with the

earlier numerical study of de Goey et al. [29] where only one

hole was considered.

Analysis of the effect of burner non-uniformity (flames F1a
and F1b)

To investigate the effect of the burner on flames F1a and F1b

the distributions of temperature, hydrodynamic pressure,

heat release rate, mass fractions of several key species, and

velocity vector fields are shown in Figs. 6 and 7. For the

Tp ¼ 368 K case (F1a) the 2D fields are taken at t* ¼ 17; for the

low plate temperature case, Tp ¼ 303 K (F1b), the 2D fields are

taken at t* ¼ 44. As seen in Figs. 2e5 at these instances of time

the flame fronts have experienced a long time evolution and

rather stationary flame shapes are developed. For both cases

the regions with H and OH radicals as well as the heat release

rate are not attached to the burner walls; thus, quenching of

radicals H and OH at the wall is not significant. For the

Tp ¼ 368 K case, themean standoff distance is small; the flame

is close to the wake region of the burner plate wall. The pre-

heat zone (cf. T, H2O2 and H2 distributions) are seen to attach

the wall. The pressure is fairly non-uniform in front of the

flame. It is clear that each hole of the burner plate has

generated a wrinkle cell on the flame front. In the low plate

temperature case (F1b, Tp ¼ 303 K), the mean flame is farther

away from the burner and the effect of burner walls can be

noticed only in some part of the flame; the preheat zone in the

close-to-burner part of the flame is attached to the walls (see

T, H2O2, H2 distributions); however, themajor part of the flame

is not affected by the burner walls.

Note that in Fig. 6 for clarity the velocity vectors are shown

on a coarse grid. On the fine grid detailed distribution of the

velocity vector and temperature in a zoomed region around

the third burner plate hole is shown in Figs. 8 and 9 (the holes

are countered from top to bottom in Figs. 6 and 7). In both the

high and low burner plate temperature cases the velocity

vectors in the hole show a typical parabolic profile. The gas in

the hole is heated up as it is passing through the hole. For the

Tp ¼ 368 K case (F1a) the temperature field is symmetric with

respect to the axis of the hole; for the Tp ¼ 303 K case (F1b) an

asymmetric temperature distribution is shown. This is clearly

due to the large-scale cellular shape of the flame front in the

latter case.

As will be discussed later, in the preheat zone attached to

thewall heat is transferred from the flame to thewall whereas

the gas receives heat when passing through the holes. The net

heat flux is maintained to be zero when the mean standoff

distance is adjusted.

Effect of Lewis number (flames F2a and F2b)

To investigate the diffusional-thermal effect on the flame

instability lean H2/O2/N2 flames are considered, i.e. flames F2a

and F2b in Table 2. Similar to the F1a and F1b flames two
burner plate temperatures are examined, Tp¼ 303 K and 368 K.

By adjusting the inflow velocity the mean standoff distance is

maintained at xf¼ 2.06 and 1.07 respectively for Tp¼ 303 K and

368 K. These standoff distances are chosen to allow for a

comparison between the methane flames and the hydrogen

flames at the same burner plate temperature and standoff

http://dx.doi.org/10.1016/j.ijhydene.2015.11.105
http://dx.doi.org/10.1016/j.ijhydene.2015.11.105


Fig. 10 e Temporal evolution of the flame front of the hydrogen flames at various burner plate temperatures and standoff

distances, (a) F2a, Tp ¼ 368 K, xf ¼ 1.07, and (b) F2b, Tp ¼ 303 K, xf ¼ 2.06.
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distance conditions. These standoff distances generate a zero

net heat flux for flames F1a and F1b. For flame F2 with these

standoff distances a net heat flux is transferred from the gas

to thewalls, i.e., dQ¼ 177e512W/m for the Tp¼ 303 K case due

to the oscillation of the flame, and 151 W/m for the Tp ¼ 368 K

case. To generate a zero net heat flux the standoff distance

needs to be increased in both cases. This leads to a more un-

stable flame. We will discuss later the behavior of flames F2a

and F2b under adiabatic condition.

As seen in Figs. 3 and 10, with the same standoff distance,

flames F2a and F2b are much more unstable than flames F1a

and F1b. With Tp ¼ 368 K the intrinsic instability is suppressed
Fig. 12 e Temporal evolution of the amplitudes of various Fouri

mean standoff distance xf ¼ 2.06.

Fig. 11 e Temporal evolution of the amplitudes of various

Fourier modes of the flame front of flame F2a at Tp ¼ 368 K,

and mean standoff distance xf ¼ 1.07.
completely by the burner in flame F1a but it is not suppressed

in flame F2a. As seen in Fig. 11, after t*>10, the flame shape

becomes stable and a four-cell structure is formed on it. That

is, the dominant Fourier mode of the flame front function is

the k4 mode. The k8 mode, which is a result of burner flow

non-uniformity, can also be noticed although with a relatively

lower amplitude.

