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14 � Laminar burning velocity and Markstein length were studied in a 1.16 m3 vessel.
15 � The variations laminar flame parameters with methane addition have been studied.
16 � The flame instability and the critical radii of instability onset were studied.
17 � In propane/air flame with an equivalence ratio near 1.8, two explosions take places.
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33The characteristics of flame propagations and gas explosions in propane/air mixtures were studied in a
341.16 m3 explosion chamber with two quartz glass windows of 250 mm diameter. The outward propaga-
35tions of the spherical flame were recorded by the Schlieren system and high speed motion analysis sys-
36tem. The pressure and temperature histories of the explosion process were measured by pressure sensors
37and platinum–rhodium thermal couples of 0.02 mm diameter mounted on the wall of the experimental
38chamber. The instabilities of the propane air flame with different equivalence ratio flame were observed
39and the critical radii of flame instability onset were obtained. The laminar burning velocities of propane
40air mixture were obtained by analyzing the experimental results of Schlieren system by using outwardly
41propagating spherical method. The variation of laminar burning velocity with equivalence ratio was stud-
42ied. Pressure and temperature responses of the gas explosion were obtained and analyzed. The variations
43of the maximum overpressure and the maximum temperature with equivalence ratio were obtained and
44discussed. In propane/air mixture with an equivalence ratio near 1.8, two explosions take places.
45� 2014 Elsevier Ltd. All rights reserved.
46
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49 1. Introduction

50 Propane has a long history of being used as a domestic, agricul-
51 tural, industrial, and commercial fuel. It has also been used in the
52 petrochemical industry as a raw material to make plastics and other
53 items. Propane is also being increasingly used as a vehicle fuel. It is
54 the third most popular vehicle fuel after gasoline and diesel. An
55 advantage of propane for use in cars is that it can be liquefied at a
56 moderate pressure. This allows fast refill times, affordable fuel tank
57 construction, and ranges comparable to (though still less than)
58 gasoline. Meanwhile, it is noticeably cleaner (both in handling
59 and in combustion), and results in less engine wear (due to carbon
60 deposits) without diluting engine oil (often extending oil-change

61intervals). Propane is still the most common alternative transporta-
62tion fuel in use today.
63The laminar burning velocity is an intrinsic property of flamma-
64ble mixtures and an important parameter for the propagation and
65stabilization of laminar flames. Knowledge of laminar burning
66velocity is required in various applied research fields, such as the
67design of explosion vessels and active suppression and/or relief
68devices for confined explosions, the modeling of turbulent com-
69bustion, and the optimization of internal combustion engines. In
70basic research, the laminar burning velocity is a key parameter
71for validating models of combustion wave propagation that take
72into account the detailed chemical kinetics. Therefore, accurate
73determination of laminar burning velocity is of great interest.
74Various methods have been used for the determination of burning
75velocities under a wide range of initial conditions: constant-
76pressure or constant-volume methods, and making use of steady
77or unsteady flames. Among them, the method based on the study
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78 of unsteady flame propagation in a closed spherical vessel with
79 central ignition may be considered a versatile and accurate
80 method, especially when synchronous records of pressure and
81 flame radius during explosion propagation are available. The
82 method provides transient values of burning velocity, which refer
83 to a steadily compressed unburned gas, and must be carefully cor-
84 rected for stretch effects when applied to an extended period of
85 flame propagation in a closed vessel [1,2]. The possibility of deter-
86 mining burning velocity over an extended range of unburned gas
87 pressures and temperatures (using several sets of data or just
88 one single p(t) record) is a great advantage of this method [3,4];
89 however, the advanced mathematical treatment limits its current
90 use. An easier approach is to restrict the examination of closed-
91 vessel flame propagation to just the early stage, when temperature
92 gradients in both the unburned and burned gas are not so large and
93 can be neglected.
94 In the work reported herein, the flame propagation and explo-
95 sion in propane/air mixtures have been studied in a 1.16 m3 vessel
96 with central ignition. The burning velocities of the mixtures have
97 been evaluated in terms of the flame-front trajectory and pressure
98 history, respectively. Flame temperatures have been measured by a
99 fine-wire thermocouple. The experimental values of burning veloc-

100 ity and temperature of propane/air flames have also been com-
101 pared with computed values obtained from a detailed kinetic
102 modeling of propane/air 1-D laminar, premixed, free flames.
103 The motivation of this paper is to get combustion and explosion
104 parameters of propane air mixtures accurately. In outwardly prop-
105 agating spherical flame method, the flame propagation speed is
106 affected by compression effects. And the explosion parameters
107 are affected by the heat absorption of vessel wall. The influences
108 of compression on flame propagation and heat absorption of wall
109 on explosion can be minimized by using a relatively large vessel.
110 So the vessel of 1.16 m3 was used in present study.

