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ABSTRACT

In this article, the flame speed values determined experimentally for laminar premixed flames of the 
vapors of two biofuels in air are presented. The laminar flame speed is a fundamental thermochemical 
property of fuels, and is essential for analyzing the flame propagation in practical devices, even those 

employing turbulent flames. The fuels obtained from transesterification of soy and canola oils are tested. 
Also, the diesel flames are studied to serve as a baseline for comparison. The experiments are performed 
with a tubular burner; pre-vaporized fuel is mixed with hot air and is ignited. The flame speed is determined 
at fuel-equivalence ratios of 1; 1,1 and 1,2 by recording the geometry of the flame. The experimental results 
show that the flame speed of biofuels is lower by about 15% than that of diesel. Also, the maximum value of 
flame speed is obtained at an equivalence ratio of approximately 1,1. 
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RESUMEN

En este artículo, se presentan los valores de la velocidad de llama determinada experimentalmente 
para llamas premezcladas de vapores de dos biocombustibles. La velocidad de llama laminar es una 
propiedad termodinámica fundamental de los combustibles, y es esencial para analizar la propagación 

de la llama en dispositivos prácticos, incluso en los que trabajan con llamas turbulentas. Los combustibles 
obtenidos mediante el proceso de transesterificación de soya y canola son probados. También, las llamas 
producidas por combustible diesel son estudiadas para servir de base de comparación. Los experimentos 
son desarrollados en un quemador tubular, donde combustible pre-vaporizado mezclado con aire caliente 
es encendido. La velocidad de llama es determinada mediante un análisis geométrico a factores de aire 
(relación aire combustible) de 1; 1,1 y 1,2. Los resultados experimentales muestran que las velocidades de 
llama de los biocombustibles son alrededor de 15% más bajas de las del diesel. También que el máximo 
valor de velocidad de llama es encontrado cuando el factor de aire es de 1,1. 

Palabras clave: Combustión, Biodiesel, Factor de aire, Velocidad de llama laminar, Soya, Canola, Biocombustibles, 
Aceites vegetales, Transesterificación. 

RESUMO

Neste artigo, apresenta-se os valores da velocidade de chama determinada experimentalmente para 
chamas pré-misturadas de vapores de 2 biocombustíveis. A velocidade de chama laminar é uma 
propriedade termodinâmica fundamental dos combustíveis, e é essencial para analisar a propagação 

da chama em dispositivos práticos, incluso nos que trabalham com chamas turbulentas. Os combustíveis 
obtidos mediante o processo de transesterificação de soja e canola são provados. Também, as chamas 
produzidas por combustível diesel são estudadas para servir de base de comparação. Os experimentos 
são desenvolvidos em um queimador tubular, onde combustível pré-vaporizado misturado com ar quente 
é aceso. A velocidade de chama é determinada mediante uma análise geométrica a fatores de ar (relação 
ar combustível) de 1;1,1 e 1,2. Os resultados experimentais mostram que as velocidades de chama dos 
biocombustíveis são ao redor de 15% mais baixas que as de diesel. Também que o máximo valor de velo-
cidade de chama é encontrado quando o fator de ar é de 1,1. 

Palavras chave: Combustão, Biodiesel, Fator de ar, Velocidade de chama laminar, Soja, Canola, Biocombustíveis, Óleos 
vegetais, Transesterificação. 
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1. INTRODUCTION

Biofuels are derived from biomass, such as veg-
etable matter and animal fats. Biofuels include solid 
biomass, liquid fuels and various biogases. The cur-
rent biofuels include bioalcohols, biodiesels, and bio-
gases. Biodiesel is produced from oils or fats using 
transesterification and is a liquid with composition 
and properties somewhat similar to those of fossil/
mineral diesel; a major distinction is that biodiesel 
has oxygen in its molecular content and does not 
contain aromatics and cycloalkanes. Biodiesel can 
be used as a fuel in diesel engines in its pure form, 
but it is usually used as a diesel additive in different 
proportions to reduce emission levels of particulates, 
carbon monoxide, and hydrocarbons from diesel-
powered vehicles. 

