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ABSTRACT 

In recent years, as the expanding of alternative refrigerant working fluids are being 

intimately considered in terms of its less environmental consequences, a mixture with 

excellent thermodynamic properties is emerging, propane (𝐶#𝐻%) with the addition of 

carbon dioxide (CO)) concentrations. The main reason that led the propane kept restricted 

as alternative refrigerant working fluids is its high flammability characteristic. This mixture 

can be utilized as a substitute working fluid in refrigeration systems since it’s relied solely 

on naturally occurring compound (hydrocarbon) as well as has an excellent ozone depletion 

potential (ODP), and more importantly with a very good global warming potential (GWP), 

compared to other chlorofluorocarbon CFHs and Hydrofluorocarbons HFCs. It has been 

clearly evaluated that the combination of propane (𝐶#𝐻%) with additional of carbon dioxide 

(CO)) as diluent own no challenge to the environment. Moreover, the Environmental 

Protection Agency (EPA) has approved the use of propane in systems specially intended 

to control its flammability characteristic. In this thesis, a mixture of propane (𝐶#𝐻%) with 

diluent of carbon dioxide (CO)) has been introduced as a new substitute blend in order to 

reduce the propane flammability as well as the high pressure that gained by the carbon 

dioxide (CO)). These suggestions were made based on the blend’s thermodynamics 

properties, low toxicity, low global warming potentials (GWP), and negligible ozone-

depletion potentials (ODP). The laminar burning speed and flame structures of spherically 

expanding flames of propane (𝐶#𝐻%) with air have been studied over a wide range of 

additional carbon dioxide (CO)) concentrations, at various range of equivalence ratios, 

elevated temperatures, and pressures. The laminar burning speeds of propane-air with 

added carbon dioxide mixtures have been measured in the pressure ranging from 0.5 to 4 

atmospheres, and temperatures ranging from 400 to 600 K for different equivalence ratios. 

The range of equivalence ratios implemented in this work was between 0.8 to 1.2. The 

experimental study has been conducted using a constant-volume cylindrical combustion 

chamber which is fitted well in a Z-type Schlieren shadowgraph system. The cylindrical 

chamber was heated by utilizing band heaters around the two-ends of the chamber. By a 

thermodynamic analysis, the laminar burning speed was calculated using the primary input 

of pressure-time records that was obtained in the duration of combustion process.  
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1. Introduction 

This chapter is an overview of the importance of the determination of laminar burning 

speeds and the different experimental approaches used to measure the burning speeds will 

be demonstrated. 

1.1. Background 

The study of determining the burning speed rates of homogeneous gaseous fuels and 

diluent mixtures is critically utmost importance for the improvement of chemical kinetic 

as well as fluid dynamic model that involves fuel oxidation both of which would contribute 

to the advancement of a wide range of many practical applications such as engines, power 

plants, chemical processors, and air conditioning systems. In particular, overall efficiency 

improvement and emission reduction can be easily achieved by determining the unburned 

gases of the combustible mixture which is one part of studying the laminar burning rate at 

elevated temperatures and pressures. As alternative blends are continually becoming 

environmentally friendly into many fields such as AC system there is a need to determine 

the flammability characteristic as well as the laminar burning speed rates of theses mixtures 

for safety purposes as well as in calibrating and validating many of such mechanisms.  

 

Laminar burning speed is a basic thermo-physical property and can be defined as the direct 

determination of the rate of energy released in the combustion duration process of a 

combustible mixture which is a function of pressure, temperature, and the mixture 

composition.  
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1.2. Experimental approaches of determining Burning Speed 

For determining burning speed, the two widely used methods can be summarized according 

to the flame characteristic; stationary flame technique and propagating flame technique. 

Although there are other various techniques have been utilized for the calculation of 

burning speeds by different researchers such as Linnett [1], Andrews [2], and Rallis [3] 

and have obtained careful reviews of the previous measurement methods. In this section, a 

detailed view of the two above-mentioned methods will be clearly demonstrated. 

1.2.1 Stationary Flame Methods 

Examples of stationary flame methods are; flat flame burners, stagnation flames, and 

nozzle methods. The method used in flat flame burners is allowing a flow of combustible 

mixtures passes into the stationary flame and when the unburned gas rate arrives, this rate 

is assumed to be equal to the laminar burning speed of the gas. In this method, there is a 

lack of collected burning speed measurements that may results in inaccurate data. The 

burner energy loss is another concern for flat burner method since it reduces the exactness 

data of flat flame technique. Botha and Spalding have worked on the developing of the flat 

burner methods using a variation technique for preventing the burner energy losses [4]. To 

illustrate, the researchers have controlled the flame in a way that would allow the 

experimentalists to record the temperature rise of the cover at various rates of fuel stream 

as well as the determination of peak adiabatic flame temperature was predicted by the 

known ratio of volumetric flow rate to the flame disc area. 

The second technique is called nozzle stationary flame where Bunsen burner type flames 

used. Bunsen burner type with needle valve produces a single open gas flame in which the 

velocity distribution is parabolic at exist. This shows that the inclination of the flame 

surfaces is changing along the flame, while it should be curved that counterparts with the 

assumption that the flame is a conical in shape. And as result, the accuracy of Bunsen 

burner types lies within the geometrical difficulties of the flame. For accurate results, 

Linteris’s experiment has encountered issues with stretch effects and Bunsen type design 

and suggested a future work regarding a new design that would minimize the stretch effects 

[5].  
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The stagnation flame method or the counter flow method is utilized to measure the flame 

burning speed of a combustible mixture and was developed by Wu and Law [6], and 

Egolfopoulos [7]. The way this technique work is that the interaction point of contact has 

an ignition source and two similar flows of premixed combustible mixtures are propagating 

towards the ignition source/that point. Additionally, Kim and Matalon have developed 

adequate solutions particularly on the standoff point as well as the extinction curve analysis 

which explains the thermal expansion variations [8]. The inaccuracy of the counter flow 

method lies within the numerical data that is obtained for determining the velocity profiles 

assuming zero gradient point. 

1.2.2 Propagating Flames Methods  

Propagating flames techniques mainly are divided into two classifications; cylindrical 

flame tube method and propagating spherical flame method. The cylindrical flame tube is 

a horizontal in shape and opened at one end where the mixture is ignited. Mallard and Le 

Chatelier developed the cylindrical flame tube method and theorized that the flame is 

propagating by a heat conduction source outwardly to the combustion zone, the closed end, 

where the flame is assumed to be self-sustaining and the progressing flame rate must be 

raised to the ignition temperature of the mixture [9]. Moreover, the researchers have 

assumed that the flame burning speed along the tube is constant and that where the 

inaccuracy of the burning speed data lies. Not only this but also the heat conduction energy 

losses by the flame to the tube wall is decreasing the flame burning speed rate. 

The other method in which will be used in this study is the propagating spherical flame. 

This method is individualized into two parts; propagating flame with pressure-constant and 

propagating flame with volume-constant. Metghalchi and Eisazadeh-Far has developed the 

spherical propagating flame with uniform pressure using an accurate system called 

shadowgraph system [10]. Furthermore, they assumed that the first phase of combustion 

event the chemical composition of the mixture is in equilibrium and the pressure is 

distributed uniformly among the species which have constant pressure. Because of the 

rapid compression during combustion, the researchers theorized that the burned and 

unburned gasses are compressed isentropically. Another primary assumption is that the 

flame is perfectly spherical in shape, smooth, and unwrinkled. The reason the shadowgraph 
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system utilized is because of its capabilities capturing the combustion development during 

the whole event as well as the ability of measuring the flame radius as a function of time. 

The inaccuracy of propagating flame with pressure-constant method lies within the energy 

losses due to radiation, electrode conduction energy losses, and ignition box voltage 

variations. Constant volume and constant pressure propagating flame techniques are 

considered to be the utmost experimental accurate method that utilizes the pressure rise 

records during combustion event. The following type of spherically propagating flames is 

constant volume method. In this method, a thermodynamics model is employed for the 

determination of the laminar burning speed data in which the mass fraction rate of burned 

gasses obtained to calculate the burning speed. Lewis and Von Elbe were the first 

developers of this technique [11] followed by a similar method that was developed by 

Metghalchi and Keck [12-13]. Metghalchi and Keck have applied this method to a 

constant-volume combustion vessel that uses the pressure rise records obtained through the 

duration of combustion.  

