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Abstract: The present study is focused on the effect of oxygen enrichment (as oxidizer) on the flame 

characteristics of premixed flame of Iraqi Liquefied Petroleum Gas (LPG),which consider the first 

measurements of laminar premixed flame speed for (LPG) with oxygen enrichment. A test rig is designed 

and fabricated to measure the laminar flame speed using a tube – method and optical technique 

(photodiode). The laminar flame speed results were obtained at atmospheric pressure, 301K initial 

temperature; three levels of oxygen concentration (21, 23 & 25) volume %, and equivalence ratio (from 

0.6 to 1.4) were tested. All the measurements were carried out at pre-pressure period. Experimental 

laminar burning velocity is calculated according to “density ratio method”, also the variation of adiabatic 

flame temperature, flame thickness and Zel’dovich number which introduced. The experimental results 

show that the maximum value for laminar burning velocity occur at equivalence ratio = 1.1, and the 

maximum increase percentage was (23.45%). Validation of experimental work is approved by 

comparison values of laminar burning velocity for (ILPG – air) mixture with the available published data 

at the same conditions. Good agreements are observed in the comparison with the other literature results. 

(21, 23&25) volume%. 
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 دراسة عملية لتاثير زيادة الاوكسجين على سرعة انتشار اللهب لخليط

(Iraqi LPG – O2 – N2) 
Space with a font size 12 

هذه الدراسة تبين تاثير زيادة الاوكسجين ) كمؤكسد ( على خواص اللهب الطباقي المسبق الخلط لغاز البترول المسال العراقي,  الخلاصة:

حيث تم تقديم القياسات الاولى من نوعها لقياس سرعة اللهب الطباقي لهذا الغاز.  ولاجراء ذلك تم تصميم وتصنيع منظومة قياس سرعة 

ة اللهب الطباقي باستخدم طريقة الانبوب والتقنية البصرية ) الخلايا الضوئية (. تم ايجاد قيم سرعة جبهة اللهب عند الضغط الجوي , ودرج

. جميعالقياسات تم اجراؤها  (1.4-0.6)ونسب مكافئة   %volume (25 & 21,23)لثلاثة تراكيز من الاوكسجين  301Kحرارة ابتدائية

الضغط وذلك لاستعمال طريقة نسبة الكثافة لحساب سرعة انتشار اللهب الطباقية . اضافة لذلك تم ايجاد كلا من  درجة في فترة ثبوت 

 حرارة اللهب , سمك جبهة اللهب ورقم زيلدوفك نظريا . وقد بينت التجارب العملية ان اعلى قيمة للزيادة في سرعة انتشار اللهب الطباقية

م اختبار صحة النتائج العملية من خلال مقارنة قيم سرعة اللهب  .(%23.45) , وان مقدار الزيادة كان 1.1ة = تحدث عند النسبة المكافئ

 مع النتائج العملية المنشورةعند نفس الظروف وتبين وجود توافق جيد بينها.( LPG – air)الطباقي لخليط 
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1. Introduction 
 

Most combustion processes use air as the oxidant. In many cases, these processes can 

be enhanced by using an oxidant that contains a higher proportion of oxygen than that in 

air. This is known as oxygen – enhanced combustion. The flame characteristics of 

oxygen enhanced combustion have big changes from that of air/fuel combustion such 

as: the flame temperature increase significantly, the upper flammability limits increases, 

the burning velocity increases, the ignition energy reduces, increase flame stability and 

reduced pollutant emission [1]. Laminar burning velocity is a physical parameter which 

depends only on the physical and chemical nature of premixed gases [2]. Several studies 

available on the burning velocity with pure oxygen or oxygen enrichment, but most of 

these studies use methane as fuel, [3 and 4]. The present study introduce the first 

measurements of laminar flame speed for fuel(ILPG) with oxygen enrichment , in 

addition to that study for the variation of flame characteristics which include[adiabatic 

flame temperature, flame thickness and Zel’dovich number] were done.  