With Tp ¼ 303 K, flame F2b shows much stronger dynamic

temporal evolution than that in flame F1b. This can be further

illustrated in the temporal evolution of the various Fourier

modes of the flame front function. Comparing flames F1b and

F2b at Tp ¼ 303 K, cf. Figs. 4b and 12, one can see that the k2
mode is the most important one in both flames. However, in

the hydrogen flame F2b the k4 and k6 modes are also signifi-

cant. These additional modes are thus due to diffusional-

thermal instability. The amplitudes of all modes shown in

Fig. 12 fluctuate rapidly in time around their corresponding

mean values, indicating that the cellular structures evolve

rapidly in time. When t*>15 the mean cellular structure be-

comes statistically stationary, and all of the odd modes are

suppressed totally. Similar to flame F1b, the effect of the

burner plate holes on the flame front wrinkling can be

observed in Fourier mode k8, with its amplitude smaller than

those large wavelength modes.

Snapshots of 2D distributions of local heat release rate and

OH radicals are displayed in Fig. 13 for the final steady state of

flame F2a at Tp ¼ 368 K with xf ¼ 1.07, and in Fig. 14 for flame
er modes of the flame front of flame F2b at Tp ¼ 303 K, and
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Fig. 13 e Distributions of local heat release rate (a) and OH mass fraction (b) in flame F2a at the steady state, under condition

Tp ¼ 368 K, with the mean standoff distance xf ¼ 1.07.

Fig. 14 e Distributions of local heat release rate (a,c) and OH mass fraction (b,d) in flame F2b at two of instances of time,

t* ¼ 32 (a,b) and t* ¼ 35 (c,d), under condition Tp ¼ 303 K, with the mean standoff distance xf ¼ 2.06.
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Fig. 15 e Temporal evolution of the total heat release rate, HRR, flame surface area, FS, and flame speed, SD, for the hydrogen

flames at the burner plate temperature of (a) Tp ¼ 368 K, F2a, and (b) Tp ¼ 303 K, F2b. HRR, Fs and SD have been normalized by

the corresponding values of the initial planar flame, cf. Eq. (9) and Table 2 for the initial values of these quantities.
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F2b at Tp ¼ 303 K with xf ¼ 2.06. At the latter low burner plate

temperature condition flame F2b does not reach to a steady

state; Fig. 14 shows snapshots at two instances of time after

t*>30. One can observe the large wavelength modes as well as

the wrinkles due to the burner holes. It appears that both flow

non-uniformity from the burner and intrinsic flame instability

contribute to the flame front wrinkling. The heat release rate

and the OH radicals are muchmore inhomogeneous along the

flame fronts of F2a and F2b than those of flames F1a and

F1b, cf. Figs. 6, 7, 13 and 14, which is clearly the reason of the

enhanced flame instability in the hydrogen flames F2a

and F2b.

Finally, one can see from Fig. 15 that the cellular instability

and burner flow non-uniformity can lead to a significant in-

crease in the flame surface area, total heat release rate and

mean burning velocity. For the Tp ¼ 368 K case (F2a), themean

burning velocity increases by about 25% when compared with

its planar one. For the Tp ¼ 303 K case (F2b), the mean burning

velocity can be more than tripled.

In the present study the standoff distances of the hydrogen

flames F2a and F2b have been kept the same as that of the

methane flames to allow for identification of the effect of

diffusional-thermal instability. By keeping the same standoff

distances as themethane flames the hydrogen flames F2a and

F2b have a net heat loss from the flames to the burner wall,

which has two consequences. First, it decreases the flame

temperature and thereby the density variation across the

flame. The hydrodynamic instability is partly suppressed.

Second,byallowing forheat loss to theburnerwall thestandoff

distance can be kept lower, thus the burner can suppress the

development of the flame instability. This implies that under

adiabatic conditions flames F2a and F2b would be more per-

taining to flame instability. One can conclude that, for the

hydrogen flames F2a and F2b, the uncertainty in the mea-

surements of adiabatic laminar burning velocity using the

heat-flux method is higher than that of the flames under heat

loss and small standoff distance conditions.
Fig. 16 e Profiles of local heat flux dq (z axis) around one

wall (x-y plane) taken at the steady state of flame F1a with

Tp ¼ 368 K at t* ¼ 17. The arrows indicate the flow

direction; the height of the profiles indicates the

magnitude of dq.
Effect of burner plate on accuracy of heat-flux method

As shown in Fig. 5a, with a burner plate temperature of 368 K

flame F1a has a rather low degree of wrinkling (<1% increase
of flame surface area), with roughly the same values of total

heat release rate and the mean flame speed as those from the

planar freely propagating one, which has verified the principle

of the heat-fluxmethod. To understand the heat flux burner in

details, we compare results of flame F1a with the corre-

sponding planar flame solution.