In this thesis, the constant volume propagating flame combustion vessel method is used for 

the determination of laminar flame burning velocity. The main advantages of manipulating 

this method are as follows; numerous data points along the isentrop are easily collected in 

a single experiment without involving an extrapolation work. Additionally, the effect of an 

Ac electric field in spherical flames behavior using the constant volume combustion vessel 

method have been investigated by Shinichi and Cha and concluded that the ignition source 

has insufficient influence on changing the laminar burning rates [14 -15]. Moreover, the 

DC ignition event under spherically expanding flames was studied by Meng [20] and 

reported that electric fields might develop the flame propagation and reduces the duration 

of overall combustion. This would enhance the assumption validity that burned and 

unburned gasses are compressed isentropically. For detailed description on the 

thermodynamics analysis with constant volume vessel, in chapter 3.  
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2. Experimental Facilities and Methods 

In this chapter, the overview of the equipment laboratory and detailed procedures are 

described thoroughly. Additionally, the setup utilized in the combustion components, 

shadowgraph system, gas delivery system, heating system, and ignition system are clearly 

demonstrated.  

2.1 Laboratory Facilities 

Cylindrical Combustion Vessel: 

The cylindrical combustion vessel dimensions are; 133.35mm in length, and has an internal 

diameter of 135 mm, and is made of 316 stainless steel. The two ends of the cylindrical 

vessel have two Pyrex windows that are 35 mm thick each and serve for the investigation 

of the flame structure and combustion duration. Moreover, the Pyrex windows are sealed 

with O-rings and capable to stand for high temperature as well as pressure ranges, to 

maximum of 500K and 50 atm. In addition, the windows provide the needed viewing angle 

in such a way that allowing the light source passes throughout the vessel for the purpose 

of recording the combustion development, this is called a Z-type Shadowgraph system and 

is discussed in the following section. In regard to the heating system, two band heaters are 

directly connected to each end of the chamber and a detailed description is given in the 

next section. The required pressure of the cylindrical vessel can be managed by a Kistler 

603B1 piezoelectric pressure transducer that utilizes the 5010B charge amplifier to convert 

a 4-20 mA signal obtained from the pressure transducer into a 10mV/psi signal. To acquire 

the wall vessel pressure, the use of digital conversion box is needed to record the pressure 

variations at the wall in the course of combustion process. Pressure date and flame 

structures are obtained by the use of LabVIEW software and a digital camera. The 

cylindrical combustion vessel can be seen in figure 1-2, and 3. 
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Figure 1: Illustration of the dimensions of the cylindrical combustion chamber 

 

Figure 2: A modelling of the combustion chamber showing each component 
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Figure 3: A front-view of the cylindrical chamber showing the inner surface where the 
flame propagates downward.	 	
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2.2 Z-type Schlieren Design 

For the testing chamber, the Z-type Shadowgraph assembly is responsible of filming the 

flame propagation as well as flame structure during combustion as shown in figure 4 and 

5. Two spherical mirrors are separately fixed on two opposite ends of the vessel and have 

identical diameters of 152.4 mm with focal length of 1524 mm. The 10-Watt Halogen lamp 

are centered precisely behind the chamber in order to maintain the light passes through 

0.3mm diameter hollow providing an intense illumination for the system. A high-speed 

CMOS camera (HG-LE, Redlake Inc.) has been placed with a 15-degree angle on the 

opposite side of mirror 2. The CMOS camera is capable of capturing 40,000 frames per 

second with high accuracy of the gas mixture density variations within the chamber in the 

duration of combustion. The inception of the spark until the flame touches the chamber 

wall is accurately recorded by the CMOS camera and the variation of pressure data is then 

analyzed accordingly. The purpose of the CMOS camera is the verification and visually 

inspection of flame geometry, instability, propagation and structure. This configuration 

works as follow; the light source hits mirror 1, mirror 1 reflects the light and passes it 

throughout the chamber where mirror 2 is located, the reflection of mirror 2 is then being 

recorded by CMOS camera, this scenario takes place in milliseconds.   
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Figure 4: A demonstration of the Z-type Schlieren set up and shadowgraph system 

implanted in the experiments 

 

Figure 5: This shows the Z-type Shadowgraph assembly with each numbered component. 
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2.3 Gas Manifold System 

The gas manifold system is connected to the testing chamber by pipes that are being utilized 

for the distribution of each desired component such as fuels, diluents, and oxidants at their 

partial pressures. In addition, the gas manifold pipes and the cylindrical chamber are 

vacuumed by a vacuum pump after each experiment, typically 20 minutes, to maintain 

accurate results. Another significant purpose of the vacuum pump is to evacuate the lines 

upon the completion of filling each component to its partial pressure to the chamber. 

During the gas delivery process, four pressure gauges are considered as illustrated in Figure 

7. The top left gauge is called a thermocouple gauge and is designed for calculating the 

chamber pressure which should be vacuumed to approximately 100 millitorr. The others 

are piezoelectric pressure transducers with variety of operation ranges; 0-15psi, 0-30psi, 

and 0-50 psi respectively. The pressure gauge operation ranges depend on the conducted 

test, the desired pressure of an experiment determines the pressure gauge limit and 

accordingly the pressure gauge range is selected. The filling measurement process of partial 

pressures is controlled by the series of valves and transducers. The configuration of the gas 

manifold system, pressure gauges, valves and transducers are shown in Figure 6. 
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Figure 6: A configuration of the gas manifold system, valves, and transducers	

 

Figure 7:  The gas manifold system with the pressure gauges reading used for filling 

process. 
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2.4 Heating System 

For room-temperature experiments, this section might be neglect and the experimentalists 

can start the experimenting when pressure gauge reaches 100 millitorr. For conducting 

elevated temperature experiments, the maximum heating capacity of the cylindrical vessel 

that can be achieved is approximately 500K. The chamber is heated by using 1.5kW band 

heaters bolted to the flanges and attached on either end of chamber as demonstrated in 

Figure 8. The outside wall of the cylinder is covered by two layers of ½” ceramic insulation 

and the two windows left uncovered for inspection investigations as shown in Figure 8. 

Additionally, the desired temperature can be sat up easily by AT-BBA-200 PID on-off 

controllers that show when the vessel exposed heating cycles. The next section presents 

heating cycles overview and temperature variations.  

 

 

Figure 8: The black-colored band heaters attached to each end of the combustion vessel  
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2.5 Temperature variations 
It has been highly recommended that the elevated temperature of a gas mixture has to be 

defined accurately for the determination of laminar burning speed as considered to be a 

strong factor changing the pressure and burning speed data continuously. During 

experiments, a considerable issue has been noticed which is the temperature of the chamber 

surface and temperature of combustible mixture were slightly varied, and the higher 

elevated temperature results in higher variations. The temperature data were collected by 

two thermocouple K types attached to two different axial locations on the chamber surface. 

Moreover, number of different experiments performed to find out a correlation between 

the gas and chamber temperatures as well as the correlation values were tabulated. 

Furthermore, when filling the vessel, the combustion rapid expansion causes increasing in 

the gas mixture temperature and this would affect the burning speed. To avoid this, it is 

noticed that if the combustible mixture was left for adequate time allowing the gases 

reaches to its equilibrium state as well as allowing the gases to distribute evenly, this would 

allow the combustible mixture temperature to be reduced to its previous temperature. 
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Figure 9: Illustration of the electrical circuits connected to the two-end band heaters by 

the temperature controllers. 
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2.6 Ignition System 

The ignition source is utilized in activation the reaction process of the combustible mixture 

in the cylindrical chamber. The cylindrical chamber ignition system comprised of a power 

output source, a transformer circuit, and two extended length automotive spark plugs. An 

AC isolated transformer power source is used to generate the power supply source ensuring 

that the chamber will neither experience premature ignition nor voltage data errors that 

may result in damaging the system. Upon completion of this part, the capacitor is then will 

be charged by a converted DC source that was initiated from the AC power source. 

Subsequently, the use of LabVIEW to generate a trigger needs to be sat up in order to allow 

the ignition takes place in the chamber. Then, the spark will be initiated at the tips of each 

electrode leading to ignition in the combustible mixture. In regard to the design of the 

extended length automotive spark plugs, stainless steel wire with diameter of 0.4mm has 

been welded to each sparkplug centers, see Figure 3. To illustrate, the extended length 

spark plugs are inserted into the chamber, from the top allowing the flame to be spherically 

propagating, and the tips of the spark plugs are distanced from each other by nearly 1mm 

at the center of the chamber as seen in Figure 10. 

