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Abstract: The effect of oxygen enrichment on the laminar flame speed of (butane — oxygen — nitrogen)
premixed mixture. The measurement system is designed to measure the laminar flame speed using a tube
— method and optical technique (photodiode).The laminar flame speed results were obtained at
atmospheric pressure, initial temperature 301K, three level of oxygen concentration (0.21, 0.23 & 0.25)
and equivalence ratio ( 0.6 — 1.4 ). All the measurements were carried out at pre-pressure period to use
“density ratio method” for the calculation of laminar burning velocity. The adiabatic flame temperature,
flame thickness and Zel’dovich number have been calculated theoretically. Validation of experimental
work is approved by comparison measured values of laminar burning velocity for (butane — air) mixtures
with the available published data. Good agreements are obtained in its comparison with the literature
results employed in the present work are successful and precise.
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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
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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 as:
the flame temperature increase significantly, the upper flammability limits increases, the
burning velocity increases, the ignition energy reduces, increased 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, for examples (Stephanie de Persis et al.)[3] &
(Konnov AA, Dyakov 1V) [4]. The present study introduce a new measurements of
laminar flame speed for fuel(butane)with oxygen enrichment , in addition to study the
variation of flame characteristics with increasing oxygen which include adiabatic flame
temperature, flame thickness and Zel’dovich number.

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 (butane, O, and N) inside the mixer
according to its partial pressure fraction relative to the total pressure of (3 bar). The
quantities of (butane, N, and O;) were regulated by pressure regulator.

3- A waiting time of (5 minutes) was then allowed to permit the (butane, N, and O,) 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=(py/pu). S¢ 1)
po/pu= (Tu/Tp). N.1 (2)

The flame speed (Sg) is calculated from experimental measurements as the following:
Se = AL/At ®)

The magnitudes of mole ratio and flame thickness factor have been calculated
according to the relations given by Andrews and Bradley [6], where:

N=YN/YN, (4)

= 1.04/r [ (ro—8)3+ (3 Tp o> M(Tp—Tu) In (TW/T)] (5)

Where (N, & Np) can be calculated from the balance of combustion equation as in the
following equation:

C4H10 + (65/(1)) [02 + ((1' Qoxg)/ Qoxg) Nz] =Products (6)

The adiabatic flame tem perature 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
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considers the dissociation for 11 species (H, O, N, H, O2, N2, OH, CO, NO, H,0 and
COy) in the products of combustion.

Flame thickness, could be defined as the distance in which the first temperature rise
occur until reach the maximum value (Ty). Blint’s correlation [8] was used in the
present work for calculating flame thickness.

8= (2N pu.Cp-S(TW/T*’ )

Thermo-physical properties are assumed to be constant values at specific
temperature and evaluated at mean temperature “Tm = ( Ty + Tp ) /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/2Ry. T)(To-To) ©))

The activation temperature (E/R,) can be derive from the linear plot of experimental
results (2In(p,Sy) against (1/Tb) directly.

5. Results and Discussions

Fig. (2) Shows the variation of adiabatic flame temperatures of (butane — O, — Ny)
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 (®=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 ®=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].
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Fig. (2): Adiabatic flame temperature vs. equivalence ratio at different oxygen enrichment
levels
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The measured flame speed at different equivalence ratio and oxygen enrichment of
(butane — O, — N,) 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.
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Fig. (3): Flame speed (Sr) vs. equivalence ratio at different oxygen enrichment
levels

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%).
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Fig. (4): Laminar burning velocity (S,) with equivalence ratio at different oxygen
enrichment levels
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Fig. (5) Hlustrates the variations in mole ratio at different equivalence ratios (®) 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
() 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.
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Fig. (5): Mole ratio (N) vs. equivalence ratio at different oxygen enrichment levels

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 (® = 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 (3), thermo-physical properties and laminar burning velocity (S.) 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].

21% 02 :79%
N2

1.55

1.3
1.05
0.8

0.55

Flame thickness (mm)

03 +— ey
0.5 0.7 0.9 1.1 13 1.5
Equivalance Ratio (@)

Fig.(6) : Flame thickness (6) 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 figure (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.
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Fig.(7) : Zel'dovich number (Ze) vs. equivalence ratio at different
oxygen enrichment levels

Fig. (8) Shows the comparison of the results of present work for case (butane - 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.
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Fig. (8): Comparison of present results with the published results
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6. Conclusions

1 - The laminar flame speed and the burning velocity increase with increasing oxygen
enrichment level.

2 - The experimental results in conditions of (butane — air) mixtures, give a good
agreement with the available published results.

3- Zel’dovich numbers and flame thickness are decrease with oxygen enrichment.

Abbreviations

Cp Specific heat at constant pressure (kJ/kg.K)

E/R, Activation temperature (K)

| Flame thickness factor

ILPG Iragi liquefied petroleum gas

N Mole ratio : the ratio of number of moles of reactants to that of products
Ny, N, Number of moles for product & reactant respectively

Py Initial pressure of mixture ( atm.)

Iy Flame radius ( mm)

Ry Universal gas constant ( kJ / kmol.K')

Sk Laminar flame speed (cm/ sec)

S. Laminar burning velocity (cm / sec)

Ty Burned ( or adiabatic ) gas temperature ( K)
Tm Mean temperature ( K)

Ty Unburned gas temperature ( K )

Ze Zel’dovich number

Flame thickness (mm)

A Thermal conductivity (J/m.s.K)

Po Burned gas density (kg /m?)

Pu Unburned gas density (kg / m®)

D, 0 Equivalence ratio

Qoxg Volume fraction of oxygen

AL Distance between two photodiodes (cm)

At Measured time between two photodiodes ( sec)
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