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An experimental study on laminar burning characteristics of the spherically expanding
premixed propane-hydrogen-air flames was conducted at room temperature and atmo-
spheric pressure. The unstretched laminar burning velocity, the laminar flame thickness,
the Markstein number, the Zeldovich number and the global Lewis number were obtained
over a range of equivalence ratios and hydrogen fractions. The influence of hydrogen addi-
tion on the laminar burning velocities and the flame front instabilities were analyzed. The
results show that the unstretched laminar burning velocity increases, the laminar flame
thickness decreases and the peak value of unstretched laminar burning velocity shifts to
the richer mixture side with the increase of hydrogen fraction. When hydrogen fraction
in the fuel is less than 60%, the Markstein number decreases with the increase of equiva-
lence ratio, and the flame behavior is similar to that of propane-air flames. When hydrogen
fraction is larger than 60%, the flame behavior is similar to that of hydrogen-air flames. At
equivalence ratio less than 1.2, the Markstein number decreases with the increase of
hydrogen fraction, indicating flame destabilization by hydrogen addition. At equivalence
ratio larger than 1.2, the Markstein length increases with the increase of hydrogen fraction,
indicating the stabilization of flame by hydrogen addition. In the case of lean mixture
combustion, the Zeldovich number decreases with the increase of hydrogen addition, indi-
cating the lowering of activation temperature of the mixture. The global Lewis number
decreases with the increase of hydrogen fraction, and this indicates the increase of prefer-
ential-diffusion instabilities by hydrogen addition.
© 2008 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights
reserved.

1. Introduction

temperature. Propane can be pressurized into the liquid stage
under a moderate pressure, and this makes onboard storage

Increasing concern over the fossil fuel shortage and air pollu-
tion brings an increasing study on the alternative fuels around
the world community. Propane, which is a major component
of liquid petroleum gas, has good air-fuel mixing potential
and hence low HC and CO emissions due to its low boiling

and handling easier [1]. Hydrogen has high flame speed,
wide flammability range [2-5], low minimum ignition energy,
and no emissions of HC or CO, [6,7]. Recent studies on internal
combustion engines with hydrogen enriched fuels showed
that hydrogen addition could increase engine thermal
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Nomenclature

Xn volume percentage of hydrogen in fuel blends
¢ equivalence ratio

F/A fuel-air ratio

o flame stretch rate, 1/s

Ly, burned gas Markstein length, mm

puw pp  unburned and burned gas densities, kg/m*
Un stretched laminar burning velocity, m/s

A thermal conductivity of unburned gas, W/mK
Ly unburned gas Markstein length, mm

Ze Zeldovich number

Taa adiabatic flame temperature, K

a density ratio, (o = pu/pv)

Tu flame radius, mm

t time, s

Sn flame propagation speed, m/s

S unstretched flame propagation speed, m/s
A flame area, m?

u unstretched laminar burning velocity, m/s
0 laminar flame thickness, mm

Cp specific heat of unburned gas, kJ/kgK

Ma Markstein number, (Ma = L,/6))

1 mass burning flux, (f° = p,u)

Ty initial temperature, K

Le global flame Lewis number

efficiency, improve lean burn capability and mitigate the
global warming problem [6,8-11]. Fundamental combustion
characteristics of propane-air [12-15] and hydrogen-air
[16-18] mixtures have been extensively studied. However,
few reports on combustion characteristics of hydrogen
enriched propane-air flames were presented. Milton and
Keck measured the laminar burning velocities of the stoichio-
metric hydrogen-propane-air flames [19]. Yu et al. studied the
laminar burning characteristics of propane-hydrogen-air
flames with the assumption that the stoichiometrically small
amounts of hydrogen in the mixture was completely
consumed and found a linear correlation of laminar burning
velocity with the hydrogen concentration [20]. Law and
Kwon studied the potential of hydrocarbon addition to
suppress explosion hazards and found that a small or
moderate amount of propane addition could remarkably
reduce the laminar burning velocities and would suppress
the propensity of onset of both diffusional-thermal and
hydrodynamic cellular instabilities in hydrogen-air flames
[21]. Law et al. investigated the phenomenon of spontaneous
cell formation on expanding lean hydrogen spherical flames
with propane addition to retard the reaction intensity and
found that the critical radius for onset of instability increased
with the increase of propane fraction [22].