 

 

 

Figure 10: An extended length automotive spark plug, responsible for initiating a spark to 

combustion occurs 
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2.7 Experimental Procedure 

First of all, the testing chamber and the connected pipes have to be sufficiently evacuated 

before injecting the gas mixture to the testing chamber. Technically speaking, until the 

pressure gauge reads approximately 100 millitorr, and this process can be achieved by the 

pump. Additionally, a spread sheet Excel file has been developed on the basis of various 

variables such as the pressure transducers zero offset, the fuel to air ratio 𝜙, and the added 

diluents concentrations 𝛼, for determining the required partial pressure of each component; 

a detailed calculation can be seen in the following section. Once the vessel and the pipes 

have been evacuated, the filling process utilizing the gas manifold can be begun on the 

basis of the determined partial pressure of each specific component. In this study, the gases 

filled include Propane	C#H%, Carbon dioxide	CO), and air. The filling process order is also 

based on the predefined initial conditions that were obtained by the spread sheet, and thus 

for accurate data, it is recommended to begin with the lowest partial pressure values first, 

followed by the higher partial pressure ones for each component.  

This part presents the filling process procedures and requirements for conducting 

combustible mixture measurements. To demonstrate the filling order, the chamber valve 

has to be opened allowing the gas mixture to go into the chamber while maintaining the 

vacuum valve closed, then start to fill the first component until its required partial pressure 

achieved. At this time, the chamber has to be closed immediately and the lines have to be 

vacuumed to 100 millitorr again. Then, the next component is filled up to its partial 

pressure raised beyond the first partial pressure component, in this moment the chamber 

valve has to be reopened allowing the gas to entre and then proceed filling until its partial 

pressure reached. In this way, the gasses will neither involve in backflow affect nor 

premixing of gasses within lines. The last component usually is the air since it has the 

largest partial pressure, and it is filled as the second step discussed previously. Upon the 

completion of the filling process the chamber valve is closed and the combustible mixture 

has to be left for adequate time allowing the gasses to distribute evenly and reach to its 

equilibrium state. Furthermore, the testing desired temperature has been increased during 

the filling process as explained previously and the given time will serve the temperature to 

be brought back to its correlated value. 
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Figure 11: A full demonstration of the facility used during combustion experiments 
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2.8 Experimental Error Sources  

In this study, each case of an experiment has to be repeated several times in order to acquire 

the utmost right data by matching several pressure-rise records for one condition tested.  

This section demonstrates the experimental errors resulted within the experimentations 

duration. There are various number of sources have been observed during 

experimentations, and data analysis upon completion of the testing. These experimental 

errors can be described as follow; first the Excel file sheet was developed based on various 

variables such as zero-offset partial pressure and used for the calculation to determine the 

expected partial pressure transducer values, it was revealed that this method carries about 

1% error. Furthermore, personal accuracy obtained through using the selected transducer 

for filling the tested vessel can be reached between +/- 1% errors. The total acquisition 

system that is responsible for producing the pressure signal may contain nearly 2% errors. 

Additionally, the noise generated during testing was considered in the calculation of the 

pressure rise variations curve; this procedure carried the largest source of data analysis 

errors ranging from 2% to 5%. As result, the combination of the errors during 

experimentations and data analysis can be varied between 4% and 9% as maximum, which 

is still stood to be acceptable accurate data. Lastly, the careful use of testing can be easily 

seen resulting in accurate data and it is highly recommended. 

2.9 Calculation of Global Reaction Procedure  

Alkane hydrocarbons global reaction schemes at different Air- Fuel mixtures (Lean, 

stoichiometric, and rich mixtures) are shown as respectively: 

 
𝐶2	𝐻3 +	

5𝑎 +	𝑏49
𝜙 	(	0.21	𝑂) + 0.79	𝑁)) → 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠	𝑜𝑓	𝐶𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 

 

𝑊ℎ𝑒𝑛	𝜙 < 0, 𝑝𝑟𝑜𝑑𝑐𝑢𝑡𝑠	𝑎𝑟𝑒: 𝐶𝑂), 𝐻)𝑂,𝐻), 𝑎𝑛𝑑	𝑁) 

𝑊ℎ𝑒𝑛	𝜙 = 1, 𝑝𝑟𝑜𝑑𝑐𝑢𝑡𝑠	𝑎𝑟𝑒: 𝐶𝑂), 𝐻)𝑂, 𝑎𝑛𝑑	𝑁) 

𝑊ℎ𝑒𝑛	𝜙 ≥ 1,2	, 𝑝𝑟𝑜𝑑𝑐𝑢𝑡𝑠	𝑎𝑟𝑒: 𝐶𝑂), 𝐻)𝑂, 𝐻), 𝑂), 𝑎𝑛𝑑	𝑁) 

(1) 
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In this study, the calculation of premixed combustion of Propane, carbon dioxides, and air 

mixtures are determined as: 

 𝜙[(1 − 𝛼)	𝐶#	𝐻% + 	𝛼	𝐶𝑂2] + 5(1 − 	𝛼)(	𝑂) + 3.76𝑁)) → 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠	 (2) 

 

Where 𝛼 indicates the diluent concentration. The mole fraction of each component is 

obtained from: 

 𝑥^ = 	
𝑛^
𝑛_`_

 

 
(3) 

𝑥abcd = 	
𝑛abcd
𝑛_`_

=
𝜙(1 − 𝛼)

𝜙 + (1 − 	𝛼)(23.80)	 

𝑥afg = 	
𝑛afg
𝑛_`_

= 	
𝜙	𝛼		

𝜙 + (1 − 	𝛼)(23.80)	 

𝑥h^i = 	
𝑛h^i
𝑛_`_

= 	
(1 − 	𝛼)(23.80)

𝜙 + (1 − 	𝛼)(23.80) 

 

𝑛_`_ = 𝑛jklm + 𝑛h^i		 = 		𝜙 + (1 − 	𝛼)(23.80) 

Determination of partial pressure of each reactant can be found by using the molar 

fraction method as follows: 

 𝑝^ = 	𝑝_`_	𝑥^ (4) 

 

𝑝abcd = 	𝑝_`_	𝑥abcd	 = 	 𝑝_`_ 	
𝜙(1 − 𝛼)

𝜙 + (1 − 	𝛼)(23.80) 

𝑝afg = 	𝑝_`_	𝑥afg = 	𝑝_`_ 	
𝜙	𝛼		

𝜙 + (1 − 	𝛼)(23.80)	 

𝑝h^i = 	𝑝_`_	𝑥h^i = 	𝑝_`_ 	
(1 − 	𝛼)(23.80)

𝜙 + (1 − 	𝛼)(23.80)	 
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For verification and accuracy, the summation of partial pressures and the molar fractions 

of each species in the reactants should be equal to the total pressure and the total molar 

fractions of the reaction, hence: 

  𝑥_`_ = 	
𝑛abcd + 𝑛afg + 𝑛h^i

𝑛_`_
= 1 

 
(5) 

𝑝_`_ = 	𝑝nlo^iln = 	𝑝abcd + 𝑝afg + 𝑝h^i  
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3. Thermodynamics of Combustion 

Metghalchi and Keck (1980-1982) have developed a thermodynamic model that is 

employed to determine laminar burning speed measurements of premixed flames from the 

pressure-time records [12-13]. Of this method, one of the advantages of measuring the 

laminar burning speed using the pressure rise techniques is that a wide range of pressures 

and temperatures data can collected by a single experiment.  This model was modified 

based on the previous works [17] and a few corrections were added. The investigation is 

valid for constant pressure data measurements in cylindrical vessel. The assumptions 

involved in the analysis are as follows:   

° The gases distributed in the closed-combustion chamber are grouped into burned 

and unburned regions separated by preheat and a reaction zones as shown in Fig. 

12.  

° The unburned and burned gases are assumed to be compressed isentropically as 

well as behaving as ideal gasses in both regions.  

° The pressure is locally uniform and constant through the chamber at any specified 

time throughout the combustion duration. 

° The reaction flame front is thin, smooth, spherical and unwrinkled. 

° For a radius larger than 2-3 cm, the flame thickness is negligible. This can be 

reachable when the pressure-time records start to rise. 

° Buoyancy effects are neglected. 

Burned gases assumption: The Burned gasses region is consisting of various n number of 

shells started from the center of the chamber. The n shells can be used to represent the 

combustion time duration as well as the total values of pressure points. Each shell has a 

uniform temperature and varies from one shell to another with the assumption that the gases 

are at chemical equilibrium. Unburned gases assumption: Initially, at rest and have a 

uniform temperature and a fixed composition.  
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Figure 12: An illustration of the burned and unburned regions associated with each 

temperature profile.  
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3.1 Burning Speed Model Analysis: 

Based on the assumption mentioned above, the volume and energy equations are derived 

as: 

The ideal gas equation of state: 

 𝑝𝑣 = 𝑅𝑇 (6) 

   

𝑃 = 𝜌𝑅𝑇	 
(7) 

 

Where, p	is the total pressure in the chamber, 𝑣	is the specific volume, R is the specific gas 

constant (  𝑅v 𝑀x 	) and T is the temperature in Kelvin.  

