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ABSTRACT

In micro- and meso-scale combustion, there exists strong flame-wall interaction and flame can be
quenched by thermal and kinetic mechanisms. The thermal quenching mechanism has been well studied
while the kinetic quenching mechanism has received little attention. To provide an incremental advance
to former analytical models, we conduct theoretical analysis on flame propagation in a tube with empha-
sis on both thermal and kinetic quenching mechanisms. A two-step chemistry model for gaseous com-
bustion is employed and it consists of a chain-branching reaction and a completion reaction. To mimic
the wall quenching of radicals, a one-step surface quenching reaction of radicals is considered. A general
theoretical description of quasi-one-dimensional flame propagation in a tube with both heat loss and
radical quenching is presented. An analytical correlation, which describes the change of the flame prop-
agation speed with heat loss and radical quenching coefficients, is derived. Based on this correlation, the
effects of radical Lewis number, cross-over temperature, wall temperature, and tube diameter on flame
speed and quenching limit are examined. The results show that the impacts of both heat loss and radical
quenching become stronger at smaller radical Lewis number. With the increase of cross-over tempera-
ture, flame extinction due to heat loss and that due to radical quenching are shown to be promoted
and inhibited, respectively. With the increase of wall temperature, both the thermal and kinetic quench-
ing limits are significantly extended. With the decrease of the tube diameter, flame extinction occurs due
to thermal and/or kinetic quenching. It is found that the radical quenching effect becomes stronger at
higher wall temperature and/or lower cross-over temperature.

© 2013 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

propagate [5,6]. Recently, the flame-wall thermal coupling has
been extensively studied and the influence of heat recirculation

To develop high-specific-energy micro-electro-mechanical
power systems, stable and complete combustion at small scales
(micro and mesoscales) should be realized. However, with the
reduction in combustor’s length scale, the surface-to-volume ratio
increases and the wall effects become crucial in flame propagation
and extinction. In fact, at large surface-to-volume ratio, there is
strong flame-wall interaction and the flame can be quenched by
thermal and kinetic mechanisms [1-4]. The thermal mechanism
refers to heat loss to the wall and the kinetic mechanism refers
to radical quenching on wall surface [2-4]. Both mechanisms play
important roles in small scale combustion, especially for flame
near the extinction limit [1-4].

The thermal quenching mechanism is well known. Previous
studies have demonstrated that there exists a quenching tube
diameter (or channel distance) below which flame cannot
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[7] on flame propagation in small scale combustor has been
systematically examined [8-20]. It has been found that the
flammability limit and quenching diameter can be greatly ex-
tended through heat recirculation and that there exist different
flame regimes/patterns/bifurcations due to flame-wall thermal
coupling. Research process on flame-wall coupling and thermal
quenching mechanism in small scale combustion has been
reviewed by Ju and Maruta [2,3].

Compared to the thermal quenching mechanism, the kinetic
quenching mechanism has received significantly less attention
and only a few studies have been conducted to assess the radical
quenching effect in small scale combustion. Popp et al. [21,22]
and Aghalayam et al. [23,24] simulated the head-on quenching
process of a premixed flame considering detailed gas-phase chem-
istry as well as surface radical completion reactions, and examined
the role of wall quenching of radicals. Raimondeau et al. [25] con-
ducted two-dimensional simulations of flame propagation in a
non-adiabatic straight channel and investigated the gas-surface
interfacial phenomena. Ju and Xu [26] considered four-step

0010-2180/$ - see front matter © 2013 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

http://dx.doi.org/10.1016/j.combustflame.2013.07.008


http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2013.07.008&domain=pdf
http://dx.doi.org/10.1016/j.combustflame.2013.07.008
mailto:cz@pku.edu.cn
http://dx.doi.org/10.1016/j.combustflame.2013.07.008
http://www.sciencedirect.com/science/journal/00102180
http://www.elsevier.com/locate/combustflame

B. Bai et al./Combustion and Flame 160 (2013) 2810-2819 2811

chemistry model (which describes the chain-initiation, branching,
and termination processes as well as radical quenching on wall
surface) in their simulation and examined the radical quenching
limit at different wall temperatures and tube diameters. They
found that radical quenching has stronger influence on flame prop-
agation at higher wall temperature [26]. Experimentally, Miesse
et al. [27] found that the quenching distance depends more
strongly on wall materials at higher wall temperature. They con-
cluded that the thermal and radical quenching is dominant at
low and high wall temperature, respectively. Saiki and Suzuki
[46] investigated experimentally and numerically the effects of
wall materials on radical quenching in a methane-air premixed
flame and provided detailed information on surface activity of four
materials and their effects on the flame. Yang et al. [28] also exam-
ined experimentally the effects of wall material on flame quench-
ing and they found that radical quenching is mainly controlled by
the percentage of chemisorbed oxygen on wall surface. More re-
cently, Wang and Law [48] have studied the explosion limits of
hydrogen-oxygen mixtures and they showed that the wall
destruction of radicals is crucial to the Z-shaped explosion limits.