Laminar burning velocity is one of the most important
parametersin combustion because the laminar burningvelocity
is a physiochemical property of a combustible mixture. Accu-
rate laminar burning velocity values can be used to validate
the chemical reaction mechanisms [17,23] and is of practical
importance in the design and analysis of internal combustion
engines and power plant burners [19]. There are three methods
to measure the laminar burning velocity: The stagnation plane

flame method [13,20], the heat flux method [14,24] and the
combustion bomb method [12,15,23]. The stagnation plane
flame method can establish different flame configurations, but
itis difficult to draw a clear flame front and to stabilize the flame
under the high-pressure conditions. The heat flux method
needs to determine the heat loss as a function of the inlet
velocity and to extrapolate the results to zero heat loss to get
the adiabatic burning velocity. The combustion bomb method
utilizes the prototypical propagating spherical flame configura-
tion and has drawn particular attention due to its simple flame
configuration, well-defined flame stretch rate and well-
controlled experimentation [25,26]. In this study, the laminar
burning velocities of the propane-hydrogen-air mixtures were
measured by using the spherically expanding flame.

Except for the plane one-dimensional unstretched flame,
the actual flames such as the Bunsen burner flame, the coun-
terflow flame or the propagating spherical flame are always
embedded with the positive and/or the negative flame stretch.
The laminar flame speeds’ response to the stretch in the
curved areas of the flame was investigated by Markstein [27],
Manton, von Elbe and Lewis [28], Parlange [29] and Bechtold
[30] and the studies showed that the burning velocity in the
curved region was reduced and the stretch tended to stabilize
the flame if the excess constituent possesses large diffusivity.
The opposite nonequidiffusive behavior for the lean and rich
flames of propane-air and hydrogen-air was well established
[16,26,31]. However, quantitative description of combustion
characteristics of laminar propane-hydrogen-air flame
response to flame stretch has not been reported so far. In
this study, the outwardly propagating spherical flame was
used to obtain the laminar burning parameters, including
the unstretched laminar burning velocity (u;) and the laminar
flame thickness (6;) which can be directly determined from the
flame solution [26,32,33], the Markstein length (L, and/or L,) or
Markstein number (Ma), which represent the sensitivity of
flame stability response to flame stretch [25], the Zeldovich
number (Ze), and hence the one-step overall activation energy
(Ea), which can be extracted from the dependence of u; on the
adiabatic flame temperature (T.q) [31,34,35], and the global
flame Lewis number (Le), which has been conventionally esti-
mated for sufficiently off-stoichiometric mixtures from the
freestream values of the mixture properties. It was pointed
out in Refs. [31] and [36] that since transport properties were
fairly strongly dependent on temperature and mixture
composition, which vary significantly across the flame, Le is
a global flame property and as such should be extracted
from the flame response.

2. Experimental setup and procedures

The volume percentage of hydrogen in fuel blends (Xy) is

Vi

Xp =t
R VAT

x 100 (1)
where Vy and V¢ are the volume fraction of hydrogen and
propane in the fuel blends, respectively.
The overall equivalence ratio (¢) is defined as
F/A

e “
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where (F/A) is the fuel-air ratio and (F/A)s refers to the stoi-
chiometric value of (F/A). For the stoichiometric propane-air
and hydrogen-air mixture combustion

CsHg + 5(0; + 3.76N,) —3CO, + 4H,0 + 5 x 3.76N, (3)

H, + 0.5(0, + 3.76N,) » H,0 + 0.5 x 3.76N, 4)