As the gas mixtures within the combustion bomb include burned and unburned gases, the 

conservation equation of the total mass, using Eq. (1), becomes: 

 

 𝑚_ = 	𝑚3 +	𝑚k = 	
𝑝^	
𝑅𝑇 	(𝑉z − 𝑉l	) (8) 

 

Where		m| is the total mass of gas in the combustion chamber, m} is the mass of burned 

gases,	m~ is the mass of unburned gasses, V� and V� are the volume of the combustion 

chamber and the volume of electrode, respectively, and i is referring to the initial 

conditions. Now, consider the total volume of the gas in the combustion chamber is: 

 

 
𝑉_ = 	𝑉z − 𝑉l = 	𝑉3 + 𝑉k = 	� 𝑣3

��

�

	𝑑𝑚 +	 � 𝑣k

��

��

𝑑𝑚 (9) 
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3.2 Burned Gas; Volume Analysis 

The volume of burned gas composed of two components. The first component when the 

volume is compressed isentropically. The other when the gas is involved in the 

displacement volume. Hence, the volume of the burned gas 𝑉3  is: 

 

 
𝑉3 = 	� 𝑣3�

��

�
𝑑𝑚 −	𝑉l3  (10) 

 

Where, v}� is the isentropically compressed specific volume of the burned gases and  V�} 

is the displacement volume of the electrode boundary layer (eb). This volume can be 

defined as: 

 

 𝑉l3 = 	� 	(	𝑣3� −		𝑣3,l3	)		𝑑𝑚 

 

 

(11) 

It can be assumed that the total volume of the combustion 𝑉z  is expanded by 𝑉l3		since the 

transferring of energy that is by electrodes is decreasing the displacement thickness 

temperature than the remaining gases temperature in the burned gas region. Therefore, the 

gas density has to be higher. Then, Eq. (5) can be rewritten using the ideal gas relation as: 

 

 
𝑉3 = 	� 		𝑣3		

��

�
𝑑𝑚	 = 	� 𝑣3�

��

�
𝑑𝑚	 −	

𝑅
𝑃 	
� 	(	𝑇l3,� −	𝑇l3)			𝑑𝑚 (12) 

 

The mass coordinate is illustrated as	dm = A	dη	, thus: 
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𝑉3 	= 	� 		𝑣3		

��

�
𝑑𝑚		

= 	� 𝑣3�	
��

�
	𝑑𝑚	 −	

		𝑅	𝑇l3,�	
	𝑃 	𝐴� 	(	1 −	

	𝑇l3
	𝑇l3,�

)			𝑑𝜂 
(13) 

Introducing the general definition of displacement thickness (δ): 

 

 
ρ�δ		 = 		� �1	 −	

𝑇
𝑇�
�

�

�
	 (14) 

 

Substitute equation (9) into equation (8): 

 

 𝑉3 	= 	∫ 		𝑣3		
��
� 𝑑𝑚		 = 	∫ 𝑣3�	

��
� 	𝑑𝑚	 −	 		�	���,�	

	�
	𝐴l3		(	ρ�,�}𝛿l3	)  (15) 

 

Ultimately, the second term 𝑉l3	can be expressed as: 

 𝑉l3 =	 𝐴l3	𝛿l3 (16) 

Then, the volume of the burned gases becomes: 

 

 
𝑉3 	= 	� 		𝑣3		

��

�
𝑑𝑚		 = 	� 𝑣3�	

��

�
	𝑑𝑚	 − 𝐴l3	𝛿l3 (17) 

 

3.3 Unburned Gas; Volume Analysis 

In order to determine the volume of unburned gasses, the volume of preheat and the 

thermal boundary zones need to be considered. Figure 12 shows clearly the two-included 

zones within the volume of the unburned gases. 
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The volume of unburned gas equation demonstrated as: 

 
𝑉k 			= 		� 𝑣k�

��

��

	𝑑𝑚		 −	𝑉� 	−		𝑉� 

 

	𝑉k = (1 − 𝑥3)	𝑚𝑣k,� − 𝑉� 	−		𝑉�	 

(18) 

The first term v~� represents the specific volume of the gas when the gas compressed 

isentropically, V� is the volume when the gas is preheated, and the last term V� states when 

the gas is in the thermal boundary layer which conducting energy loss to the combustion 

wall.  In a similar way as the volume of the electrode of the burned gas 𝑉l3 . Both  𝑉�  and 

𝑉�  can be showed as: 

The volume of the preheat zone: 

 

 𝑉� =	� 	(	𝑣k,� −		𝑣k,�	)		𝑑𝑚 

 
(19) 

Where 𝑣k,� represents the specific volume of unburned gases when compressed 

isentropically, 𝑣k,�	is the specific volume of unburned gases at the wall. 

The volume of the thermal boundary layer zone: 

 

 𝑉� = 	� 	(	𝑣k,� −		𝑣k,�	)		𝑑𝑚 (20) 

 

Where 𝑣k,�	is the specific volume of unburned gases at the preheat zone. 

It can be assumed that the total volume of the combustion 𝑉z  is expanded by 𝑉�		since the 

transferring of energy is decreasing the displacement thickness temperature than the other 

gases temperature in the unburned gas region. Therefore, the gas density has to be higher. 

On the other hand, assuming that the total volume of the combustion 𝑉z  is compressed by 
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the preheat volume 𝑉�		since the transferring of energy is increasing the displacement 

thickness temperature than the rest gases temperature in the unburned gas region. 

Therefore, the gas density has to be lower.  

Apply Ideal gas law Eq. (2) to Eq. (14), and (15), obtaining: 

 𝑉� = 		
𝑅
𝑃 	
� 	(	𝑇�,� −	𝑇�)			𝑑𝑚 (21) 

 

 𝑉� = 		
𝑅
𝑃 	
� 	(	𝑇�,� −	𝑇�)			𝑑𝑚 (22) 

 

Using the defined mass coordinate and the defined general displacement thickness Eq. (9), 

the volume of the thermal boundary layer as well as the volume of the preheat zone could 

be written as: 

 

 V� 	= 			
		R	T�,�	
	P 	A� � 	(	1 −	

	T�
	T�,�

)			dη (23) 

 

 𝑉� 	= 			
		𝑅	𝑇�,�	
	𝑃 	𝐴� � 	(	1 −	

	𝑇�
	𝑇�,�

)			𝑑η (24) 

 

The two volumes would become: 

 

 

 
	𝑉� = 	

		𝑅	𝑇�,�	
	𝑃 	𝐴�		�	ρ�,�𝛿�	� 	= 	𝐴�	𝛿�		 (25) 

 

 
𝑉� = 	

		𝑅	𝑇�,�	
	𝑃 	𝐴�		�	ρ�,�𝛿�	� 	= 	𝐴�	𝛿�	 (26) 
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Additionally, the areas of each region can be revealed as:  

 				A�} = 2	π	r�r}  

A� = 4	π	r)  

𝐴� = 4	𝜋	𝑟3)  

(27) 

Where 	r� is the radius of the electrodes, r} is the radius of the burned gas, r  is the radius 

of the combustion chamber. 	𝐴l3 is the area of the extended electrode as shown in Figure 

12.		𝐴� and 𝐴�are the areas of the wall boundary layer and the preheat zone, respectively. 

𝛿�		is defined as the displacement thickness of the wall boundary layer, 𝛿� is the 

displacement thickness of the preheat zone in front of the reaction layer as shown in Figure 

12. 

The relation of the displacement thickness of each region can be demonstrated using the 

simplified expressions derived by Metghalchi and Keck [12-13]: 

The displacement thickness of the electrode boundary layer is defined: 

 

 
𝛿l3 = 	

)
#
		�
𝑇3
𝑇�
− 1�£

𝑟3𝛼3	
𝑟3̇

 (28) 

The displacement thickness of the wall boundary layer 𝛿� was expressed by Keck (Keck 

1981) as: 

 
𝛿� = 	𝒵

¦§
¨© 		£

𝜏	𝛼3	
𝑟3

	� (
𝒵

�
𝒵« − 𝒵«	

¬
­©	)		

1

®∫ 𝒵"𝒵
𝒵° 		𝑑𝒵"

	𝑑𝑦	 (29) 

Assuming an approximation using Exponential temperature profile for preheat zone, the 

displacement thickness of the preheat zone 𝛿� was evaluated as:  

 

 𝛿� = 	−
𝛼k
𝑟3̇
		�
𝑇3
𝑇k
− 1�	ln

𝑇3
𝑇k

 (30) 

 



 
 

29 

Where  T} and T� are the temperatures of the wall and burned gas, respectively. α}	 and 

α~	 are the thermal diffusivity of the burned gas as well as the thermal diffusivity of the 

unburned gas, respectively. τ is a characteristic burning time, y = 	 |
·
  and 𝒵 =	 �

�¸
 are the 

unitless time and pressure, respectively. It worth mentioning that the displacement 

thickness of the thermal boundary layers are positive values while the preheat zone has a 

negative sign.  