Biofuels are gaining increased public and scientific 
attention, driven by factors such as oil price spikes, 
the need for increased energy security and concern 
over greenhouse gas emissions from fossil fuels. The 
compatibility of biofuels with petroleum fuels makes 
them an attractive candidate as an alternate fuel for use 
in transportation. There have been a number of studies 
on the performance of biofuels in engines. Schumacher 
et al. (2001) compared the performance of two diesel 
engines that were fueled with various blends of biofuel 
and petroleum diesel fuel. The results of this study 
were in agreement with those from previous studies 
on two and four stroke diesel engines; an increase in 
NOx emissions, accompanied by a decrease in CO, 
Particulate Matter (PM) and unburned hydrocarbons 
was observed. Canakci and Gerpen (2003) used pe-
troleum diesel, yellow grease biofuel and soybean oil 
biofuel in a four–cylinder turbocharged diesel engine, 
at steady state engine operating conditions. The use of 
both biofuels resulted in significant reductions in PM, 
CO, and unburned hydrocarbons. Another study by 
Labeckas and Slavinskas (2006) showed the effects of 
Rapeseed Methyl Ester (RME) on the exhaust emis-
sions in a four-stroke, four-cylinder diesel engine. The 
engine was operated on neat RME and its 5; 10; 20 and 
35% blends with diesel fuel. An increase in NOx emis-
sions was observed with increasing engine speed; the 
result was attributed to the increased mass percentage 
of oxygen in the biofuel. 

In an effort to understand the combustion charac-
teristics of biofuels in a more fundamental manner, 
Love, Parthasarathy and Gollahalli (2009a) developed 
a method of rapidly measuring the flame properties of 
liquid fuels in a controlled laminar flame environment, 
thus eliminating some of the physical variables such as 
spray atomization, evaporation and turbulence that occur 
in an engine. The variation of pollutant emissions with 
fuel in this study agreed with those measured in engines. 

Using the same experimental set-up Love, Par-
thasarathy and Gollahalli (2009b) found that the fuel 
iodine number had a significant effect on the formation 
of NOx. In a companion study Love, Parthasarathy and 
Gollahalli (2011) observed that the mechanisms of NOx 
formation in these laminar flames changed with the 
injector exit equivalence ratio. 

While the nature of pollutant emission with the use of 
biofuels has been documented, there have been limited 
studies of laminar flame studies of biofuels. The laminar 
flame speed is a fundamental thermochemical property 
of fuels, and is essential for analyzing flame propaga-
tion, lift-off, and blowout. The laminar flame speed is 
dependent on the chemical composition of the fuel in 
addition to the pressure, temperature, and the air/fuel 
mixture ratio. Biofuels are produced from a variety of 
sources, such as vegetable oils and cellulose; therefore, 
documentation of the laminar flame speed of these fuels 
is important for developing models of biofuel combus-
tion. Chong and Hochgreb (2011) measured the laminar 
flame speeds of blends of Palm Methyl Ester (PME) and 
diesel and PME and Jet A. A jet-wall stagnation flame 
configuration was used and velocity measurements 
were made using Particle Image Velocimetry (PIV) at 
atmospheric pressure and a temperature of 470K. The 
flame velocity measurements were made at various 
strain rates and extrapolated to determine the laminar 
flame speed at zero strain rate. The laminar flame speed 
of PME was similar to that of diesel, but peaked at a 
slightly richer fuel/air mass ratio. The equality of the 
laminar flame speeds of the two fuels was attributed 
to the almost equal adiabatic flame temperatures of the 
two fuels. The presence of C-O bonds in the fuel was 
responsible for the shift of the maximum laminar flame 
speed to richer equivalence ratios. Wang, Feng, Egol-
foupolos and Tsotsis (2011) measured the laminar flame 