Except the computational work of Ju and Xu [26], all the simu-
lations and experiments mentioned above were limited to specific
fuel/air mixtures and wall materials. Therefore, the general kinetic
quenching mechanism is still not well understood. Theoretical
analysis for flame propagation in a tube/channel with heat loss
and radical quenching on the wall can provide a general under-
standing of the thermal and kinetic quenching mechanisms. Be-
sides, it can possibly provide solutions of reference for code
validation. Therefore, it is meaningful to develop a theoretical
model for flame propagation in a tube with wall quenching of rad-
ical. However, in traditional theoretical analysis of premixed
flames, one-step, irreversible, global reaction model was usually
employed. In one-step chemistry model, fuel is converted directly
into products and hence the role of active radicals is not included.
Therefore, to the authors’ knowledge, there is no theoretical anal-
ysis in the literature examining the radical quenching effect on
flame propagation in a small tube/channel.

The objectives of the present study are to provide a general the-
oretical description of flame propagation in a tube with wall
quenching of radicals and to examine the influence of different fac-
tors on thermal and kinetic quenching limits. First, we shall intro-
duce a theoretical model for flame propagation in a tube
considering thermally sensitive intermediate kinetics and surface
radical quenching reaction, and derive a correlation describing
the change of the flame propagation speed with heat loss and
radical quenching on the wall. Then, based on this correlation,
we shall assess the effects of radical Lewis number, cross-over
temperature, wall temperature, and tube diameter on thermal
and kinetic quenching limits.

2. Theoretical analysis

In this section, we present a general theoretical description of
flame propagation in a tube with wall quenching of radicals and
heat loss.

2.1. Chemical reactions

As mentioned before, one-step global reaction model cannot be
used to study the radical quenching effect. As such, chain-branch-
ing kinetics of intermediate species (radicals) should be considered
in theoretical analysis. We employ the two-step chain-branching
model proposed by Dold and coworkers [29-31]. This model con-
sists of a chain-branching reaction and a completion reaction:

Fiz—27 ap=PYEPY2g exp(_Ts 1)
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where F, Z, and P denote fuel, radical, and product, respectively, and
M represents any third body species. The reaction rates are given in
Egs. (1) and (2) with p being density, Yr and Y; the mass fractions
of fuel and radical, Wr and W, the molecular weights of fuel and
radical, W the mean molecular weight, Ag and Ac the frequency fac-
tors, Ty the activation temperature, and T the temperature of the
mixture. The chain-branching reaction has high activation energy
and is thermally neutral, while the completion reaction is tempera-
ture insensitive (zero activation energy) and releases all the heat
[31]. This two-step chain-branching model was used in previous
studies on the ignition, propagation, extinction, and stability of pre-
mixed flames [29-40].

The radical loss due to surface reaction is considered in this
study. The surface reaction and its reaction rate are [6]:
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where 7; is the radical quenching coefficient (or sticking coefficient,
which is usually less than 0.1, depending on the surface properties
as well as the fuel/air mixture) and ¢ is the averaged random veloc-
ity of radical. For a tube, the surface-to-volume ratio is AV =4/d
with d being the tube diameter. In this study, the surface reaction
is assumed to be thermally neutral and thereby the combustion
heat release is reduced by radical loss on the wall (note that the
completion reaction in Eq. (2) releases all the heat). It is noted that
practically the radicals on the surface might recombine and re-enter
the gas phase. The recombination and re-entering process is not
considered in the present model. This is a limitation of the present
model. Furthermore, as discussed in the Supplementary material, it
might happen that there is not enough wall area to be able to sink
enough radicals before saturation to have a significant effect on
quenching. In the present model the saturation is assumed not to
be reached. This is another limitation of the present model. Never-
theless, Saiki and Suzuki [46] showed that the channel-flame
quenching process is limited by radical adsorption. Their simulation
results indicated that there is enough wall area to be able to sink
enough radicals before saturation even for their burned-stabilized
channel-flame [46].

2.2. The model

We consider a quasi-one-dimensional (reduced from the inte-
gration of the two-dimensional model, following Zamashchikov
and Minaev [8]), fuel lean, premixed flame propagating inside a
tube (Fig. 1). For the sake of simplicity, we employ the diffusive-
thermal model [41], in which the density as well as the thermal
and transport properties of the mixture is assumed to be constant.
Furthermore, uniform wall temperature is assumed and thereby
heat recirculation [7,12,15] is not considered in the present model.
Nevertheless, the heat exchange between gaseous mixture and
tube wall is included. The heat flux is assumed to be proportional
to the difference between local gas temperature T and wall tem-
perature Ty, (represented by the last term in Eq. (6). The effects
of radiative loss, curvature, and stretch [42-44] are not included
in the present model, which will be a subject for future study.