Ultimately, the volume conservation equation of the burned and unburned gases is 

expressed as: 

 

 
𝑉z − 𝑉l +	𝑉l3 + 𝑉� + 𝑉� = 	� 	𝑣3,�	

��

�
	𝑑𝑚 +	(1 −	𝑥3)	𝑚	𝑣k,�	 (31) 

 

Substituting equations (11), (20) (21) and (22), the conservation of volume equation 

becomes:  

 

 

𝑉z − 𝑉l
𝑚 +	

2	𝜋	𝑟l𝑟3𝛿l3	 + 4	𝜋	𝑟)𝛿� + 	4	𝜋	𝑟3)𝛿�	
𝑚  

 

= � 𝑣3,�	
��

�
	𝑑𝑚 +	(1 −	𝑥3)	𝑚	𝑣k,� 

(32) 
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The conservation of energy equation is: 

 𝐸 −	𝑄l − 𝑄� − 𝑄i = 𝐸3 +	𝐸k  (33) 

 

Where E is the unburned gas initial energy, 𝑄l	 is the conduction energy loss to the 

electrodes, 𝑄�	 is the conduction energy loss to the wall, and 𝑄i is the radiation energy loss 

associated from the burned gases. 

3.4 Burned Gas; Energy Analysis 

The energy of the burned gas 𝐸3is illustrated as: 

 
𝐸3 = 	� 		𝑒3		

��

�
𝑑𝑚	 = � 𝑒3�

��

�
𝑑𝑚 −	𝐸l3  (34) 

 

Where 𝑒3,� represents the specific energy of burned gases when compressed isentropically, 

𝐸l3	is the energy defect of the electrode boundary layer in the burned gases region, and is 

expressed using the equation of state Eq. (1) and the defined displacement thickness Eq. 

(9), as follow: 

 𝐸l3 = 	� 	(	𝑒3,� −		𝑒3,l3	)		𝑑𝑚 

 
(35) 

 𝐸l3 = 	 𝑐¼ � 	(	𝑇3,� −		𝑇3,l3	)		𝑑𝑚	= 	𝑐¼	𝐴l3𝑇3,� � 	(	1 −	
	𝑇l3
	𝑇3,�

)			dη	 

 

(36) 

 	𝐸l3 = 𝑐¼	𝐴l3	𝑇3,�	ρ�,�}𝛿l3 (37) 

 

Now consider the ideal gas equation,	𝑅 = 𝑐� − 	𝑐¼, where 	𝑐� and 	𝑐¼	 are the ratio of 

constant pressure specific heat and the ratio of the constant volume specific heat, 

respectively, and  𝛾 = 	 	z¾
	z¿

  is the specific gas constant. Then, obtain: 
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 𝐸l3 = 	
𝑃	𝑉l3
𝛾3 − 1

 (38) 

 

3.5 Unburned Gas; Energy Analysis 

The energy of the unburned gas 𝐸kis demonstrated as: 

 

 
𝐸k = 	� 		𝑒k		

�

��

𝑑𝑚	 = � 𝑒k�
�

�
𝑑𝑚 −	𝐸� − 𝐸� (39) 

 

Where 𝑒k,� represents the specific energy of unburned gases when compressed 

isentropically, 𝐸�	 and 𝐸�	 are the energy defects of the wall boundary layer and the in the 

preheat zone, respectively, in the unburned gases region. These energy defects can be 

simplified using the assumption that the gases are compressed isentropically. Also, the 

equation of state Eq. (1) and the defined displacement thickness Eq. (9) will be used as 

follow: 

 𝐸� =	� 	(	𝑒k,� −		𝑒k,�	)		𝑑𝑚 

 
(40) 

 𝐸� =	 𝑐¼ � 	(	𝑇k,� −		𝑇k,�	)		𝑑𝑚	= 	𝑐¼	𝐴�𝑇k,� � 	(	1 −	
	𝑇�
	𝑇k,�

)			dη	 

 

(41) 

 	𝐸� = 𝑐¼	𝐴�	𝑇k,�	ρ�,�𝛿� (42) 

 

Employing the ideal gas relation	𝑅, and specific heat constants	𝑐¼	, 𝑐�, the energy defect of 

the wall boundary layer 𝐸�	, and in a similar way, the energy defect of the preheat zone 

determined as: 

 𝐸� = 	
𝑃	𝑉�
𝛾k − 1

 (43) 
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 𝐸� = 	
𝑃	𝑉�
𝛾k − 1

 (44) 

Then using Eq. (33), (38) and (39), into Eq. (29) and (34), the conservation of energy 

equation of the burned and unburned gas becomes:  

 

 
𝐸3 = 	� 		𝑒3		

��

�
𝑑𝑚	 = � 𝑒3�

��

�
𝑑𝑚 −	

𝑃	𝑉l3
𝛾3 − 1

 (45) 

 

 
𝐸k = 	� 		𝑒k		

�

��

𝑑𝑚	 = � 𝑒k�
�

�
𝑑𝑚 −	

𝑃	𝑉�
𝛾k − 1

−
𝑃	𝑉�
𝛾k − 1

 (46) 

 

One approach for determining the conduction energy losses during constant volume 

combustion and an increasing pressure is to utilize a developed one-dimensional heat 

conduction equation, that was derived by Keck, for finding the heat transfer between 

burned and unburned gases, which defined as: 

 𝑞̇ = 	
𝑝

𝜏(𝛾 − 1)	�𝛿 + 	𝛾𝑝
𝑑𝛿
𝑑𝑝� (47) 

 

Where 𝜏  is the characteristic burning time when pressure rising,		𝜏 = 	 �Á¾
Á�

  Using Eq. (42) 

to determine the heat flux, integrating by part, gives: 

 

 
	𝑞«« = 	� 𝑞̇		

_

�
𝑑𝑡	 = 	� Â

𝑝𝛿
𝑝	(𝛾 − 1)	

𝑑𝑝
𝑑𝑡 +	

𝛾
𝛾 − 1 +	

𝑝)

𝑝 	
𝑑𝑝
𝑑𝑡	

	𝑑𝛿
𝑑𝑝Ã	

_

�
𝑑𝑡		 (48) 
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𝑞«« =

1
𝛾 − 1	Â

� 𝛿	
𝑑𝑝
𝑑𝑡 	𝑑𝑡 +

� 𝛾𝑝	
𝑑𝛿
𝑑𝑝 	𝑑𝑡

_

�
	

_

�
Ã

= 	
𝛾

	(𝛾 − 1) 		𝑝𝛿 −	
� 𝛿
�

�
	𝑑𝑝 

(49) 

 

 

Applying the ideal gas relations, Eq. (1) and constant specific heats	𝑅 = 𝑐� − 	𝑐¼, and the 

specific gas constant  𝛾 = 	 	z¾
	z¿

  , Eq. (44) becomes: 

 
	𝑄 = 	𝑞««	𝐴 = 	𝐴	𝑐�	ρ	T	δ	 − 	A� 𝛿

�

�
	𝑑𝑝		 (50) 

 

Another Approach for Determining Energy Losses: 

In terms of the conduction energy losses during constant volume combustion and a rapid 

elevating pressure, the conduction energy losses are approximately equal to the energy 

defects in the boundary layer and the preheat zone since the total compression work  𝑤_ 

terms are neglected. However, this case will result in increasing the experimental errors 

and therefore flame burning speed would be slightly not in an accurately value and thus 

will not be used in this calculation. However, if this is the case, Eq. (33), (38) and (39) can 

be approximated to: 

 𝐸l3 = 	
𝑃	𝑉l3
𝛾3 − 1

≋ 𝑄l	 (51) 

 

 𝐸� = 	
𝑃	𝑉�
𝛾k − 1

≋ 	𝑄� (52) 

 

 

 



 
 

34 

In the burned gas region, the radiation energy loss was calculated using: 

 
𝑄i = 	� 𝑄̇i

_

�
	𝑑𝑡 = 4	𝛼�𝜎	𝑉3	(𝑇3Ç −	𝑇�Ç) (53) 

 

Where 𝑄̇i	is the rate of radiation, 𝛼� is the Planck mean absorption coefficient and 𝜎 is 

the Stefan Boltzmann constant.  