Figure 1. (a) Syringe pump. (b) Burner set-up.  
(c) Schematic representation of the experimental set-up. 
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speed of three model biodiesel fuels (methyl butanoate, 
methyl crotonoate and methyl decanoate) in a laminar 
counterflow burner at atmospheric pressure and a tem-
perature of 403K. The velocities at various stretch rates 
were measured using PIV and the laminar flame speed 
was obtained by extrapolating the measurements to zero 
stretch rate. It was found that the presence of the ester 
group had a retarding effect on the mixture reactivity, 
resulting in lower laminar flame speeds for the methyl 
butanoate/air flames compared to n-butane/air flames. 

The objective of this study is to document the 
laminar flame speeds of two biofuels: Soy Methyl Ester 
(SME) and Canola Methyl Ester (CME) and compare 
the measurements with those of diesel. The measure-
ments are made at atmospheric pressure, similar to 
previous studies. The laminar flame speed is obtained 
from the flame geometry documented in a Bunsen 
burner. The method is simple and eliminates the prob-
lems associated with the introduction of seed particles 
in the flow (for velocity measurements using PIV) and 
the uncertainties associated with the extrapolation of the 
measurements to zero stretch rates. For relative evalu-
ation of the laminar flames speeds of different fuels, 
this method is satisfactory. The experimental set-up and 
procedures are described next. 

2. EXPERIMENTAL SET-UP 
AND PROCEDURE

The simple, reliable, and well-established Bunsen 
flame method is used in this study to measure the flame 
speed. The set-up is similar to that used by Love et 
al. (2009a) in their laminar flame studies. The fuel/air 
mixture is passed through a vertical circular tube (9,5 
mm inner diameter and 178 mm long) and burned after 
exiting the tube. The liquid fuel is injected at a constant 
volume flow rate into a hot air stream using a syringe 
pump, Figure 1a. The air stream is pre-heated using heat-
ing tapes wrapped around the tube carrying the air flow, 
Figure 1b. The air is heated to 350oC ± 1oC, which is 
sufficiently high to vaporize the liquid fuel, without any 
coking. The liquid fuel is injected into the coflow air as 
small drops, which prevents the drops from hitting the hot 
wall before vaporization. This was verified by opening up 
the tubes and checking for any wall deposits after hours 
of operation. Moreover, the heated line is maintained 

at a temperature such that the partial pressure of the 
fuel is below the saturation pressure; this prevents any 
condensation of the fuel. The volume flow rate of air 
is monitored using a rotameter. 

The test bench used for the experimentation is shown 
in Figure 1c. The equivalence ratio is changed by alter-
ing the air flow rate, while keeping the fuel flow rate 
constant. The fuel/air mixture is ignited using a pilot 
flame, which is removed after ignition. The resulting 
flame is laminar, with properties dependent primarily 
on the fuel chemistry. Multiple pictures of the flame 
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Figure 2. Definitions of the upstream  
and downstream laminar flame speeds. 
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are taken using a still-picture camera with exposure 
settings between 1/30 and 1/40 s. 

A laminar conical flame, such as that illustrated in 
Figure 2, is obtained. The major difficulty in flame-
speed studies is that the flame front (reaction zone) can 
be rarely seen as planar, stationary and adiabatic, which 
is very important in the accuracy of the measurements. 
Usually, the upstream flow is non-uniform while the 

flame is also either propagating and/or curved. In Figure 
2, that the upstream unburned mixture approaches the 
flame front with velocity uu and at an angle αu. After 
passing through the flame, the flow is deflected and the 
burned mixture leaves the flame with velocity ub and at 
an angle αb. In this case, the laminar flame speed can 
be defined as the normal component of uu, pointed in 
the direction away from the flame. 