It should be emphasized that the quasi-one-dimensional model
does not consider the radial temperature or concentration gradi-
ent. Due to the heat loss on the wall, the radical concentration near
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Fig. 1. The schematic flame structure.

the wall is in fact much lower than that at the center [26,46]. Con-
sequently, our quasi-one-dimensional model might over-predict
the influence of the wall-quenching of radicals. This is also a limi-
tation of our model. In the coordinate attached to the propagating
flame front, a steady model can be used to describe the propagat-
ing flame. The governing equations for mass fractions of fuel and
radical as well as temperature are:

¥y d dYe

P a _E(pDF dx) Wiy @

_dY, d dy

PG = dx< D dz>+wz<w5_wC_WW) 5)
dT d (~dT 4Q -
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where 1 is the inlet flow speed of the unburned mixture which is
equal to the laminar flame propagation speed in the diffusive-ther-
mal model. DF and Dz are the mass diffusion coefficients of the fuel
and radical respectively, C» the specific heat t capacity of the mix-
ture, 4 the heat conductivity of the mixture, Q the specific heat re-
lease of the completion reaction, @& the heat exchange coefficient, d
the tube diameter, and TW the wall temperature. The rates for the
branching, completion, and surface-quenching reactions are given
in Egs. (1)-(3), respectively.Following Sharpe [33], we introduce
the non-dimensional variables:
x:z, u:ﬂ, Ypodr oy, YWe o T _Tw
) S Yro YroW; To To

where Yp, is the fuel mass fraction in the unburned mixture and
To = 298K is the room temperature. The characteristic speed §2
and characteristic length 5 = 1/(pCpS?) are, respectively, the lami-
nar flame speed and flame thickness of an adiabatic planar flame
with initial temperature of To = 298K. The non-dimensional gov-
erning equations are:

dYe 1 d*Ye )
dx  Ler dx?
ay; 1 &y,
& "I, e +w-AY;-TY, 9)
dr  d°T
U = ) +QAY; — QT -Tw) (10)
where Le; = 7/(pCpDy) and Le; = 7/(pCpDy) are the fuel and radi-

cal Lewis numbers, respectively. The non-dimensional heat release
is given by Q = Q Yro/(WrCpTo) and the non-dimensional adiabatic

flame temperature is T,q=1+ Q. The non-dimensional heat ex-
change and radical quenching coefficients are respectively given by

_ 49 p oo 1)
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Eq. (11) shows that both © and I" increase with the decrease of tube
diameter, d, indicating that heat exchange and radical quenching
becomes crucial for small scale combustion [1-4]. The radical
quenching coefficient, I, depends on the temperature since the ran-
dom velocity of radical, ¢, is proportional to the square root of tem-
perature. To simplify the problem, we assume that I" is a constant to
be specified (I'=0 corresponds to an inert wall without surface
quenching of radicals). For an adiabatic tube without wall quench-
ing of radicals (i.e. I'= € = 0), the governing Eqs. (8)-(10) reduce to
those for an adiabatic planar flame [29,31,33] and we have
u = 1i/5° = 1 when the initial temperature is To = 298 K.

In Egs. (8) and (9), the non-dimensional branching reaction rate

is [31]
(-]

where 4 = JAc) [fp(§8)2VNV] is the non-dimensional rate constant,
Ty =Tp/To the non-dimensional activation temperature,
Tc = TC/TO the non-dimensional in-homogenous chain-branching
crossover temperature [31], and @ = T/T. In the asymptotic limit
of high activation energy (Tz — oo), the chain-branching reaction
is confined in an infinitesimally thin reaction sheet at x = x;= 0. As
shown in Fig. 1, no chain-branching reaction occurs on either side
of this reaction sheet (i.e. w =0 when x # 0). According to the
asymptotic analysis by Dold [31], the following conditions must
hold across or at x = x;=0:

W = AO*YrY;exp

1 dy;

el = v =11 = [ ] = i T+ i

dx| = |ier & =T-Te=Yr=0
(13)

where the square brackets denote the difference between the vari-
ables on the unburned and burned sides, i.e. [f] = flx = 07) — flx = 0").
The boundary conditions are specified as

X— —00:

X — +00:

T=Tw,Yr=1Y,=0 (14)
dT/dx = 0,Yr = 0,dY/dx = 0 (15)

It is noted that according to Eq. (14), the temperature of unburned
gas is set to be the same as the wall temperature even for an adia-
batic tube (i.e. 22 =0). Therefore, the temperature of gaseous mix-
ture is always equal to or higher than that of the wall, and there
is heat loss to the wall when @ > 0. When Ty = Ty /To > 1, the un-
burned mixture is heated to T = Ty.

In order to simultaneously satisfy the conditions at x =x;=0 in
Eq. (13) and boundary conditions at x — * oo in Egs. (14) and (15),
the variable, A, must have a specific value [33]. Therefore, A is an
eigenvalue related to the flame speed [33]. It is determined by the
condition that u = 7i/S? = 1 when Ty =1 (i.e., Tw = To = 298K, the
unburned mixture is at room temperature) and Q =1"= 0 (without
heat and radical loss). The eigenvalue A is given implicitly by [33]:

ALe; = (1 +1 ;;C> (83 = 52)(S1 ~ S2),

Le; + 1/Le; + 4ALe
S : (16)

12 = 2

which can be solved using iteration method.
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2.3. Analytical solution