 𝛼� = 	
1
𝑝_
	È(𝛼^	𝑝^) (54) 

 

The conservation of energy equation Eq. (28) becomes: 

 

 𝐸
𝑚 −	

𝑄� +	𝐸�
𝑚 −	

𝑄i
𝑚 =	� 𝑒3

��

�
	𝑑𝑚	 +	(1 −	𝑥3)	𝑒k (55) 

 

Substituting Eq. (32), (37), (39), (45), and (48) into the conservation of energy equation 

(28), employing ideal gas law, and heats capacity relation, obtaining: 

 

𝐸 − 𝐴� 	Â	𝑇�,�	ρ�,�𝛿�	�	𝑐� − 	𝑐¼�	− � 𝛿�
�

�
	𝑑𝑝Ã	 

−	𝐴l3 	Â	𝑇l3,�	ρ�,�}𝛿l3	�	𝑐� − 	𝑐¼� 	−	� 𝛿l3
�

�
	𝑑𝑝Ã 

−𝑄i +	
𝑃	𝑉�
𝛾k − 1

	= 	� 𝑒3
��

�
	𝑑𝑚	 + 	𝑚	(1 −	𝑥3)	𝑒k 
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𝐸 − 𝐴� 	Â𝑝𝛿� −	� 𝛿�

�

�
	𝑑𝑝Ã − 𝐴l3 	Â𝑝𝛿l3 −	� 𝛿l3

�

�
	𝑑𝑝Ã − 𝑄i

+	
𝑃	𝑉�
𝛾k − 1

 

 

= � 𝑒3,�	
��

�
	𝑑𝑚 +	(1 −	𝑥3)	𝑚	𝑒k,�	 

(56) 

 

Integration by parts could have the form: 

 
𝑝𝛿 −	� 𝛿

�

�
	𝑑𝑝 = 	� 𝑝

É

�
	𝑑𝛿′ (57) 

Applying this form into Eq. (50), gives: 

 

 𝐸
	𝑚 	−	

𝐴�
𝑚 		Â	� 𝑝

ÉË

�
	𝑑𝛿«Ã 	−	

	𝐴l3	
𝑚 	Â	� 𝑝

É��

�
	𝑑𝛿«Ã 	−

𝑄i
𝑚 +	

𝑃	𝑉�
𝑚	(𝛾k − 1)

	 

 

 

= � 𝑒3,�	
��

�
	𝑑𝑚 +	(1 −	𝑥3)		𝑒k,� 

  

 

(58) 

Finally, the conservation equations of specific volume and specific energy, neglecting the 

terms discussed, can be written as: 

  
	𝑣^ =

𝑉z
𝑚 +	

𝐴	𝛿�
𝑚 =	� 	𝑣3	

Ì�

�
	𝑑𝑥 +	(	1 −	𝑥3)	𝑣k (59) 

 

 
	𝑒^ =

𝐸
𝑚 −	

𝑄� +	𝐸�
𝑚 −	

𝑄i
𝑚 =	� 𝑒3

Ì�

�
	𝑑𝑥	 +	(1 −	𝑥3)	𝑒k (60) 

Where 𝑣^	and 𝑒^	are representing the initial conditions of the specific volume and the 

specific energy in the constant volume combustion chamber. 
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3.6 FORTRAN Code 

In the Fortran code calculation, the volume of the electrodes		𝑉l  , the displacement volume 

of the electrode boundary layer 𝑉l3  , and the displacement volume of the preheat zone 𝑉� , 

and the conduction energy to the electrodes 𝑄l  are neglected since the changes in these 

volumes are not affecting the laminar burning speed negatively and without including them 

would enhance the running process for the Fortran code as well as reducing the converging 

issues. 

The two governing equations Eq. (54) and Eq. (55) are solved to determine the values of 

the two unknowns; the burned mass fraction 𝑥3 and the last layer burned gas 

temperature	𝑇3(𝑟, 𝑡). Then, the pressure is given, as function of time		𝑝	(𝑡), the two 

governing equations will be solved numerically by introducing the two-dimensional 

Newton-Raphson method to calculate the burned mass fraction 𝑥̇3, as function of time, as 

well as the temperature distribution in the burned gas region. 

3.7 Measurements of Laminar Burning Speed 

The flame speed of a fuel is a property which is defined as the expansion of the flame front 

in a combustible mixture. Flame speed can be classified as either a laminar flame speed or 

turbulent flame speed and is typically measured in m/s, cm/s, etc. Additionally, flame 

burning speed has a strong function on such variables as the composition of the mixture, 

pressure, temperature, equivalence ratios, and diluents. One of the significant purposes for 

determining a laminar burning speed, it would enhance the engine's efficiency. Moreover, 

for non-widely used flammable fuels, measuring the flame burning speed with added 

diluents might be considered beneficial as a working fluid in various systems (i.e. 

refrigeration systems) 

The laminar burning speed could be measured as: 

 𝑠m = 	 𝑠j −	𝑠Í (61) 
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Where 𝑠m is the laminar burning speed, 𝑠𝑔 is the unburned gas speed, and 𝑠j	is the flame 

front speed. By propagating a laminar flame radially outward from the vessel center in a 

constant volume combustion chamber, the laminar burning speed is then defined as: 

 
𝑠m = 	

𝑑𝑚3
𝑑𝑡

𝜌k	𝐴3
= 	

𝑚̇3

𝜌k	𝐴3
=
𝑚𝑥̇3
𝜌k	𝐴3

	 (62) 

 

Where m} is the mass of the burned gas,  ρ~ is the gas density of unburned gases, A} is 

the area of the burned gas, ṁ} is the burned gas mass rate, 𝑚 is the total mass of the gas 

mixture, and ẋ} is the burned gas fraction rate.  

 

Where  

 𝑉3 =È𝑣3^𝑚3^ = 	È𝑣3^(𝑚𝑥3^) =
4
3 	𝜋	𝑟3

# − 	2	π	𝑟l)𝑟3	 

 
(63) 

 

 𝐴3 = 	4	𝜋	𝑟3) − 2	𝜋	𝑟l) (64) 

The second term on the right side is a small value and negligible in order to find the 

radius of the burned gases as: 

 

 
𝑟3 = £	3𝑉3	

4𝜋 	
b

		 (65) 
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4. Result and Discussion 

4.1 Flame Structure and instability 

In this thesis, the determination of the flame structures and smoothness can be achieved by 

the Z-type shadowgraph setup that is utilized a high-speed camera to record the downward 

flame propagation during combustion. The optical recording of the flame propagation 

shows the cutoff point where the flame hits the chamber wall as well as the starting point 

of cellularity developments. The laminar burning speed calculation is obtained based on 

the assumption that the flame is spherically propagating downward the chamber and 

cellularity developments are excluded, if appeared. According to the experimental 

measurements, the cellularity starts to develop at earlier stages at higher pressures and 

equivalence ratios. One of the observations noticed is that the weak mixtures prevents 

cellularity to occur at earlier stages. 

4.2  Flame Stretch effect 

One of the critical considerations implemented for the determination of laminar burning 

velocities is the negative effect of the stretch effect. Flame stretch occurs by the variation 

of flame area over time. There are extrapolation calculations have been considered as a 

zero-stretched laminar flame, however these extrapolations found to be the main sources 

of discrepancies when compared to other laminar burning speed data. Zero-stretched 

laminar flame is extremely hard to be achieved but rather a negligible-stretched laminar 

flame can be acquired by excluding the early burning speed data along the isentropic curve. 

For spherically downward expanding flames stretch rate is defined as: 

 

𝐾 =	
1
𝐴
𝑑𝐴
𝑑𝑡
= 	
2
𝑟
𝑑𝑟
𝑑𝑡
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In order to investigate the stretch effect on laminar burning speeds, a set of various 

experiments have been studied over a wide range of different initial temperatures along 

with its corresponding initial pressures that is seen in the isentropic curve shown in Figure 

13. As clearly can be seen that the stretch effect is a strong function of the flame radius, 

the higher flame radius the less stretch rates.  The selected conditions are at initial 

temperatures of 300, 320, 340, and 360 K each of which has its corresponding initial 

pressures obtained by the isentropic curve with fixed equivalence ratio of 1 as shown in 

Figure 13. A-A’ represents the first selected condition of a room temperature and an 

atmospheric pressure. B-B’ represents the second selected condition of an initial 

temperature of 320 K and initial pressure of 1.30 atm. C-C’ shows the next selected 

condition of an initial temperature of 340 K and initial pressure of 1.62 atm. D-D’ shows 

the tested condition of an initial temperature of 360 K and an initial pressure of 2.04 atm. 