Mixture can be expressed as {(1 — Xh%)C3Hg + Xn%H,} + air.
From Egs. (3) and (4), the stoichiometric fuel-air ratio can be
expressed as

1
(T— Xn%) x 5(1+ 3.76) + Xn% x 0.5(1 + 3.76) ©)

(F/A)o=

From Egs. (2) and (5), the ratio of partial pressure of fuel and
air can be deduced as

Pr/Pa=F/A=¢ x (F/A)y (6)

As shown in Fig. 1, the experimental apparatus consists of
the combustion vessel, the heating system, the ignition
system, the data acquisition system and the high-speed
schlieren photography system. Fig. 2 shows the schematic
diagram of the cylinder-type combustion vessel with diameter
of 180 mm and length of 210 mm. Two sides of the vessel are
mounted with the quartz windows to allow the optical access.
A high-speed digital camera operating at 10,000 frames per
second was used to record the flame pictures during the flame
propagation. A Kistler pressure transducer was used to record
the combustion pressure. The mixtures were prepared by
introducing each component according to its corresponding
partial pressure for the specified overall equivalence ratio.
The mixtures are ignited by the centrally located electrodes.
A standard capacitive discharge ignition system is used to
produce the spark. Once the combustion was completed, the
combustion vessel was vacuumed and flushed with dry air
for three times to avoid the influence of the residual gas on
the next experiment. A time interval of 5 min was adopted
to allow the mixtures to be quiescent and to avoid the

Reflector /'
/

influence of wall temperature. Time interval of 30 min was
tested, and no appreciable difference was observed compared
to the time interval of 5 min. As the flame develops in a spher-
ical pattern, the flame radius is scaled from the flame photo
recorded by the high-speed camera. Purities of propane and
hydrogen in the study are 99.96% and 99.99%, respectively.

3. Laminar burning characteristics

3.1 Laminar burning velocity and Markstein number
The flame propagation speed (S,) is the velocity of the flame
front relative to a fixed position. For the outwardly propa-
gating flames, S, is derived from flame radius versus time
data [25,32,33,37] as

dr,

n = 3. Y
Sn =4 )
where 1, is the flame radius in the schlieren photos, and t is
the time.

Flame stretch rate (@) represents the expanding rate of
flame area (A). In a quiescent mixture, it is defined as

~_d(InA) 2dry
“TTa& T r, at ruS" @

In the early stage of flame propagation where the pressure
does not vary significantly yet, there exists a linear relation-
ship between the flame propagation speed and the stretch
rate; that is

St — S = Lpa ©)

The unstretched propagation speed, S;, can be obtained as the
intercept value at « =0, in the plot of S, against «. The burned
gas Markstein length, Ly, is the slope of S,, — « fitting curve.

In the early stage of flame propagation, the flame
undergoes an isobaric developing process, the unstretched
laminar burning velocity, u,, is related to S; from mass conser-
vation across the flame front

\Paraboloidal milror
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7 —_ ﬂt Thelmocouple '— Thennoregulator
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U] e " g BN
Mercury manometer | Xenon| lamp ]I Flectrode Ple“lmﬁmmlm'm { (,ontroll circuit  Computer
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Vacuum punp ) f Comb utllon Ignition system

4 D] =] vesse ——n
— :w

¢ f’re‘s;‘lu'e =7 Amplifier Data |
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Reflector 1
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injection
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High-speed digital camera

Fig. 1 - Experimental setup.
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Fig. 2 - Schematic of the combustion vessel.