Several pictures are taken for each condition; the 
flame geometry is measured for each picture, and an 
average value for the flame height and the cone angle 
(based on at least eight measurements) is used to com-
pute the flame velocity using Equation 1. 

 (1)

Here Su is the flame speed, is the mass flow of the 
air-fuel mixture, Af is the area of the outer cone (com-
puted from the flame images) and ρu is the density of 
the air-fuel mix. The density of the air-fuel mixture 
is calculated using the individual densities and mole 
fractions and the temperature. The accuracy of this 
laminar-flame velocity measurement method was veri-
fied by measuring the flame speed of propane at room 
temperature and atmospheric pressure and comparing it 
with the values published in the literature (Turns, 2000). 

The fuels studied are Num. 2 diesel, SME, CME. 
The properties of the fuels are presented in Table 1. 
It is observed that the biofuels have oxygen present 
in the fuel molecule and have a slightly lower heating 
value than Num. 2 diesel. The biofuels have a lower 
heating value (by about 10%) and a higher viscosity 
than diesel. 

Table 1. Properties of Fuels Tested. 

Fuel Molecular Formula Density 
(kg/m3)

Boiling Point 
(oC )

Viscosity 
(cSt)

Heating Value 
(MJ/kg)

Num. 2 Diesel Fuel C16H34 850 150 - 350 4,61 at 25°C 42,6

CME C19H36O2 876 340 - 405 4,37 at 40°C 39,8

SME C18,8H34,6O2 879 351 - 405 4,34 at 40°C 39,7



=1,04 =1,1 =1,2

=1,0 =1,1 =1,2

=1,0 =1,1 =1,2
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Figure 3. Photographs of laminar flames of various fuels. (a) Diesel, 
(b) CME, (c) SME.

3. RESULTS

Typical pictures of the flames of the different fuels 
are presented in Figure 3 at different equivalence ratios 
(). The flames appear blue due to the predominance 
of the homogeneous gas-phase reactions at these con-
ditions. The flames are laminar with a well-defined 
conical shape. 

4. DISCUSSION 

The measured laminar flame velocities are pre-
sented in Table 2 and Figure 4. The laminar flame 
velocity of diesel of 128 cm/s at an equivalence ratio 
of 1,1 is high because of the initial high temperature 
(350oC) of the fuel-air mixture. Zhao et al. (2004) 
measured a laminar flame velocity of 95 cm/s for 
n-decane at an initial temperature of 500K and an 
equivalence ratio of 1,1. Chong and Hochgreb (2011) 
measured a laminar flame speed of diesel using PIV 
of 86,7 cm/s at a temperature of 470K and 1 atm. 
Considering a temperature dependence of T1,5 for the 
laminar flame velocity, the predicted flame velocity 
of diesel at 623K using these values is 132,2 cm/s, 
which is within 3% of the measured value. Moreover, 
the n-decane flame velocity at an equivalence ratio 
of 1,1; predicted using the expression of Wagner and 
Dugger (1955) is 138 cm/s at 623K, which is within 
10% of the present measured value. Thus, the present 
diesel flame velocity measurements agree well with 
those provided in literature, lending confidence to the 
present measurement technique. 

The flame velocities of CME and SME are lower than 
that of diesel, by about 12-15% at all equivalence ratios. 

Table 2. Flame speeds of fuels tested at unburned gas temperature of 350oC and 1atm pressure. 

DIESEL CME SME

 Su (cm/s) Uncertainty* (%)  Su (cm/s) Uncertainty* (%)  Su (cm/s) Uncertainty* (%) 

1,04 125,8 1,2 1 106,8 1,8 1 93,9 1,9

1,1 128,5 1,3 1,1 110,5 1,7 1,1 107,5 1,5

1,2 116,3 1,5 1,2 104,2 1,4 1,2 106,4 1,4

Uncertainty* computed at 95%

(a)

(b)

(c)
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Figure 4. Change in laminar flame speed of CME, SME and diesel with 
equivalence ratio, at unburned gas temperature of 350oC and 1atm. 