E demonstrates the shared point for the four tested conditions. These measurements are on 

a single isentropic curve. These tested conditions have different initial conditions, they 

obviously will have different radii, and therefore the laminar burning speed date will be 

evaluated and analyzed at various stretch rates. Figure 14 shows the negligible variations 

of laminar burning speeds along with the stretch rate at equivalence ratio of 1.0 for the 

selected case of temperature of 420 K and corresponding pressure of 3.71 atm. According 

to the result, the variations of the laminar burning speeds can be negligible. Additionally, 

the experimental results show that the laminar burning speed at a flame radius larger than 

4cm has negligible stretch rates. Also, measurements can be only collected for when the 

flame radius between 4cm and 8cm where the flame reaches to the chamber wall. These 

restrictions can be maintained by the high-speed camera to verify the flame characteristics 

and flame smoothness as burning speed measurements were only restricted to smooth 

flames. 
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Figure 13: Various starting conditions of four different experiments selected in a way to 
be joined along the isentropic curve, E represents the selected case. 
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Figure 14: Four different selected data shows a negligible variation of burning speeds all 
of which at a temperature of 420 K and pressure of 3.71 atm. 
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The laminar burning speeds of mixtures of propane-air (𝐶#𝐻%) and a wide range of 

additional carbon dioxide (𝐶𝑂)) concentrations at various equivalence ratios ranging from 

0.80 to 1.20, and pressures of 0.50 to 4 atm, and elevated temperatures of 400 K to 600 K 

have been measured. The selected carbon dioxide (𝐶𝑂)) concentrations are 20%, 40%, 

60%, 80% as well as the pure propane-air (𝐶#𝐻%). The experimental work has been carried 

out for 94 different cases. The pure propane-air (𝐶#𝐻%) is selected to have an overview on 

how the additional carbon dioxide (𝐶𝑂)) reacts and decreases the laminar burning speeds. 

As the activation of chemical reactions occur by temperature, it was clearly observed that 

the burning speed increases with the higher temperatures and more importantly decreases 

with higher pressures. In additions, the laminar burning speeds increase as the fuel-air 

ratios increase from lean mixture of 0.80 ratio to reach mixture of 1.20. 

Laminar burning speed of experiments with initial temperature of 400 K  

The laminar burning speeds for different air-fuel ratio is highly dependent on the carbon 

dioxide (𝐶𝑂)) concentrations. According to Figure 15, for pure propane-air (𝐶#𝐻%) laminar 

burning speeds at rich mixture are faster than both the stoichiometric and the lean mixture. 

Also, a repeated trend has been observed in the atmospheric pressure case with lower 

burning speeds as seen in Figure 16. For higher initial pressure of 2 atm, the burning speeds 

are slower as the pressure increased, however the collected data were restricted before 

cellularity development starts at earlier stages and this will reduce the collected laminar 

burning speed data as seen in Figure 17.  

For 20% of carbon dioxide diluent, the laminar burning speeds have been lowered since 

the carbon dioxide is non-flammable gas, as shown in Figure 18. For the same carbon 

dioxide concentration at atmospheric pressure, the laminar burning speeds have been 

reduced upon the increasing of the initial pressure as shown in Figure 19, compared to 0.50 

atm. In addition, Figure 20 shows the lowest measured burning speeds for the 20% of 

carbon dioxide diluent at a higher initial pressure of 2 atm.  
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For 40% of carbon dioxide concentrations, the burning speeds have been minimized and 

the fuel-air ratio of 1.20 is still faster than the stoichiometric, as seen in Figure 21. For 

atmospheric initial pressure, the laminar burning speeds have been decreased as the initial 

pressure increased from 0.50 to 1 atm as noticed in Figure 22. Moreover, Figure 23 

demonstrates a lower burning speeds at a higher initial pressure of 2 atm, however, the 

cellularity development starts at earlier stages. 

For 60% of carbon dioxide concentrations, the added carbon dioxide concentration has 

lowered the laminar burning speeds and a shift of the fuel-air ratio is experimentally 

observed according to Figure 24. This shift is because of the flame peak adiabatic flame 

temperature decreases as the addition of carbon dioxide diluent increased. According to 

Figure 25, the fuel-air ratio of 1 is faster than the rich mixture for the case of initial pressure 

of 0.5 atm. Figure 26 demonstrates a lower burning speeds at a higher initial pressure of 2 

atm for the same concentration of carbon dioxide. 

A similar trend has been noticed for the case of 80% of carbon dioxide diluent in terms of 

the equivalence ratio according to Figure 27. The stoichiometric ratio as seen in Figure 28 

is faster than the equivalence ratio of 1.2 as the peak adiabatic flame temperature shifts and 

this will be discussed in detail using STANJAN software. The burning speeds of mixtures 

of propane-air (𝐶#𝐻%) and additional of 80% of carbon dioxide (𝐶𝑂)) diluent have been 

measured at only initial pressures of 1 and 2 atm since the flame could not be generated at 

0.50 atm. 
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Figure 15: Laminar burning speeds for pure propane at 𝑃 	= 0.50 atm, 𝑇 	= 400 K and 

different equivalence ratios 0.80,1.0,1.20 

 

Figure 16: Laminar burning speeds for pure propane at 𝑃 	= 1 atm, 𝑇 	= 400 K and 
different equivalence ratios 0.80,1.0,1.20 
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Figure 17: Laminar burning speeds for pure propane at 𝑃 	= 2 atm,  𝑇 	= 400 K and 
different equivalence ratios 0.80,1.0,1.20 

 
Figure 18: Laminar burning speeds for propane and 20% of carbon dioxide at 𝑃 	= 0.50 

atm, 𝑇 	= 400 K and different equivalence ratios 0.80,1.0,1.20 
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Figure 19: Laminar burning speeds for propane and 20% of carbon dioxide at 𝑃 	= 1 atm 
𝑇 	= 400 K and different equivalence ratios 0.80,1.0,1.20 

 
Figure 20: Laminar burning speeds for propane and 20% of carbon dioxide at 𝑃 	= 2 atm 

𝑇 	= 400 K and different equivalence ratios 0.80,1.0,1.20 
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Figure 21: Laminar burning speeds for propane and 40% of carbon dioxide at 𝑃 	= 0.50 

atm, 𝑇 	= 400 K and different equivalence ratios 0.80,1.0,1.20 

Figure 22: Laminar burning speeds for propane and 40% of carbon dioxide at P+	= 1 atm 

T+	= 400 K and different equivalence ratios 0.80,1.0,1.20 
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Figure 23: Laminar burning speeds for propane and 40% of carbon dioxide at	𝑃 	= 2 atm,  

𝑇 	= 400 K and different equivalence ratios 0.80,1.0,1.20 
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Figure 24: Laminar burning speeds for propane and 60% of carbon dioxide at 𝑃 	= 0.50 
atm, 𝑇 	= 400 K and different equivalence ratios 0.80,1.0,1.20 

 

 
Figure 25: Laminar burning speeds for propane and 60% of carbon dioxide at 𝑃 	= 1 atm,  

𝑇 	= 400 K and different equivalence ratios 0.80,1.0,1.20 
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Figure 26: Laminar burning speeds for propane and 60% of carbon dioxide at 𝑃 	= 2 atm 

𝑇 	= 400 K and different equivalence ratios 0.80,1.0,1.20 

 
Figure 27: Laminar burning speeds for propane and 80% of carbon dioxide at 𝑃 	= 1 atm 

𝑇 	= 400 K and different equivalence ratios 0.80,1.0,1.20 
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Figure 28: Laminar burning speeds for propane and 80% of carbon dioxide at 𝑃 	= 2 atm, 

𝑇 	= 400 K and different equivalence ratios 0.80,1.0,1.20 
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Laminar burning speed of experiments with initial temperature of 480 K  

The result of laminar burning speeds with initial temperature of 480 K shows overall higher 

laminar burning speeds than that of initial temperature of 400 K. The pure propane-air 

(𝐶#𝐻%) at rich mixture is faster than lean as well as stoichiometric mixtures as seen in 

Figure 29. Moreover, similar trend has been observed but with lower burning speeds in the 

case of the atmospheric initial pressure as shown in Figure 30. For higher initial pressure 

of 2 atm, the initial pressure has been raised and this will certainly reduce laminar burning 

speeds as seen in Figure 31. However, the number of the collected data are less since 

cellularity will develop at earlier stages and this will negatively reduce the collected data 

as these measurements were only for smooth flame. 