Fig. 16 presents profiles of local heat flux dq in 3D form

around one wall of flame F1a with Tp ¼ 368 K at t* ¼ 17 (after

the flame is stabilized). In general, dq along the wall surface is

non-zero, while the total net heat flux is zero. It is obvious that

heat loss (positive dq) from the flame to the wall occurs on the

downstream surface of the plate, where the maximum value

is at the center of it. The unburnedmixture receives heat from

the upstream surface of the plate and the internal surface in

the hole. The latter part contributes about half of the heat

transferred from the wall to the gas mixture.
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Fig. 18 e Distributions of normalized local displacement

speed of flame, Sd,u/SL, along the flame fronts for flame F1a

(Tp ¼ 368 K) at t* ¼ 17 and for flame F1b (Tp ¼ 303 K) at

t* ¼ 44.
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Fig. 17 shows the scattering of temperature and local heat

release rate along streamwise direction for flame F1a with

Tp ¼ 368 K after the flame is stabilized (t* ¼ 17). The data are

based on all points in the computational domain. The inset

plot in Fig. 17a shows the temperature profile along the entire

streamwise domain. It is seen that with zero net heat flux the

local heat release rate scatters around the solution of 1D

planar adiabatic flame. The scattering of temperature and

heat release rate in the flame region is partly owing to the

spatial wrinkling of the flame and partly owing to the varia-

tion of temperature along the lateral direction inside the

burner plate holes.

Fig. 18 shows the displacement speed of the flame (Sd,u)

along the flame fronts for flame F1a at t*¼ 17 and flame F1b at

t* ¼ 44. For the Tp ¼ 368 K case (F1a), the flame is closer to the

burner plate and the net heat transfer between the burner

plate and the flame is zero. Only the k8 mode is observed at
Fig. 17 e Scattering (red symbols) of (a) temperature and (b)

local heat release rate (uT) along the streamwise direction

of flame F1a with Tp ¼ 368 K at t* ¼ 17. Black lines denote

the 1D flame solution. In (a) the horizontal dashed line

denotes Tp ¼ 368 K, whereas the two vertical dashed lines

denote the burner plate location. (For interpretation of the

references to color in this figure legend, the reader is

referred to the web version of this article.)
the flame surface. It appears that the flame segments

downstream of the jet flow (where the gas has been heated

up) have enhanced the local heat release rate and the local

displacement speed, whereas the segments downstream of

the wall wakes (where heat is transferred from the flame to

the walls) have suppressed the local heat release rate and the

local displacement velocity. However, the averaged Sd,u

along the front is roughly the same as SL. For the Tp ¼ 303 K

case (F1b), it is obvious that the two large cells at the flame

front (cf. Figs. 6 and 7) have resulted in locally enhanced heat

release rate and locally higher displacement speed. The

averaged Sd,u along the front is therefore higher than that of

Tp ¼ 368 K case.

In the experiments using the heat-flux burner, it is easy to

observe whether large scale flame wrinkles exist; for the

cases without large scale wrinkles the heat-flux burner offers

a good tool to measure adiabatic unstretched laminar

burning velocity with a high accuracy. The heat-flux burner

holes do affect the local heat release rate and local

displacement speed; however, as an average of the fluctua-

tions the mean heat release rate and the mean burning ve-

locity obtained using the method are in good agreement with

those of planar flames. The method is nevertheless chal-

lenged when measuring the laminar burning velocity of

flames that have a tendency to develop into cellular in-

stabilities, e.g. lean hydrogen/air flames.
Conclusion

Flame stabilization and heat transfer of laminar premixed

flames for CH4/O2/CO2 and H2/O2/N2 mixtures anchored to a

heat-flux burner are investigated using a high-order numeri-

cal method with detailed chemical kinetic mechanisms and

detailed transport properties, in order to elucidate the effects

of the flow and mixture inhomogeneity generated by the

burner plate holes on flame instability. The results show that

the burner plate holes can cause flame front wrinkling. The

wrinkling scale is of the hole diameter, which in the present

flames is shown as the k8 mode. The amplitude of thismode is
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rather small and it does not vary much with time. For the

methane flames with higher burner plate temperature, the

intrinsic flame instability is suppressed by the burner. The

non-uniformity of the burner plate holes can only cause a

little difference in the mean burning velocity and the total

heat release rate owing to the rather small increase of

flame area. When the burner temperature is low, the flame

can develop to a large-scale cellular shape owing to the

hydrodynamic instability mechanism and the mean

burning velocity increases. For the hydrogen flames, the flame

is much easier to develop to large-scale cells, with local

extinction in the concave part of the flame. This is understood

as a result of diffusional-thermal instability. The large-scale

cells (small wavenumber modes) are not directly affected by

the flow and the temperature inhomogeneity generated by the

burner plate holes. The mean burning velocity can be much

higher when compared with the planar flame ones for the

hydrogen flames.
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