Under the reaction sheet assumption (w = 0 for x < 0 and x > 0),
Eqgs. (8)-(10) together with conditions in Egs. (13)-(15) can be
solved analytically in the unburned and burned zones. The fuel
mass fraction in the burned zone is zero according to the fuel lean
assumption. Therefore, the distribution for fuel mass fraction is ob-
tained as

1 —exp(ulex) if x<0
Y = 17
0= A (17)
The solution for radical mass fraction is
Yzexp(hix) if x<0
Y = 18
2 { Yyexp(Zox) if x>0 (18)

where 2, = [ule; + \/(uLez)2 +4Lez(A+1T)] /2 and Yy is the radi-
cal mass fraction at the flame front (x = 0). Substituting Eqs. (17)
and (18) into the requirement of [Le;'dYr/dx + Le,'dY;/dx] = O at
x=0 in Eq. (13) yields

ule ule
Yy Z = Z (19)

A% Juley)? +dles(A+T)

The temperature distribution is obtained as
Tu + (Te = Tu)en* — S5Z0EE if x<0
T = Py (20)
TW"‘(TC_TW)e’)2 _W lf x>0

where 7, = [u + vVu? +4Q]/2.

Substituting Eq. (20) into the requirement of heat flux continu-
ity ([dT/dx] = 0 at x =0 in Eq. (13) yields the following correlation
describing the flame propagation in a tube with heat loss to and
radical quenching on the wall:

1 1
=AY + 21
g <)¥1 —Y2 - }~2> @D

By numerically solving the above correlation using Newton’s
iterative method, we can get the flame propagation speed, u, as a
function of @, I', Le,, T¢, Ty, and Q. As mentioned before, the coef-
ficient A is obtained from Eq. (16). By substituting the solution into
Eqgs. (17)-(20), the distributions for fuel mass fraction, radical mass
fraction, and temperature can be readily obtained. Therefore, the
present theory can be used to investigate flame propagation in a
tube with thermal and/or radical quenching (€2 >0 and/or I' > 0)
at different radical Lewis numbers (Lez), cross-over temperatures
(Tc), wall temperatures (Ty), and tube diameters (the influence of
tube diameter is represented by Q and I, as indicated by Eq. (11).

In the limit of Tyy=1 and I'= Q =0, Eq. (21) describes the prop-
agation of an adiabatic planar flame and it reduces to Eq. (16)
which is used to determine the eigenvalue A.

In the limit of Ty =1 and I" = 0 (i.e. without radical quenching),
Eq. (21) reduces to the correlation derived by Dold and coworkers
[29,31] for a premixed planar flame with linear heat loss. By solv-
ing Eq. (21) with Tyy=1 and 1'=0, the flammability limit or
quenching diameter due to heat loss can be determined.

In the limit of Ty =1 and Q = 0 (i.e. without heat loss), Eq. (21)
reduces to

Te —Tw

(1 =72)

Te—1 11
o =z <E + ) (22)

u -
u-— 4y

which can be used to determine the flammability limit or quench-
ing diameter due to radical loss.

3. Results and discussion

The fuel Lewis number, Lep, is not included in Eq. (21) since the
normalized flame propagation speed of an unstretched planar
flame is independent of Ler [31,33]. (For stretched flames, the fuel
and radical Lewis numbers both affect the flame propagation speed
[38-40].) The fuel Lewis number only affects the distribution of
fuel mass fraction, as indicated by Eq. (17). It is noted the fuel Le-
wis strongly affects the instability of flame propagation: diffu-
sional-thermal cellular instability occurs for a fuel Lewis number
lower than unity; while diffusional-thermal pulsating instability
happens at large fuel Lewis number and large Zel’dovich number
[47]. In this study, a one-dimensional flame is considered and
therefore the diffusional-thermal cellular instability is not in-
cluded. Moreover, in the present study we fix the fuel Lewis num-
ber to be unity (Ler= 1) and thus the pulsating instability does not
occur. As part of future work, stability analysis [31,33] needs to be
conducted to understand the instability of the flame propagation in
a tube. According to Egs. 21, 16, and 22, the flame propagation
speed is affected by (Tc — 1)/Q and (Ty, — 1)/Q. Therefore, the same
results for different values of Q can be obtained through adjusting
the values of T¢ and Ty, Here we present results for different values
of T¢ and/or Ty, with the non-dimensional heat release fixed to be
Q=5 (i.e. the adiabatic flame temperature is about 1800 K).

Figure 2 plots the distributions of normalized temperature, de-
fined as 0 = (T — 1)/Q, as well as fuel and radical mass fractions for
three different cases with the same flame propagation speed of
u=0.7. The results (denoted by solid lines) for an adiabatic flame
without radical quenching (for which Q=1"=0 and u=1.0) are
shown together for comparison. Figure 2 indicates that the flame
structure is similar for these three cases and that the flame propa-
gation speed can be reduced by heat loss only (€2 > 0, I" = 0), radical

0.8

0.6 pashed lines:

u=0.7
04 Q=0.0375
02f TI=0.0
0 (a)

o8f s\ So-----------

0.6 - pashed lines:

u=0.7

045 =00

02f TI=0.3
0 (b)

0.8

- -
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u=0.7
0=0.01
02f TI=0.2

041

(c)

-10 -5 0 5 10

Fig. 2. The flame structure for Le;= 1, Tc = 4.0, and Ty = 1.0. The solid lines denote
results without heat loss or radical quenching (I'=Q=0 and thus u=1.0). The
dashed lines denote results at fixed flame speed of u = 0.7 with (a) heat loss only, (b)
radical quenching only, and (c) both heat loss and radical quenching.
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quenching only (I'>0, € =0), or a combination of heat loss and
radical quenching (22 >0, I" > 0). Therefore, the present theoretical
model can be used to study both the thermal and kinetic quench-
ing mechanisms. When there is heat loss or/and radical quenching,
Fig. 2 shows that both the radical concentration and temperature
are reduced.