Ap,uy = Ap,S (10)

where A is the flame front area, p, and p, are the unburned
and burned gas density, respectively. Together with the adia-
batic temperature (T,q) in the following section, p,, and p, were
obtained by the Equilibrium model with CHEMKIN. The
unstretched laminar burning velocity, u;, can be obtained
from Eq. (10)

u = ppSi/pp (11)

Bradley defined the stretched laminar burning velocity (un)
as the consumption rate of the unburned gas mixture [25,34]

Up =S {sn’ib} (12)
Pu

where Sis a generalized function that depends upon the flame

radius and the density ratio, and accounts for the effect of

flame thickness on the mean density of the burned gases
[25,34]. The generalized expression of S is

6 2.2 6 2292
S=1+12 {i(’i“> } ~0.15 {J<’i> } (13)
Tu \Pp Tu \Po

In this study, the laminar flame thickness ¢, is determined
with the suggestion of Law et al. [22,38]

o= (4/Cp)/ (puth) (14)

Here, 1 and Cj, are the unburned gas thermal conductivity and
the specific heat, respectively.

The unburned gas Markstein length (L,) can be obtained by
the linear relationship between laminar burning velocity and
stretch rate

U — Uy = Ly« (15)
Markstein number is obtained by nondimensionalizing L,

with 6

Ma = Ly/d) (16)

3.2. Zeldovich number and Lewis number

Zeldovich number (Ze) is a dimensionless form of the overall
activation energy. It reflects the mass burning flux ( f°) depen-
dence on the activation temperature. The activation energy

(Ez) can be extracted from the dependence of mass burning
flux on the adiabatic temperature (T.q), as suggested by
Jomaas et al. [31], Egolfopoulos and Law [35] and Clavin [39]

~ d(i(p
Re2 cgu/(n‘d))) )
ze=" Lde; Tu (18)

Here, f© = p,uy, Ty is the unburned gas temperature and R is the
universal gas constant.

The global flame Lewis number (Le) can be extracted from
the following equation as suggested by Jomaas et al. [31] and
Clavin [39]

Ma—_© |:Ze(Le -1 /171/6 ln(lir X)dx +1n(o) (19)

g—1 2 0

Here, o = pu/pp is the density ratio and x is a dummy variable.

4. Results and discussions
4.1.  Flame propagation speed and burned gas Markstein
length

In the experiment, the homogeneous mixture in the combus-
tion vessel was ignited by the centrally located electrodes. The
spark energy and electrodes can affect the flame propagation
in the early stage. Bradley et al. showed that the region due to
the influence of spark energy and electrodes is within 5 mm of
the flame radius [22]. Together with the consideration of
isobaric combustion, the data used in the analysis are limited
within the flame radius ranging from 5 mm to 25 mm.

Fig. 3 shows flame radii versus the time of the stoichio-
metric propane-hydrogen-air flames. There exists a linear
relationship between the flame radius and time except for
the case of the flame radius less than 5 mm where the flame
propagation is influenced by ignition energy and electrodes.
With the increase of hydrogen fraction, the slope of the
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Fig. 3 - Flame radii versus time.

radius-time line increases, indicating the increase of the
flame propagation speed. Fig. 4 gives the flame propagation
speed (Sp) versus flame radius at the equivalence ratio of 1.0.
For various hydrogen addition levels, S, slightly increases
with the propagation of the flame. With the increase of
hydrogen fraction, the flame propagation speed increases
and the increment of the flame propagation speed becomes
larger with the increase of hydrogen fraction especially
when hydrogen fraction in the fuel blends is larger than 80%.

Fig. 5 gives the flame propagation speed versus the flame
stretch rate under the leaner mixture (¢ = 0.6) and the richer
mixture (¢ =1.6). The flame propagation speed increases
with the increase of hydrogen fraction for both the lean flame
and the rich flame. In the case of lean propane-hydrogen-air
flame (¢ = 0.6), the slope of S, — « fitting curve changes from
a negative value to a positive value and the burned gas Marks-
tein length (L) decreases from a positive value to a negative
value with the increase of hydrogen fraction, and this reflects
flame destabilization as hydrogen is added. In the case of rich
flame (¢ = 1.6), the slope of S, — « fitting curve changes from

12 —5—X,= 0 —=—X;=60
—o—X,=20 ——X,= 80

8t —a—X,=40

—A— X;= 100

Fig. 4 - Flame propagation speed versus flame radius.