Space with a font size 16 
2. Experimental Setup 

Figure (1) shows the general layout of the test rig built in “Mechanical Engineering 

Dept., Al-Mustansiriyah University” for the purpose of this study. The test rig consists 

from four units (1) Combustion unit , made from copper tube ( inside diameter 67mm, 

2000mm length,3mm thickness), provided with electrical heater and insulation to heat 

the initial mixture and maintain the adiabatic process during the test,(2) Mixing 

chamber unit , made from iron steel used to prepare the mixture using the partial 

pressure method, (3) Ignition unit, consists from spark plug and electronic circuit , (4) 

Measuring flame speed unit : consists from (a) Four photodiodes which fixed on the 

tube with a distance ( 25 cm) between them to measure the time required for moving 

flame front from one photodiode to other by using two digital storage oscilloscopes and 

(b) An electronic circuit to amplify the signal of photodiode,(5) Instruments: which 

include “ thermocouple: to measure initial temperature of mixture, pressure transmitter: 

to measure the pressure of combustion, pressure meter: to measure the quantity of fuel , 

oxygen and nitrogen during the preparation of mixture. High purity gases (99.99 %) of 

oxygen and nitrogen used. All measurements occur at pre-pressure period. For accuracy, 

the flame speed measurements were repeated seven times at each condition. 

 

 

 

 

 

 

 

 

 

 

 Fig. 1: Experimental Set Up 
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3. Experimental Procedure 

1- Before preparing the mixture, the mixing vessel was sufficiently purged from any 

previous mixture by using the vacuum pump. 

2- Preparing the mixture which consists from (ILPG, O2 and N2) inside the mixer 

according to its partial pressure fraction relative to the total pressure of (3 bar). The 

quantities of (ILPG, N2 and O2) were regulated by pressure regulator.  

3- A waiting time of (5 minutes) was then allowed to permit the (ILPG, N2 and O2) to 

mix completely and to obtain a good mixing and homogenous mixture. 

4- After that, the combustion tube was evacuated by the vacuum pump to a pressure of 

(0.001 bar), and then refilled with homogenous mixture “supply from mixer” to 

atmospheric pressure. 

 
4. Experimental Calculation 

To calculate the laminar burning velocity from measured flame speed, the density 

ratio method introduced by Andrews and Bradley [5] was used as the following 

equations.  

 

                                                          SL = (ρb/ρu). SF                                                        (1)   

 

                                                       ρb/ρu = (Tu/Tb). N.I                                                     (2)   

 

The flame speed (SF) is calculated from experimental measurements as the following:  

 

                                                       SF = ∆L/∆t                                                                  (3) 

 

The magnitudes of mole ratio and flame thickness factor have been calculated 

according to the relations given by Andrews and Bradley [6], where: 

 

                                                        N = ∑Nr/∑Np                                                                                                (4) 

 

I = 1.04/rb
3
[ (rb – δ)3 + ( 3 Tb rb

3
 )/( Tb – Tu ) ln ( Tb/Tu)](5)  

 

Where (Nr&Np) can be calculated from the balance of combustion equation as in the 

following equation: 

 

                    C3.3711H8.731+ (5.55375/Φ)[O2+ ((1- Ωoxg)/ Ωoxg) N2] =Products                         (6) 

  

The adiabatic flame temperature with oxygen enrichment was calculated by using a 

computer program of “Olikara&Borman” [7] after we done suitable modifications for 

this program. The modification includes the change in mole ratio of nitrogen to oxygen 

in the range (3.762 “air” to 0.001 " approximately pure oxygen"). This program 

considers the dissociation for 11 species (H, O, N, H2, O2, N2, OH, CO, NO, H2O and 

CO2) in the products of combustion. 
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Flame thickness, could be defined as the distance in which the first temperature rise 

occur until reach the maximum value (Tb). Blint’s correlation [8] was used in the 

present work for calculating flame thickness. 

 

                                                 δ = (2 λ/ ρu.Cp.SL)(Tb/Tu)
0.7                                                                               

(7)             

 

Thermo-physical properties are assumed to be constant values at specific temperature 

and evaluated at mean temperature “Tm = ( Tu + Tb ) /2 “ . [9] Used to calculate these 

properties. 

Zel’dovich Number, It is important parameter for laminar flames to describe the 

sensitivity of chemical reactions to the variation of the adiabatic flame temperature. 

Zel’dovich number is given by the following equation [10]:   

 

                                         Ze = (E/ 2 Ru . Tb
2
)(Tb-Tu)                                                             (8)            

 

  The activation temperature (E/Ru) can be derive from the linear plot of experimental 

results (2ln(ρuSL)) against (1/Tb) directly . 