Using the theory presented in Section 2, we investigate the
flame propagation and extinction in a tube with heat loss and/or
radical quenching on the wall. The effects of radical Lewis number,
cross-over temperature, wall temperature, and tube diameter are
discussed in the following.

3.1. Effects of radical Lewis number

In this subsection, the cross-over temperature is fixed to be
Tc=4.0 and the wall is at room temperature (Ty = 1.0). Figure 3
presents the flame structure at different radical Lewis numbers
for an adiabatic flame without radical quenching (2 = I" = 0). With
the decrease of radical Lewis number, the mass diffusivity of radi-
cal increases and thereby the distribution of radical mass fraction
becomes broader. Similar change in the temperature distribution
is observed since the combustion heat release is proportional to
the radical concentration (see the second term on the right hand
side of Eq. (10).

Figure 3 shows that the same temperature, T=T-=4.0 (i.e.
0=(Tc—1)/Q=0.6) occurs at the reaction sheet, x = x;=0, where
the chain-branching reaction takes place. If the temperature can-
not reach the cross-over temperature due to heat and/or radical
losses, the chain-branching reaction does not take place and the
flame is quenched. Therefore, the heat and/or radical losses on
the upstream of the reaction sheet (i.e. x < 0) directly influence
the flame speed and extinction limit. Integrating the radical mass
fraction given in Eqs. (18) and (19) yields the following expression
for the total amount of radical in the region of x < 0:

/ YZ dX = YZf
2

= (23)
\/(ules)® + 4Les (A + ) + ule, + 4(A+ ) fu

Eq. (23) indicates that f Yz(x)dx monotonically decreases with
Le,. Therefore, with the decrease of Lez, more radical appears at
the upstream of the reaction sheet. Consequently, the influence of
radical quenching is expected to be stronger at smaller Le;. Further-
more, with the decrease of Le, the temperature rise becomes larger
at x <0 (as demonstrated in Fig. 3) and there is more heat loss.

1 =
Ye ’ e‘
08
[ Solid lines:
L Le,=1.0 T.=4.0
0.6 Dashed lines: T =1.0
L Le,=0.5 W
ok Dash-dotted lines: Q=
T Le,=0.25 r=
02f
0 Il Il Il
-10 -5 0 5 10

Fig. 3. The flame structure at different radical Lewis numbers.

Therefore, the influence of heat loss is also expected to be stronger
at smaller Le,.

According to above discussions, the influence of thermal
quenching mechanism and that of kinetic quenching mechanism
both become stronger with the decrease of radical Lewis number.
This is demonstrated by Fig. 4 which shows the change of flame
speed with the heat loss and radical quenching coefficients. In
Fig. 4(a), there are two branches in the u- diagram. Physical
flame propagation can occur only for the upper branch; the lower
branch represents unstable solutions. Similar results were ob-
tained by Dold [31] considering two-step chemistry and in theory
considering one-step global chemistry [47]. The turning point (de-
noted by open circle) corresponds to the maximum value of heat
loss coefficient (referred to as the critical heat loss coefficient,
Qc), at which extinction limit is reached. Similar results for non-
adiabatic flame without wall quenching of radicals (i.e. £ >0,
I' =0) were reported by Dold et al. [29,31]. With the increase of
radical quenching coefficient, both the flame propagation speed
and the critical heat loss coefficient, Q. become smaller since
flame is weakened by radical quenching. With the decrease of
the Le,, the flame is shown to have smaller flame speed and be
more easily to be quenched. This is due to the reason mentioned
in the previous paragraph.

Similarly, Fig. 4(b) shows that for a given value of 2 > 0, there is
a critical radical quenching coefficient, I'c, beyond which flame

r e =0 ———— Le,=0.5
S LA Le,=1.0
0.8 .~ >
ks "~ \-\_
F ~. N, N\,
L 0.2 ™~ S \
0.6 - \’\. \'\ ®
L \, Q g
E} 3 \ / S
L 0 7 2
1 R
0.4} p; ' s
: /, /,/.’ s
L s
02 27 T.=4.0
i T,~1.0
o —
0 0.01 0.02 0.03 0.04 0.05
Q
(a)
1
AN™ e Le,=0.5
MO\
K Le,=1.0
0.8
0.6 N
I N
3 [ T.=4.0
N,
0.4 : N ) TW=1'0
N
- Q=0 ™\
0.2k N\
-V Q=0.01
- .\.\
o 1 1 1 1 M
0 0.2 0.4 0.6 0.8 1