a positive value to a negative value and the burned gas Marks-
tein length (L) changes from a negative value to a positive
value with the increase of hydrogen fraction, and this indi-
cates flame stabilization as hydrogen is added. This phenom-
enon results from the opposite diffusion behavior of propane
and hydrogen. The diffusivity of propane is lower than that of
air and the diffusivity of hydrogen is higher than that of air.
For the lean mixture, the propane-air flame tends to be stable
and the hydrogen-air flames tends to be unstable, and
increasing hydrogen fraction would lead to destabilization of
the flame; and for rich mixture, the propane-air flame tends
to be unstable and the hydrogen-air flames tends to be stable,
and increasing hydrogen fraction would lead to stabilization
of the flame [27,28,30].

Fig. 6 shows the unstretched flame propagation speed (S))
with equivalence ratio at different hydrogen fractions. When
Xy is less than 80, the curve of S, versus equivalence ratio at
different Xy shows a similar pattern with the peak value at
the equivalence ratio of 1.2. For hydrogen-air combustion
(Xn =100), the unstretched flame propagation speed increases
monotonically with the increase of equivalence ratio. With
the increase of hydrogen fraction, the maximum value of S
shifts to the richer mixture side. For a given equivalence ratio,
S, increases with the increase of X; and the increment
becomes larger when X is larger than 80, that is, the

500 1000 1500 2000
a
6 -
% o X=0 m X,=60
E o X=20 X,= 80
& 4| A X,=40 Xn= 100
0
o /st
b 1500 2000 2500 3000 3500 4000
5 T T T T T T 18
A
A _a 16
4 oxs=0 mXx=60 14
0X,=20 ® X,=80 112
<« 3L AX=40 AX,=100
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£
= 1g
(72
16
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12
0 1 1 1 1 1 1 1

100 200 300 400 500 600 700 800
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Fig. 5 - Flame propagation speed versus flame stretch rate.
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1 1
0.6 0.8 1.0 1.2 1.4 1.6
Equivalence ratio

Fig. 6 - S, versus equivalence ratio at different X;,.

increment of S; from Xy, of 80 to Xy, of 100 is three or four times
that from X, of 0 to Xj, of 80.

Fig. 7 gives the burned gas Markstein length versus the
equivalence ratio at different hydrogen fractions. When
Xn <60, L, decreases monotonically with the increase of
equivalence ratio, indicating the increase of flame front insta-
bility. When Xj >60, Ly increases monotonically with the
increase of equivalence ratio, and this indicates the decrease
of flame front instability. This behavior is result of the compe-
tition of the nonequidiffusion of propane and hydrogen.
When X, <60, propane is the dominant component that
determines the stability and the flame behavior is similar to
that of propane flame. When X}, > 60, hydrogen becomes the
dominant component that determines flame stability and
the flame behavior is similar to that of hydrogen flame. The
behavior of L, with the increase of Xy, is different at different
equivalence ratios. When ¢<1.2, L, decreases with the
increase of Xy, suggesting the decrease of flame front stability
as hydrogen is added. When ¢ > 1.2, L, increases with the
increase of Xy, indicating the increase of flame front stability
as hydrogen is added.

3
—8— X,;=0 —=— X, =60
—6— X,=20 —e— X, =80
) —A— X,=40 —4&— X;=100

— X, increase

1 1
0.6 0.8 1.0 1.2 1.4 1.6
Equivalence ratio

Fig. 7 - L, versus equivalence ratio at different Xj,.

0.6 0.8 1.0 1.2 1.4 1.6
Equivalence ratio

Fig. 8 - y; versus equivalence ratio at different Xj,.

