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ABSTRACT: In the present study, a technique making expanding spherical flamesin a
congtant volume combustion bomb is presented for determining burning velocities of
unstretched laminar flames, and applied to liquefy petroleum gas (LPG)—air mixtures. The
experimental setup consists of a cylindrical combustion chamber coupled to a classical
schlieren system. Flame pictures are recorded by a high speed camera. The laminar burning
velocities of LPG—air mixtures are measured over a wide range of preheat temperatures,
initial pressures and equivalence ratios. The effects of these initial conditions on the laminar
burning velocities are also examined in this paper.
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1. INTRODUCTION

With increasing concern about the energy shortage and environmental protection, research
on improving engine fuel economy and reduction of exhaust emissions has become the mgjor
research aspect in the combustion community and engine development. And because of
limited crude oil reserves, the development of alternative fuel engines has attracted more and
more concern. In recent year, the use of liguefied petroleum gas (LPG) as an dternative fuel
has been promoted. There have been many studies about the LPG mixtures used in engines of
the two whed's motorcycle and small bus in Vietnam [1,2]. Many researches showed that
using LPG—air in engines will reduce the air pollution [3,4]. The laminar burning velocity is a
key parameter of both fundamental and practical significant. The accurate determination of
laminar burning velocity of combustible mixtures have received particular attention as being:
(i) a basic physiochemical property of the premixed combustible gasses, (ii) important in
studying flame stabilization, (iii) directly determines the rate of energy released during
combustion, (iv) a fundamental parameter that influences the performance and emissions of
the combustion process in many combustion devices [5], (v) needed to understand the laminar
flamelet concepts [6], (vi) a property that affects the quench layer thickness, ignition delay
time and ignition energy of the combustible mixture and (vii) needed to calibrate and validate
the chemical reaction mechanisms for combustion simulations of different applications. There
are severd techniques for measuring the laminar burning velocity of combustible gas, such as
flat counterflow flames [7,8], flat adiabatic flames stabilized above a perforated plate burner to
achieve nearly stretch-free conditions [9,10], freely (outwardly) propagating spherical flames
[11,12], etc. The combustion bomb method introduces the outwardly propagating spherical
flame and has been widely used due to its ssimple flame configuration, well-defined flame
stretch rate and well-controlled experimentation [11,13]. Practicaly, the outwardly
propagating flame is more similar to flame propagation in spark-ignited engines[14].

The object of this study is to measure the unstretched laminar burning velocities of LPG—
air mixtures using the schlieren photographic method and a high-speed camera in a constant
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volume bomb (or called freely propagating spherical flames method) at equivalence ratios of
0.7 to 1.4, initial pressures of 50, 100 and 150 kPa, and preheat temperatures between 300 K
and 400 K.

2. MEASUREMENT OF LAMINAR BURNING VELOCITY

Laminar burning velocity can be deduced from schlieren photographs as described in [12].
For a sphericaly expanding flame, the stretched flame velocity, S, reflecting the flame
propagation speed, is derived from the flame radius versus time data as:

j— dru

S, at )

wherer, isthe radius of the flame in schlieren photographs and t is the time. Therefore, S,
can be directly obtained from the flame photo.

The flame stretch rate, a, proposed by Williams [15] defines flame stretch as the fractiona
time rate of change of aflame surface e ement of area A:

a= 1dA 2

A dt

where A is the surface area of flame. For a spherically outwardly expanding flame front,

the flame stretch rate can be ssimplified as:
:1%: 1 8prudrU=£drU=£Sn 3
Adt  4pr? dt r, dt o,

The flame speed can be related to flame stretch rate through the linear relationship given
by Bradley et a. [12]:

S-S =La (4)

where § isthe unstretched flame speed, and L;, is the Markstein number (Markstein length)
of burned gases. From Egs. (1) and (3), the stretched flame velocity, S,, and flame stretch rate,
a, can be calculated.

The unstretched flame speed, S, can be obtained as the intercept value at a = 0, in the plot
of §, against a, and the burned gas Markstein number L, isthe dope of S—a curve.

The unstretched laminar burning velocity, u, is deduced from S using:

u=s " 5)

u
where r, is the density of the unburned and r, is that of the burned gas at the adiabatic
flame temperature.
Equation (5) is valid only at infinite radii for which the curvature can be neglected. For
smaller radii, necessary to determine u, as afunction of a, Eq. 5 is modified to give:
e r.u
u, =SS, (6)
e 'ua
in which Sisageneralized function and it depends upon the flame radius and the density
ratio, and accounts for the effect of the flame thickness on the mean density of the burned
gases. The expression for Sin the present study used the formula given by Bradley et al. [11]:
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where d, is Iammar flame thickness, given by d = n/u;, in which n is the kinematic
viscosity of the unburned mixture.