(b)

Fig. 4. Change of the flame speed with the (a) heat loss coefficient and (b) radical
quenching coefficient at different radical Lewis numbers.
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extinction occurs with finite flame speed. As expected, with the de-
crease of Ley, the flame is shown to be more easily quenched and
have a smaller I'c. When there is no heat loss (€2 = 0) and only ex-
ists radical loss, Fig. 4(b) shows that there is no turning point and
the flame speed decreases monotonically with the radical quench-
ing coefficient. At Q=0 and I' = I'¢, flame extinction occurs with
zero flame speed and the maximum temperature is equal to the
cross-over temperature. This is different from the flammability
limit caused by heat loss, at which flame extinction occurs with
finite flame speed and the maximum temperature is above the
cross-over temperature. Similar observation was discussed in
recent study by Kurdyumov and Fernandez-Galisteo [45]. It should
be emphasized that the radical quenching effect and thermal
quenching effect exist simultaneously in practical experiments.
Theoretically, for an adiabatic case without thermal quenching
effect, the flame could be quenched solely by radical quenching
effect. In experiments, however, this is difficult to realize since heat
loss always exists. With the decrease of the tube diameter, the
flame will be first extinguished due to thermal quenching. Figure 5
shows the heat loss and radical quenching limits at different radi-
cal Lewis numbers. Flame propagation happens only when the heat
loss and radical quenching coefficients are below the lines shown
in Fig. 5. Both the thermal quenching limit, Qc, and the kinetic
quenching limit, I'c, decrease with the decrease of Lez, and the
flame extinction region becomes broader at smaller Le;. Moreover,
compared to the radical quenching limit, the heat loss quenching
limit is shown to be more strongly affected by Le,. This is due to
the fact that heat loss directly reduces the temperature and there-
by it can terminate the chain-branching reaction by making the
temperature below the cross-over temperature.

3.2. Effects of cross-over temperature

Here the radical Lewis number and wall temperature are both
fixed to be unity (Le; = Ty = 1.0). Figure 6 shows the distributions
of normalized temperature, 0= (T — 1)/Q, fuel mass fraction, Yf,
and radical mass fraction, Yz, at three different cross-over temper-
atures for an adiabatic flame without radical quenching
(=T =0). The cross-over temperature does not affect the distri-
bution of fuel mass fraction. However, as shown in Fig. 6, the
cross-over temperature has great influence on the radical mass
fraction and temperature. At higher cross-over temperature, less
radical can be produced and the temperature increases more shar-
ply. Therefore, it is expected that the influence of radical quenching
is weaker at higher cross-over temperature.
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o’ 0.02
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3] Le,=0.25
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Fig. 5. Effects of radical Lewis number on flame quenching limits. Flame quenching
occurs when the coefficients of (I', 2) are on the upper-right side of each line.
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Fig. 7. Change of the flame speed with the (a) heat loss coefficient and (b) radical
quenching coefficient at different cross-over temperatures.

Figure 7 shows the change of the flame speed with the heat loss
and radical quenching coefficients. When there is no radical
quenching (I"=0), Fig. 7(a) shows that the flame can be more
easily quenched and have a smaller value of Q. at higher cross-
over temperature, Tc. This is reasonable since the chain-branching
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reaction takes place only when the temperature is above the cross-
over temperature, and the maximum temperature can be more
easily reduced to be below the cross-over temperature by heat loss
at higher Tc. When there is no heat loss (2 = 0), Fig. 7(b) shows that
the flame becomes more difficult to be quenched and has a larger
value of I'¢c at higher cross-over temperature. This is because less
amount of radical exists at higher T, as shown in Fig. 6. Therefore,
increasing the cross-over temperature has two opposite effects: it
promotes extinction caused by thermal quenching mechanism,
while it inhibits extinction caused by kinetic quenching mecha-
nism. At I'=0.1 and small value of Q (say £ =0.005), the kinetic
quenching mechanism dominates over the thermal mechanism,
and thereby Fig. 7(a) shows that the flame speed at T¢ = 4.0 is high-
er than that at Tc=3.0. However, at I" =0.1 and large value of @
(say 2 =0.02), the thermal mechanism dominates over the kinetic
quenching mechanism, and thereby Fig. 7(a) and (b) show that the
flame speed is lower and the flame is more easily quenched at
higher cross-over temperature.

These two competing effects caused by changing the cross-over
temperature are further demonstrated by results in Fig. 8, which
shows the heat loss and radical quenching limits at three different
cross-over temperatures. Flame extinction occurs when the coeffi-
cients of (I, Q) are on the upper-right side of each line. Fig. 8 indi-
cates that the thermal quenching limit, Q. reduces with the
increase of the cross-over temperature, while the kinetic quench-
ing limit, I', increases with Tc. This observation is consistent with
discussions mentioned above.