For 20% of carbon dioxide diluent, the laminar burning speeds have been reduced and 

burning speeds of fuel-air ratio of 1.20 is faster among the other two fuel-air ratios as shown 

in Figure 32. Also, at the atmospheric initial pressure, the rich mixture shows higher 

laminar burning speeds than the fuel-air ratio of 0.80 and 1 but the overall burning speeds 

are lower compared to 0.5 atm, as seen in Figure 33. According to Figure 34, cellularity 

development is reduced greatly by lowering the equivalence ratios for elevated initial 

pressure. 

For the addition of carbon dioxide concentrations to 40%, the burning speeds have been 

decreased, and in a similar way as the previous tests, the obtained data illustrates higher 

burning speeds at fuel-air ratio of 1.20 than the stoichiometric, as demonstrated in Figure 

35. As the initial pressure increased to atmospheric, the laminar burning speeds lowered 

and the trend of the different fuel-air ratios remains the same that the rich mixture has 

higher burning speed rates as shown in Figure 36. For elevated initial pressure, the lower 

equivalence ratio prevents cellularity development to begin and in that way the collected 

data of lean and stoichiometric mixtures are more than the collected data of rich mixture 

as noticed in Figure 37.  
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In the 60% of carbon dioxide concentrations, the blends at the stoichiometric ratio shows 

a rapid burning speeds than the rich and this is usually as the peak adiabatic flame 

temperature approaches to the lean mixture as noticed in Figure 38. According to Figure 

39, lowered burning speeds have been noticed as the initial pressure increased from 0.50 

to 1 atm. For initial pressure of 2 atm, overall slower laminar burning speeds have been 

observed in the fuel-air ratios of 0.80 to 1.20 and higher cellularity developments started 

but were not included in the analysis since the conducted measurements requires the flame 

to be smooth as demonstrated in Figure 40. 

In terms of the fuel-air ratios, similar behavior of 60% of carbon dioxide was observed for 

the 80% of carbon dioxide concentration. At atmospheric initial pressure, the burning 

speeds of stoichiometric ratio is faster than both the rich and the lean mixtures as seen in 

Figure 41. Moreover, the burning speeds at a higher initial pressure are reduced greatly 

upon mixing of the 80% carbon dioxide diluent, according to Figure 42.  
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Figure 29: Laminar burning speeds for pure propane at 𝑃 	= 0.50 atm, 𝑇 	= 480 K and 

different equivalence ratios 0.80,1.0,1.20 

Figure 30: Laminar burning speeds for pure propane at 𝑃 	= 1atm, 𝑇 	= 480 K, and 
different equivalence ratios 0.80,1.0,1.20 
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Figure 31: Laminar burning speeds for pure propane at P+	= 2 atm, T+	= 480 K different 

equivalence ratios 0.80,1.0,1.20 

Figure 32: Laminar burning speeds for propane and 20% of carbon dioxide at 𝑃 	=  0.5 
atm , 𝑇 	= 480 K and different equivalence ratios 
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Figure 33: Laminar burning speeds for propane and 20% of carbon dioxide at 𝑃 	= 1 atm, 

𝑇 	= 480 K and different equivalence ratios 

 
Figure 34: Laminar burning speeds for propane and 20% of carbon dioxide at 𝑃 	= 2 atm, 

𝑇 	= 480 K and different equivalence ratios 
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Figure 35: Laminar burning speeds for propane and 40% of carbon dioxide at 𝑃 	= 0.50 

atm, 𝑇 	= 480 K and different equivalence ratios 

 

 
Figure 36: Laminar burning speeds for propane and 40% of carbon dioxide at 𝑃 	= 1 atm, 

𝑇 	= 480 K and different equivalence ratios 
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Figure 37: Laminar burning speeds for propane and 40% of carbon dioxide at 𝑃 	= 2 atm, 

𝑇 	= 480 K different equivalence ratios 

 
Figure 38: Laminar burning speeds for propane and 60% of carbon dioxide at 𝑃 	= 0.50 

atm, 𝑇 	= 480 K and different equivalence ratios 
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Figure 39: Laminar burning speed for propane and 60% of carbon dioxide at 𝑃 	= 1 atm, 

𝑇 	= 480 K and different equivalence ratios 

 
Figure 40: Laminar burning speeds for propane and 60% of carbon dioxide at 𝑃 	= 2 atm, 

𝑇 	= 480 K different equivalence ratios 
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Figure 41: Laminar burning speeds for propane and 80% of carbon dioxide at 𝑃 	= 1 atm, 

𝑇 	= 480 K and different equivalence ratios 

 
 

Figure 42: Laminar burning speeds for propane and 80% of carbon dioxide at 𝑃 	= 2 atm, 
𝑇 	= 480 K and different equivalence ratios 
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Figures 43 shows the conducted experiments at five different concentrations performed at 

initial temperature of 400 K and atmospheric initial pressure for the fuel-air ratio of 1.1. 

As shown in Figure 43, the addition of 80% carbon dioxide reduces greatly the laminar 

burning speeds. 

 

 

Figure 43: Laminar burning speeds for mixtures of propane with added carbon dioxide 
concentrations at 𝑃 	= 1 atm and equivalence ratio 1.1 at 𝑇 	= 400 K 

 

 

 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

400 420 440 460 480 500 520 540

La
m

in
ar

 B
ur

ni
ng

 sp
ee

ds
 (c

m
/s

)

Unburned Gas Temperature K

Pure Propane 20% of CO2 40% of CO2 60% of CO2 80% of CO2



 
 

62 

Figures 44 demonstrates the tested experiments at the same different concentrations 

performed but at elevated  initial temperature of 480 K and atmospheric initial pressure for 

the fuel-air ratio of 1.1.  

 

 

Figure 44: Laminar burning speeds for mixtures of propane with added carbon dioxide 
concentrations at 𝑃 	= 1 atm and equivalence ratio 1.1 at 𝑇 	= 480 K   
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Figure 45 shows data obtained by STANJAN software in three different concentrations to 

study the reason behind the shift of the fuel-air ratios with the additional of carbon dioxide 

(𝐶𝑂)) diluents. The STANJAN software illustrates the peak adiabatic flame temperature 

as a function of the equivalence ratios. It was observed that as the addition of 80% carbon 

dioxide, the peak adiabatic flame temperature shifts toward lean mixture. The propane-air 

(𝐶#𝐻%) and 40% of carbon dioxide (𝐶𝑂)) concentrations, the peak adiabatic flame 

temperature at Phi=1 and Phi=1.20 is almost own similar peak adiabatic temperatures 

(2618K and 2620). In contrast, the peak adiabatic flame temperature of Phi=1.0 is higher 

than the one at Phi=1.20 at both concentrations 60%, and 80%.  

	

	
Figure 45: Adiabatic flame temperature data obtained by STANJAN software for 40%, 

60%, and 80% of carbon dioxide at 𝑃 	= 1 atm, and 𝑇 	= 400 K 
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5. Summary and conclusions 

Experimental studies of spherically flame propagation and laminar burning speeds utilizing 

a thermodynamics model has been conducted using a constant volume cylindrical vessel. 

The model uses the dynamic pressure rise history as the main input to generate the burning 

speeds and the flammability characteristic. The shadowgraph setup was employed for the 

investigation of flame stability and cellularity. To sum up this experimental study, it was 

revealed that the laminar burning speeds increase as the temperature rises. In contrary, it 

was noticed that the burning speeds decrease as the pressure increases. Additionally, the 

result shows that the laminar burning speed decreases as the additional of carbon dioxide 

concentrations increases since carbon dioxides is classified as non-flammable gaseous fuel. 

Moreover, the burning speed result shows that the laminar burning speed of pure propane 

and until 40% of additional carbon dioxide at rich mixtures is higher than the laminar 

burning speeds of stoichiometric ratio. In contrary, the burning speeds of stoichiometric 

ratio were higher when the carbon dioxide concentrations exceeded 40 percent. These 

observations have been seen in the two cases of the initial temperatures of 400 K and 480 

K. For rich-mixtures, the collected data is less than the lean mixture as the cellularity 

development starts earlier and the data have to be restricted to solely smooth flame 

measurements.  Also, both of the stretch effect considerations and the cellularity 

developments have been well-addressed and taken into accounts in the analysis of 

determining the burning speed values.  
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