Bradley et al. [11] presented a second definition of stretched burning velocity, u,, whichis
based on the rate of appearance of burned products. Because of the finite flame thickness,
values of the two burning velocities differ. At smaller radii the effect of flame thickness is
important, but it is less so at larger radii. As the radius tends to infinity, both u, and u,, tend
towards u,. In [11], u, and u,, were shown to be related by:
u,=—'v (s -u) (8)

ry-ry

3. EXPERIMENTAL SETUP AND MEASUREMENT TECHNIQUES

3.1. Thecylindrical bomb

The present experiment is conducted in a stainless steel, cylindrical constant volume bomb
(D =200 mm, L = 220 mm) equipped with two opposites quartz windows (100 mm diameter,
40 mm thick) at two circular sides to make the inside observable. Two tungsten electrodes
(dia. 0.5 mm), located along a diameter of the cylinder, are linked to a high voltage source
(about 10 kV). The gap between the electrodes is adjustable and is usualy fixed around 1 mm.
Ignition is produced at the centre of the cylinder. The combustible mixture is heated by 3
electric heaters to obtain the desired preheat temperature. An absolute-pressure transducer,
modd Kistler 6061B, with a charge amplifier Kistler 5011, are used to monitor the pressure
change in the cylindrical bomb with the pressure histories recorded by a digital oscilloscope,
asshowninFig. 1.

3.2. Mixture preparing and measurement technique
The detailed contents of LPG used in this study arelisted in Table 1.

Firstly, a vacuum pump is used to extract air inside the bomb to a certain pressure P,
below the atmospheric pressure. After that, the reactant mixture of LPG and air is prepared by
adding gases at appropriate partial pressures to reach the desired initia pressure P,,.

DP:Pu - I:)v :x1, (Pu - I:)v)-'-XZ, (Pu - Pv) ©)

where DP is the amount of mixture pressure needed for adding gases into the chamber, X;
ismolefraction of LPG and X, ismole fraction of air in the mixture (X; + X, = 1).
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Fig 1. Schematic of the flow system.

Table 1. Contents of LPG components

Component n-C4H10 C3H3 i-C4H10 C4H3 C5H10 C3H6 CzHG

Volume 4252 2761 2576 170 144 094 003
fraction (%)

Fig 2. Schlieren images of the flame evolution in the cylindrical bomb.

The reactant mixture is alowed to stand 15 minutes in order to let the mixture quiescent.
When ready preparing, the combustible mixture is spark-ignited at the centre of the chamber
using minimum spark ignition energies to control ignition disturbances. The flame propagates
sphericaly, as shown in Fig. 2. The flame propagation sequence is imaged with schlieren
photography and recorded using high-speed digital motion camera (Phantom v7.2). Present
measurements are limited to flames having diameters larger than 12 mm to avoid ignition
disturbances and smaller than 50 mm to limit pressure increases during the measuring period
to vaues less than 0.7% of theinitia pressure. After combustion is completed, the chamber is
vented to the laboratory exhaust system and then purged with dry air to remove condensed
water vapor prior to refilling for the next test.

The characteristics of the ignition can influence the measured value of burning velocity.
As we know, the role of an ignition is to initialize a flame, which can overcome the tendency
for the flame to quench because of the high stretch rate during the early stage of flame
propagation. The ignition energy, above the minimum ignition energy, can lead to very
apparent flame propagation, due to the expansion of the spark plasma and the conductive
energy transfer from it. Ignition energies were adjusted by tria so that they were close to the
minimum ignition energy in order to minimize effects of initia flame acceleration due to
excessive ignition energies. The chosen ignition energy in this paper is 45mJ.
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4. RESULTS AND DISCUSSIONS

4.1. Stretched flame velocity

In order to characterize the flame propagation regarding the stretch that is applied to it, one
can plot the evolution of the stretched flame velocity in function of the flame radius, as shown
in Fig. 3. It is obvious that the stretched flame vel ocity gives a decrease at the initial stage, and
then increases gradually with the radius. The flame radii are analyzed only beyond 6 mm at
which ignition effects could be discounted.
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Fig 3. Variations of stretched flame velocity, S, with flame radius, r,,, and equivaenceratio, f, for
LPG—air mixtures at 100 kPa and 300 K.
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Fig 4. Variations of stretched flame velocity, S, with flame stretch, a, and A: preheat temperatures, B:
initial pressures, C: equivalenceratios, f, for LPG—air mixtures. The unstretched laminar burning
velocities are obtained by a zero stretch extrapolation (intersections of lines with y-axis).