4.2.  Laminar burning velocity and Markstein number

Fig. 8 shows the unstretched laminar burning velocity versus
the equivalence ratio at different hydrogen fractions. Similar
to the unstretched flame propagation speed, when Xy, is less
than 80, with the increase of equivalence ratio, the curves
show similar pattern with the peak value at the equivalence
ratio of 1.2. For hydrogen combustion (X,=100), the
unstretched laminar burning velocity increases monotoni-
cally with the increase of equivalence ratio. Remarkable
increase of the unstretched laminar burning velocity is
observed when Xy, is over 80. With the increase of hydrogen
fraction, the maximum value of y; shifts to the richer mixture
side.

Fig. 9 gives the laminar flame thickness ¢, versus the equiv-
alence ratio at different hydrogen fractions. The lowest value
of 6 appears at the equivalence ratio of 1.2 except for
hydrogen-air mixture. For a given equivalence ratio, d
decreases with the increase of Xy, and the decreasing tendency
becomes more apparent when Xy, is over 80.

16F —a— X,=0

—a— X, =60

14F

O/ mm
o

[o2)

T

0.6 -

04r

02

1
0.6 0.8 1.0 1.2 14 1.6
Equivalence ratio

Fig. 9 - Laminar flame thickness versus equivalence ratio
at different X;,.
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Fig. 10 gives the unburned gas Markstein length and the
Markstein number versus the equivalence ratio at different
hydrogen fractions. When Xj < 60, both L, and Ma decrease
with the increase of equivalence ratio. When Xy, > 60, both L,
and Ma increase with the increase of equivalence ratio.
When ¢ < 1.2, both L, and Ma decrease with the increase of
Xy, reflecting the flame destabilization as hydrogen is added.
When ¢ > 1.2, both L, and Ma increase with the increase of
Xn, and this reflects the flame stabilization as hydrogen is
added. The behavior of Ly, to mixture composition (¢ and/or
Xp) is consistent to that of L,, and this proves the consistency
of the two definitions of Markstein lengths in reflecting the
flame front stabilities.

4.3.  Global flame Lewis number

Fig. 11 gives the adiabatic temperature (T,q) versus Xy at the
equivalence ratios of 0.6, 0.8 and 1.0. When Xy, < 80, there is
a slight increase of Toq with the increase of X,. When Xj, is
larger than 80, T,q increases remarkably with the increase of
Xn. The volumetric heating value of hydrogen is lower than
that of propane, but the fuel-air ratio of hydrogen is 10 times
that of propane at the stoichiometric condition, (as shown in
Egs. (3) and (4)), thus increasing X, will decrease the amount
of air in which nitrogen is a major component and determines

08 —8— X,=0 —®— X,=60
—O0— X,=20 —e— X;=80
06
—b&— X,=40 —4&— X;=100
£ 041 — X, increase
£
\5
- 0.2F
00fF------=-= R S ——
-0.2
1 1 1 1 1 1
0.6 0.8 1.0 1.2 1.4 1.6
Equivalence ratio
—8— X,;=0 —&— X, =60
6L —6— X,=20 —e— X, =80
—4A— X,=40 —A— X, =100
4
©
= 2+
0+
5 — X, increase
1 1 1 1 1 1

0.6 0.8 1.0 1.2 14 1.6
Equivalence ratio

Fig. 10 - L, and Ma versus equivalence ratio at different X;,.
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Fig. 11 - T4 versus X;, at different equivalence ratios.

the specific heat of the mixture. Fig. 12 gives the mass burning
flux ( f°) versus Xy, at the equivalence ratios of 0.6, 0.8 and 1.0.
jo increases with the increase of X, and the behavior becomes
remarkable when Xj, is over 80. The characteristics of mass
burning flux is strongly related to the laminar burning velocity
which gives the same behavior to Xy, and ¢.