Figure 5. Variation of flame height with equivalence ratio, at 
unburned gas temperature of 350oC and 1atm pressure. 

Table 3. Measured Flame Heights of Different Fuels at unburned gas temperature of 350oC and 1atm pressure. 

DIESEL CME SME

 h (cm) Uncertainty* (%)  h (cm) Uncertainty* (%)  h (cm) Uncertainty* (%) 

1,04 1,93 0,9 1 1,90 3,8 1 2,26 3,1

1,1 1,83 1,8 1,1 1,67 3,0 1,1 1,84 1,2

1,2 1,79 1,9 1,2 1,60 1,2 1,2 1,67 0,9

Uncertainty* computed at 95%

Both biofuels contain about the same mass percentage of 
oxygen (11%). The adiabatic flame temperatures of CME 
and SME are 2268K and 2266K, only slightly lower than 
that of diesel (2282K). The lower laminar flame speed 
of the biofuels is then attributed to the retarding of the 
mixture reactivity by the methyl ester group, confirmed 
by the observations of Wang et al. (2011). It must be 
noted that the present results are different from those of 
Chong and Hochgreb (2011) who found no difference 
in the laminar flame speeds of PME and diesel. The 
dependence of the laminar flame speed on the chemical 
composition of the biofuel and feed stock used in prepar-
ing it, is evident in these results. 

The peak flame velocity is not significantly different 
between the two biofuels, SME and CME. Although 
it seems surprising in view of the difference in iodine 
number between SME (141,6) and CME (110), it is un-
derstandable because the effect of unsaturation vanishes 
for large molecules containing more than eight carbon 
atoms (Kanury, 1975). SME contains more double 
bonds than CME, which results in different combustion 

characteristics, such as higher NOx emission than CME 
(Love et al., 2009b). 

For all the fuels, the burning velocity reached a 
maximum around a stoichiometric ratio of 1,1; similar 
to observations by Zhao et al. (2004). Since biofuels are 
normally used as blends with diesel, it is really important 
that flame speed obtained for biofuels is comparable to that 
of diesel. Measurements of laminar flame speeds of biofuel 
blends are needed to understand this dependence further. 

The measured flame heights are presented in Table 
3 and Figure 5. The flame height is important to under-
stand NOx production and residence-time calculations. 
Furthermore, the large differences in flame height could 
alter the levels of uncertainty in measurements of cone 
angle and consequently the measured values of flame 
velocity. The flame heights are comparable for all the 
fuels. The absence of large differences in flame height 
indicates that the errors introduced in measurement of 
laminar flame velocity due to the flame height are small, 
at least for relative comparisons. 
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5. CONCLUSIONS

●  In this study, the laminar flame speeds of pure CME and 
SME are measured and compared with those for diesel 
and various fuel-rich equivalence ratios. The flame 
speeds of these biofuels are lower than that of diesel 
by about 12 -15% at each equivalence ratio. The peak 
values of laminar flame speed of the tested biofuels are 
essentially the same. The laminar flame heights of all 
the three fuels are also of comparable magnitude. Thus, 
biofuels obtained from canola and soy oil have some 
diesel-like combustion properties, which make them 
attractive alternatives for petroleum diesel. 
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NOTATION

 Uu  Unburned air-fuel mixture velocity, cm/s
 Ub  Burned air-fuel mixture velocity, cm/s
 Su  Laminar flame speed unburned side, cm/s
 Sb  Laminar flame speed burned side, cm/s
	 αu  Unburned air-fuel mixture velocity angle
	 αb  Burned air-fuel mixture velocity angle
 m Mass flow of the air-fuel mixture, kg/s
	 ρu  Density of the air-fuel mixture, kg/cm3

 Af Superficial area of the outer cone, cm2

									 Equivalence ratio, %