Fig. 4 givesthe stretched flame velocities, S,, versus the flame stretch rates, a, at different
preheat temperatures, initial pressures, and equivalence ratios. Removing the parts influenced
by ignition energy, alinear correlation between the stretched flame speed and the flame stretch
rate is found. As mentioned above, the unstretched flame speed, S, is obtained by
extrapolating the line to a = 0, while the gradient of the S—a curve gives the vaue of the
Markstein number.

Shown in Fig. 5 are the variations of u, and uy, obtained using Egs. (6) and (8), with
stretch for different preheat temperatures, initia pressures, and equivalence ratios,
respectively. The difference between u, and u, can be clearly seen. The rate of mixture
entrainment, u,, usually increases with stretch rate increases, except the case of f = 0.8. In
contrast, the mass burning velocity uy,, which is the burning velocity related to the production
of burned gas, is dways reduced by stretch. The processes of mixture entrainment and burned
gas production occur in different parts of the flame; u, is defined at the front of the flame and
U, at the back. The difference between u, and u,, expresses the influence of flame thickness.
The value of (u, — uy,) islargest at small radii (large stretch) where the flame thicknessis of a
similar order to the flame radius. In practical, the curves of u, and u,,; against the total stretch
rate are extrapolated to zero stretch rate, they give amost the same value of u;. This provides
an aternative way to determine the unstretched laminar burning velocity in contrast with that
of using Eq. (5).

4.2. Unstretched laminar burning velocity

Fig. 6 shows the experimental unstretched laminar burning velocities for LPG—air
mixtures at 100 kPa and 300 K, over a range of equivalence ratios. As shown in this figure,
LPG—air amost shows similar unstretched laminar burning velocities with n-butane—air [16],
and the present results fall between those of propane—air [17] and iso-butane—air mixtures [16].
The maximum unstretched laminar burning velocity of LPG—air mixture at 100 kPa and 300 K
isabout 41.8 cm/sat f = 1.1.

And shown in Fig. 7 are measured laminar burning velocities versus equival ence ratios for
L PG—air mixtures with the preheat temperature of 300 K, at 50, 100 and 150 kPa. It shows that
the unstretched laminar burning velocities decrease with the increase of initial pressure.
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Fig 5. Variations of u, and u,, with flame stretch, a, and A: preheat temperatures, B: initial pressures,
C: equivaenceratios, f, for LPG—air mixtures.
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Fig 6. Experimental unstretched laminar burning velocities as a function of equivalenceratio, f, for
LPG—air mixtures at 100 kPa and 300 K, where the results of butane and propane are plotted as well.
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Fig 7. Experimental unstretched laminar burning velocities as afunction of equivalence ratio, f, for
LPG—air mixtures at different initial pressure.

5. CONCLUSIONS

In this paper, the unstretched laminar burning velocities of LPG—ar mixtures were
measured over a wide range of preheat temperatures, initial pressures and equivalence ratios,
using expanding spherical flames method. The maximum unstretched laminar burning velocity
of LPG—air mixture a 100 kPa and 300 K is about 41.8 cm/s at f = 1.1. The speeds of
expanding spherica flames were shown to increase with increasing flame radius. Measured
unstretched laminar burning velocities increase with decreasing initial pressure and increasing
preheat temperature. Because a flame has a finite thickness, two different stretched burning
velocities have been recognized, one based on the disappearance of the unburned mixture, and
another based on the appearance of the burned products. The different values for a given flame
stretch were also shown in this study.
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SU' DUNG PHUONG PHAP DO SU' DI CHUYEN CUA MANG L UA HINH
CAU BE XAC PINH VAN TOC CHAY CHAY TANG KHONG CO GIAN CUA
HON HQP LPG-KHONG KHi

Tran Manh Vi
Truong Dai hoc Bach Khoa, PHQG-HCM

TOM TAT: Bai béo gisi thiéu mgt phurong phép do sy di chuyén cia méing lia hinh cau
trong buong chéy dang tich dé xac dinh van téc chay chay tang khdng co gidn cua hén hop khi
dau mo hda long (LPG)—khong khi. Bo thi nghiém bao gom mgt buong chdy hinh tru tron co
gan kinh trong suét ¢ hai ddu dé co thé quan sat diroc s hinh thanh va di chuyén ciia mang
liza bén trong. S di chuyén ciia mang lira theo thoi gian duroc ghi lai bang may quay phim cao
toc. Vdn toc chdy chay tang cia hon hop LPG—khéng khi duwroc do ¢ nhiéu diéu kién nhiét dg
va ap suat khac nhau, véi nhiéu dé dam dac khac nhau dé nghién cizu s dnh hudng cua
nhizng diéu kién ban dau ndy d@én van téc chay chay tang ciia hon hep.
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