 

5. Results and Discussions 
 

Fig. (2) Shows the variation of adiabatic flame temperatures of (ILPG – O2 – N2) 

flames with equivalence ratios and different oxygen enrichment levels. It can be 

observed that the flame temperature increases with the increment of the equivalence 

ratio on the weak side of the mixture till it reaches the maximum value at (Φ=1.1). 

Afterwards it starts to decrease on the rich side of the mixture with increment of 

equivalence ratio. This is due to the relation between the heat of combustion and the 

heat capacity of the products, where both of these decline when the equivalence ratio 

exceeds unity, but the heat capacity decreases slightly faster than heat of combustion 

between Φ=1 and the peak rich mixture .Moreover the increasing of oxygen in the 

mixture produces an increment in the flame temperature by increasing the heat capacity 

of the mixture [11].                                                                                            

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. (2): Adiabatic flame temperature (Tb) vs. equivalence ratio at different oxygen 

enrichment levels 

 



Journal of Engineering and Sustainable Development Vol. 20, No. 05, September 2016                                                                  www.jeasd.org (ISSN 2520-0917) 

                                                  

59 
 

The measured flame speed at different equivalence ratio and oxygen enrichment of 

(ILPG – O2 – N2) mixture was shown in Fig. (3). The variation of flame speed had the 

same trend of adiabatic flame temperature with equivalence ratios and oxygen 

enrichment levels. Increment the oxygen as the oxidizer will lead to increase the flame 

temperature and consequently the reaction rate, thus increasing the flame speed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The results of laminar burning velocity estimated according to equation (1) are 

shown in Fig. (4). The laminar burning velocity increases with increment oxygen levels 

as a result in reaction rate which is due to increase adiabatic flame temperature. The 

experimental results show that the maximum value for laminar burning velocity occur at 

equivalence ratio = 1.1, and the maximum increase percentage was (23.45%) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3): Flame speed (SF) vs. equivalence ratio at different oxygen enrichment levels 

 

 

Fig. (4): Laminar burning velocity (SL) vs equivalence ratio at different oxygen 
enrichment levels 
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Fig. (5) Illustrates the variations in mole ratio at different equivalence ratios (Φ) and 

at different oxygen enrichment levels. It can be observed from this figure that the mole 

ratio decreases with increase the equivalence ratio. The trend of variation in (N) with 

(Φ) is similar to the three oxygen enrichment levels. Increase oxygen enrichment level 

and equivalence ratio will decrease the number of moles of reactants and increase the 

number of moles of products; therefore mole ratio decreases. 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

Fig. (6) Shows the effect of equivalence ratio and oxygen enrichment on the flame 

thickness. Hence, the flame thickness have a U-shape dependence on equivalence ratio, 

where it decreases with increasing the equivalence ratio on the lean side of the mixture 

till reaching the minimum value at (Φ = 1.1). Afterwards, the flame thickness increases 

with increases the equivalence ratio on the rich side of the mixture. This is due to the 

relation among (δ), thermo-physical properties and laminar burning velocity (SL) which 

depends on the chemical reaction rate. When the chemical reaction rate increases, the 

flame temperature increases also, resulting in increment of burning velocity that leads to 

decrease the flame thickness and vice-versa. That is the flame thickness is inversely 

proportional to the chemical reaction rate, which represents the rate of liberating the 

combustion energy [12]. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (5): Mole ratio (N) vs. equivalence ratio at different oxygen enrichment levels 

 

Fig. (6): Flame thickness (δ) vs. equivalence ratio at different oxygen enrichment levels 
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Zel’dovich Number has the same trend of flame thickness as shown in Fig. (7). This 

is due to the inverse relationship between (Ze) and adiabatic flame temperature, where 

increasing oxygen concentration increasing adiabatic flame temperature which 

decreasing Zel’dovich number. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (8) Shows the comparison of the results of present work for case (ILPG - air) 

mixture with the published results which gives a good agreement between them. The 

slight differences in the values of burning velocity associated with the different 

techniques. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6. Conclusions 

a) The laminar flame speed and the burning velocity increase with increasing 

oxygen enrichment level. 

Fig. (7): Zel’dovich number (Ze) vs. equivalence ratio at different oxygen enrichment levels 

 

 

Fig. (8): Comparison of present results with the published results at Tu = 298 K and Pu = 1 atm. 
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b)  The experimental results in conditions of (ILPG – air) mixtures, give a good 

agreement with the available published results. 

c) Zel’dovich numbers and flame thickness are decrease with oxygen enrichment. 
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