Fig. 13 gives the Zeldovich number (Ze) versus X; at the
equivalence ratios of 0.6, 0.8 and 1.0. Ze shows a slight
decrease with the increase of X; when X, <80, and Ze
decreases remarkably with the increase of X;, when Xy, > 80.
The decrease of Ze reflects the decrease in the global activa-
tion energy. This behavior reflects the controlling influence
of adiabatic flame temperature, which increases with the
increase of Xy, and facilitates the temperature-sensitive two-
body branching reactions relative to the temperature-insensi-
tive three-body termination reactions [31], leading to faster
reactions with the increase of Xj,. It should be pointed out
that the values of Ze at ¢ = 1.0 as shown by the closed triangle
in Fig. 13 is also calculated from Eq. (17) which holds only for
sufficiently off-stoichiometric mixtures for which the reaction
rate is controlled by the deficient reactant [31]. Thus this line

0.9

Mass burning flux / kg.m-2s-1

03

1
0 20 40 60 80 100
X

Fig. 12 - Mass burning flux versus X, at different
equivalence ratios.
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Fig. 13 - Zeldovich number versus X;, at different
equivalence ratios.

only provides the reference to the analysis of Ze rather than
quantitatively.

Fig. 14 gives the global flame Lewis number (Le) versus Xj, at
the equivalence ratios of 0.6, 0.8 and 1.0. At equivalence ratios
of 0.6 and 0.8, Le shows a slight decrease with the increase of
Xn when X, <80 and Le decreases significantly with the
increase of X, when Xy, > 80. This indicates that the preferen-
tial-diffusion instability is promoted with increasing
hydrogen under lean mixture condition. For the stoichio-
metric mixture combustion, although Le slightly decreases
with the increase of Xy, the values at different hydrogen frac-
tions are close to unity, indicating the neutral flame front
stability. The effective Lewis number given by Law in
Ref. [22] at 5 atm and equivalence ratio ¢' = 0.8 is also plotted
in Fig. 14 for the comparison. Although the effective Lewis
number by Law is at the higher initial pressure, the data can
still be comparable since Lewis number is less dependent on
pressure because increasing pressure increases density but
decreases the diffusivity. In addition, the definition of
hydrogen mixing ratio and equivalence ratio in Ref. [22] is

241 --A--Law[22]

20

0.8

041

Fig. 14 - Lewis number versus Xj, at different equivalence
ratios.

different from the definitions in this work but this difference
does not exist for pure propane (X,=0) or hydrogen
(Xn =100). Taking into consideration of the insensitivity of
Lewis number on pressure and the difference in defining the
hydrogen fraction and equivalence ratio, Le number demon-
strated in this paper at pure propane (X,=0) and pure
hydrogen (X, = 100) reflects the same value as that in Ref. [22].

5. Conclusions

An experimental study on the spherically expanding laminar
premixed propane-hydrogen-air flames was conducted at
room temperature and atmospheric pressure. The main
conclusions are summarized as follows.

1. The unstretched flame propagation speed and the
unstretched laminar burning velocity increase with
the increase of hydrogen fraction in the fuel blends, and
the increasing tendency becomes more remarkable at large
hydrogen fraction, the peak value of the unstretched flame
propagation speed and the unstretched laminar burning
velocity shift to the rich mixture side with the increase of
hydrogen fraction in the fuel blends.

2. When the hydrogen fraction is less than 60%, the Markstein
length and the Markstein number decrease with the
increase of equivalence ratio and the flame stability
behavior is similar to that of propane-air flames. When
hydrogen fraction is larger than 60%, the Markstein length
and the Markstein number increase with the increase of
equivalence ratio and the flame stability behavior is similar
to that of hydrogen-air flames. When the equivalence ratio
is less than 1.2, the Markstein length and the Markstein
number decrease with the increase of hydrogen fraction,
indicating the flame destabilization by hydrogen addition.
When the equivalence ratio is larger than 1.2, the Markstein
length and the Markstein number increase with the
increase of hydrogen fraction, indicating the flame stabili-
zation by hydrogen addition.

3. For lean mixture combustion, Lewis number decreases
with the increase of hydrogen fraction and the decreasing
trend becomes more obvious at large hydrogen fraction,
indicating the increase in the preferential-diffusion insta-
bility with hydrogen addition.
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