3.3. Effects of wall temperature

Figure 9 shows the flame structure at different wall tempera-
tures for Le;=1.0, Tc=4.0 and Q=1I"=0. As mentioned before,
according to Eq. (14), the initial temperature of unburned gas is
set to be the same as the wall temperature even for an adiabatic
tube (i.e. 2 = 0). Therefore, the results in Fig. 9 are in fact for differ-
ent initial temperatures of unburned gas. Figure 9 indicates that
with the increase of the initial unburned gas temperature, the rad-
ical profile has not only a higher peak, but also a wider distribution.
Therefore, it is expected that the influence of radical quenching on
the wall becomes stronger at higher initial unburned gas tempera-
ture (or higher wall temperature).

Figure 10 demonstrates the effects of heat loss and radical
quenching on flame speed and extinction at different wall temper-
atures. With the increase of the wall temperature, the initial

0.08

i Le,=1.0,T,=1.0

0.06

o’ 0.04
M] T.=3.0
2] T.=4.0
0.02 T.=5.0

1 1.2 1.4

Fig. 8. Effects of cross-over temperature on flame quenching limits. Flame
quenching occurs when the coefficients of (I', €2) are on the upper-right side of
each line.
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Fig. 10. Change of the flame speed with the (a) heat loss coefficient and (b) radical
quenching coefficient at different wall temperatures.

temperature of unburned gas also increases and hence the flame
propagation is greatly enhanced. The flame speed is shown to be-
come much larger at higher wall temperature. Consequently, both
the heat loss quenching limit, ¢, and the radical quenching limit,
I'c, are significantly extended by the increase of wall temperature,
as demonstrated by Fig. 11. Similar observation was found in
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simulations considering radical quenching on the wall [26].
According the results in Figs. 10 and 11, when there is no radical
quenching (I" = 0), the ratio between heat loss quenching limits
at Ty =2.0 and Ty =1.0 is Q( Ty =2.0)/Q(Tw = 1.0) = 5.45. Simi-
larly, when there is no heat loss (€2 = 0), the ratio between radical
quenching limits at Tyw=2.0 and Ty=1.0 is I'(Tw=2.0)/
I'Tw=1.0) = 2.25. Therefore, compared to the radical quenching
limit, the heat loss quenching limit is much more extended by
the increase of wall temperature. The quenching limit caused by
heat loss is due to the fact that the chain-branching reaction does
not take place when the temperature is below the cross-over tem-
perature. Therefore, increasing the wall temperature (or initial
temperature of unburned gas) is very effective in extending the
heat loss quenching limit. This is in fact used in small scale com-
bustion for which the flammability limit and quenching diameter
are greatly extended through heat recirculation [7,12,15].

3.4. Effects of tube diameter

In the results discussed above, the heat loss coefficient, €2, and
radical quenching coefficient, I', change independently. According
to Eq. (11), with the decrease of the tube diameter, both Q and I”
increase while the ratio between them remains unchanged. There-
fore, in this subsection, we investigate the effects of tube diameter
by changing the heat loss coefficient, €2, while keeping the ratio, I'|
Q, unchanged. According to Eq. (11), the ratio, I"/€2, is proportional
to the radical quenching coefficient (or sticking coefficient) ;. Our
rough estimation shows that I"/€Q is around 500-1000 times of 7
for typical fuel/air mixtures. In the following we use three values,
I'/Q2=0, 5, and 20, to cover a wide range of I'/€2 (which is deter-
mined by the value of y). Since the theory works for all different
values of I'/Q, the same conclusion can be drawn even when other
values of I'/Q (say, I'/2=0.1) are used.

Figure 12(a) plots the flame speed as a function of heat loss
coefficient for fixed values of I'/Q2. When I'/2 = 0, there is no rad-
ical quenching on the wall and only heat loss is considered. Since
the heat loss coefficient, €2, is inversely proportional to the square
of the tube diameter, the turning points in Fig. 12(a) correspond to
the quenching diameter, below which flame extinction happens. As
expected, Fig. 12(a) shows that the quenching diameter increases
with the wall temperature. By comparing results without radical
quenching (I'/Q =0) with those including radical quenching (I"/
Q=15) in Fig. 12(a), we find that the radical quenching reduces
flame speed and helps to extinguish the flame. As a result,

0.5

N Le,=1.0, T .=4.0

Fig. 11. Effects of wall temperature on flame quenching limits. Flame quenching
occurs when the coefficients of (I', 2) are on the upper-right side of each line.
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Fig. 12. Change of the flame speed with heat loss coefficient at fixed value of I'/Q.

Fig. 12(a) indicates that the quenching diameter is significantly re-
duced by the radical quenching effect.

To demonstrate the effects of wall temperature, we normalize
the flame speed u by unq (the speed at Q =0) and the heat loss
coefficient Q by Q¢ (the heat loss quenching limit). The results
are shown in Fig. 12(b). It is observed that the difference between
results without radical quenching (I"/€2 = 0) and those with radical
quenching (I'/©2=5) is larger at higher wall temperature. There-
fore, radical quenching plays a more crucial role at higher wall
temperature. The same conclusion was drawn from numerical
simulation [26] and experiments [27,46]. This is mainly due to
the fact that the radical concentration becomes larger at higher
initial unburned gas temperature (which is equal to the wall
temperature), as shown in Fig. 9.