111 2. Experimental set-up and procedure

112 A schematic diagram of the experimental set-up is shown in
113 Fig. 1. It consists of an explosion test chamber, a Schlieren photo
114 measurement system, a pressure measurement system, and a tem-
115 perature measurement system.
116 Experiments were performed in a 1.16 m3 explosion chamber,
117 which could withstand an internal pressure of 50 bar, as shown in

118Fig. 1. It consisted of a cylinder section of inner diameter 1300 mm
119and length 764 mm, and two semi-ellipsoid surfaces; the total axial
120length of the experimental chamber was 1438 mm. The vessel was
121equipped with several ports for gas feed and evacuation valves,
122and for mounting pressure sensors, thermocouples, and the ignition
123electrodes. Two high-strength quartz windows of diameter 250 mm
124were mounted on opposite side walls of the cylinder section for opti-
125cal access. The fuel/air mixtures were ignited by an electrical spark
126ignition device, the electrical energy of which ranged from 0.2 mJ to
1272.5 J. The spark energy was measured by monitoring the current
128through the spark and the voltage across the spark gap, and the
129energy of the spark used for ignition of the fuel/air mixture in the
130present study was 5 mJ. A Schlieren image system and a high-speed
131digital camera operating at 8400 frames per second were used to
132record the movement of the flame front during the flame propaga-
133tion process. The pressure histories were measured by Kistler pres-
134sure sensors connected to a pressure adapter and the temperature
135histories were measured by homemade thin-wire thermocouples
136and thermocouple adapters. A data acquisition system was used to
137record the pressure and temperature histories during the flame
138propagation. Before each test, the combustion vessel was evacuated
139and the mixture was prepared by introducing each component
140according to its corresponding partial pressure for the specified
141equivalence ratio. An equilibration time of 300 min was allowed
142to ensure thorough mixing and to avoid any influence from the wall.
143The mixture was then ignited by the centrally located electrodes.
144The ignition of the fuel/air mixture, the triggering of the high-speed
145camera, and the data acquisition system were all controlled by the
146control unit. Once the combustion was completed, the combustion
147vessel was flushed by the venting system to avoid any influence of
148the residual gas on the next experiment. The quoted purity of the
149propane used in the study was 99.995%.

1503. Laminar burning velocity evaluation method

1513.1. Determination of laminar burning velocity by the expanding
152spherical flame method

153As described above, the flame propagation sequence was
154imaged by Schlieren photography and recorded using a high-speed
155digital camera. For the outwardly propagating flame, the propaga-
156tion speed can be expressed [5] as:
157

Sb ¼
drb

dt
ð1Þ 159159

160where r is the flame radius in the Schlieren photo and t is the time.
161Flame stretch rate, a, represents the rate of expansion of the
162flame area (A) [6,7]. In a quiescent mixture, it is defined as:
163

a ¼ 1
A

dA
dt
¼ 2

r
drb

dt
ð2Þ 165165

166According to asymptotic analysis [8,9], in the early stage of
167flame propagation, when there is little increase in pressure and
168low stretch rate, the local flame propagation rate Sb is linearly
169related to the flame stretch rate a by the law:
170

Sb ¼ S0
b � Lba ð3Þ 172172

173where S0
b is the propagation speed of the unstretched flame and Lb is

174the Markstein length of the burned gas. The unstretched propaga-
175tion speed can be obtained as the intercept value at a = 0 in a plot
176of flame propagation speed Sb against stretch rate a. The Markstein
177length of the burned gas is calculated from the slope of an Sb–a
178fitting curve.
179Integrating Eq. (3) with respect to time yields:
180

r þ 2Lb lnðrÞ ¼ S0
bt þ constant ð4Þ 182182

Fig. 1. Schematic diagram of the experimental set-up. 1 explosion chamber, 2
propane, 3 air, 4 vacuum pump, 5 quartz glass window, 6 electrode, 7 pressure
sensor, 8 thermocouple, 9 Schlieren system, 10 high-speed motion analysis system,
11 thermocouple adapter, 12 pressure sensor adapter, 13 data acquisition system,
14 electric spark ignitor, 15 control unit.
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