Figure 13 shows the change of heat loss quenching limit with
wall temperature for different values of I'/Q2. Transient numerical
simulation considering finite rate of the chain-branching reaction
indicates that the stable flame propagation cannot be observed
when the wall temperature is close to the chain-branching cross-
over temperature. Therefore, in Fig. 13 the maximum wall temper-
ature is Ty, =3, which is lower than the cross-over temperature
Tc = 4. With the increase of the wall temperature, the initial tem-
perature of unburned gas also increases. Therefore, the quenching
limit shown in Fig. 13(a) is significantly extended by the increase of
wall temperature, indicating that the quenching diameter de-
creases with the wall temperature. In Fig. 13(b), the normalized
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Fig. 13. Change of the flame quenching limit with wall temperature at fixed value
of I'/Q.

heat loss quenching limit, Q¢/€¢rje-o0) is presented. The difference
between Q. without radical quenching (I'/22=0) and that with
radical quenching (I'/©2 =5 or 20) is caused by radical quenching
and it is shown to increase with the wall temperature. Therefore,
this further demonstrates that radical quenching plays a more cru-
cial role at higher wall temperature. This is mainly due to the fact
that the radical concentration becomes larger at higher initial un-
burned gas temperature (which is equal to the wall temperature),
as shown in Fig. 9.

Similarly, Fig. 14 shows the change of heat loss quenching limit
with cross-over temperature for different values of I'/Q2. As dis-
cussed in Section 3.2, the flame is more easily quenched by heat
loss at higher cross-over temperature. Therefore, in Fig. 14(a) the
heat loss quenching limit is shown to monotonically decreases
with the cross-over temperature, indicating that the quenching
diameter increases with the cross-over temperature. When radical
quenching effects are included, the heat loss quenching limit is re-
duced. The influence of radical quenching at different cross-over
temperatures is demonstrated in Fig. 14(b). The normalized heat
loss quenching limit, Q¢/Q¢rj0-0) is shown to monotonically in-
crease with the cross-over temperature, indicating that the influ-
ence of radical quenching becomes weaker at higher cross-over
temperature. This is because the radical concentration becomes
smaller at higher cross-over temperature, as shown in Fig. 6.
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Fig. 14. Change of the flame quenching limit with cross-over temperature at fixed
value of I'/Q.

Similar phenomena were observed in numerical simulation of
channel flame with wall quenching of radicals [26].

Therefore, according to the above discussions, the flame speed
decreases with the decrease of tube diameter (increase of heat loss
coefficient 2) and flame extinction occurs when the quenching
diameter is reached. Furthermore, influence of radical quenching
increases with the wall temperature while it decreases with the
cross-over temperature.

4. Conclusions

To provide an incremental advance to former analytical models,
in this study we develop a quasi-one-dimensional theoretical mod-
el describing flame propagation in a tube with heat loss and radical
quenching on the wall. The thermally sensitive intermediate kinet-
ics and surface radical quenching reaction are included in the pres-
ent model. In the asymptotic limit of large activation energy for the
chain-branching reaction, an analytical correlation is derived to de-
scribe the change of flame speed with heat loss and radical quench-
ing coefficients. Based on this correlation, the effects of radical
Lewis number, wall temperature, cross-over temperature, and tube
diameter on flame speed and quenching limit are examined. The
main conclusions are:
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1. With the decrease of radical Lewis number, higher radical pro-
duction and larger temperature rise occur at the upstream of
the reaction sheet. Therefore, the influence of thermal quench-
ing mechanism and that of kinetic quenching mechanism both
become stronger with the decrease of radical Lewis number.
When there is no heat loss and only radical quenching is consid-
ered, flame extinction occurs with zero flame speed. This is dif-
ferent from the flammability limit caused by heat loss, at which
flame extinction occurs with finite flame speed.

2. With the increase of cross-over temperature, fewer radicals are
produced and thereby the influence of radical quenching
becomes weaker at higher cross-over temperature. Meanwhile,
the flame can be more easily quenched by heat loss at higher
cross-over temperature. Therefore, increasing the cross-over
temperature has two opposite effects: it promotes extinction
caused by thermal quenching mechanism, while it inhibits
extinction caused by kinetic quenching mechanism.

3. The initial temperature of unburned gas is set to be the same as
the wall temperature. With the increase of the wall tempera-
ture, both the heat loss quenching limit and the radical quench-
ing limit are significantly extended. Furthermore, compared to
the radical quenching limit, the heat loss quenching limit is
much more extended by the increase of wall temperature.
Therefore, in small scale combustion the flammability limit
and quenching diameter can be greatly extended by heat
recirculation.

4. With the decrease of the tube diameter, the heat loss and radi-
cal quenching coefficients both increase while the ratio
between them remains unchanged. The quenching diameter
can be greatly reduced by the increase of wall temperature or
the decrease of cross-over temperature. Moreover, the influence
of radical quenching is found to increase with the wall temper-
ature and to decrease with the cross-over temperature. These
conclusions drawn from theoretical analysis are consistent with
numerical results [26] and experimental observations [27,46]
reported in the literature.
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