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GAS FLAME STRUCTURE
AND OPTICAL ASSESSMENT OF THE FLAME
SPEED AND COMBUSTION EFFICIENCY

We perform the analysis of a prepared propane-butane flame structure, by using the computer
processing of the radiation from the chemical reaction zone. We mark out the stoichiometric
reaction along with the zones of the external oxidant inflow into the flame for different burner
diameters. We suggest a method of determining the normal flame speed based on catching the
moment of the complete fuel combustion in the upper part of a flame. We show a role of the
external oxidant inflow in the kinetic processes within the burning zone. The absolute value of
the normal component of the flame speed and its dependence on the burner diameter and on
the excess oxidant ratio for a prepared propane-butane flame are determined experimentally.
K e yw o r d s: propane-butane flame, flame structure, flame speed, ambient air, flame study.

1. Introduction

The study of the hydrocarbon fuels burning mecha-
nisms in order to increase the efficiency of their usage
is still a topical problem of the contemporary power
engineering, despite a rather long history of the pre-
mixed fuel combustion research. It began to attract
even more interest lately in context of the internal
combustion engines (ICE) development [1–3]. It is no
secret that the automotive industry faces a strong
pressure from the public to reduce vehicle emissions,
especially in the urban areas. The major challenges
for ICE science and engineering are the optimization
of combustion to improve the fuel economy, lower-
ing the pollutant emissions, and searching for new
alternative fuels [1, 4]. There are various approaches
to these problems, among them the study of different
diluents [2–5], biofuels [1, 2], particularly, enriched
with hydrogen [2, 3], soot formation and its subse-
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quent oxidation [6], etc. However, the primary goal of
any fundamental study of the combustion is to gain
a thorough understanding of the mechanisms of ig-
nition, species distribution, flame propagation, and
energy release of combustible mixtures [7].

When dealing with the technical implementation
of the combustion installations, one has to con-
sider the turbulent flows [8] and acoustic oscillations
[9, 10], which requires a special treatment. However,
the properties of laminar flames are generally believed
to be particularly good for the theory verification and
the better understanding of the whole combustion
process or its certain parameters [4, 7, 11–13]. This
is largely due to the possibility of precise fixation and
measurement of the most important flame proper-
ties, and the most important among them is surely
the laminar burning velocity (often simply referred
to as the flame speed). An accurate knowledge of this
property, together with the influence of other vari-
ables on it, is important for both the validation of
new kinetic models, and as an input to the calibra-
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Fig. 1. Experimental setup. 1 – gas vessel; 2, 6 – pipes; 3, 7 –
needle taps; 8, 4 – sets of rotameters, measuring the air and
gas flows, respectively; 5 – compressor; 9 – a set of nozzles of
different diameters; 10 – flame under study; 11 – video camera

tion of turbulent combustion and pollutant formation
[4, 6, 7, 12]. Of course, it is of no less importance for
such practical applications as internal combustion en-
gines operating at different pressures [4].

In light of the above cited, the normal flame speed
(𝑉𝑛) is also considered a major indicator of the com-
bustion efficiency, along with the maximum tempera-
ture. Therefore, numerous papers are devoted to the
development and application of various methods of
mixed fuel burning speed determination depending
on the conditions and properties of a fuel [1, 11–16].

In particular, paper [15] gives the results of exper-
imental measurements of the normal flame speed in
various combustible mixtures, but the authors do not
consider the influence of the external oxidant inflow
on the burning kinetics. In order to get more reliable
results, it is reasonable to use the laser methods which
have no impact on the burning kinetics, thus pro-
viding a more accurate determination of the burning
zone boundaries [17]. The form of the burning sur-
face must also be taken into account [18, 19]. The air
balance in the burning zone is especially important,
since it affects the flame structure, kinetics of all the
processes, and measured parameters [20, 21]. The au-
thors of [22] give the calculated data on the flame
speed for a number of typical gas mixtures under
the pressures up to 6000 atm and temperatures up
to 4000 K. They claim that the major contribution
to the flame speed comes from the initial tempera-
tures. In paper [23], a theoretical model for propane-

butane burning in the air atmosphere with a diffusion
burner is presented with the emphasis on burning
conditions and the flame structure. The authors of
[24] also conducted an experimental study of the lean
propane-butane mixtures with hydrogen additions in
combustion chambers with spark ignition. They used
the normal flame speed to actually estimate the im-
pact of hydrogen additions on the mixture burning.

The gas fuels best studied up to date are hydro-
gen and methane (which maintains its popularity as
a major component of the natural gas, among oth-
ers) [4, 5, 14]. These fuels are best presented in the
literature. However, more experimental and kinetic
model development studies are required for other fu-
els [11].

The propane-butane mixtures are also a popular
fuel in various industrial, automotive and household
applications, and often in the standardized propor-
tion (40% propane and 60% butane) [25–28].

So the aim of this paper is to study the structure
of a prepared propane-butane mixture flame utiliz-
ing the computer processing of the radiation from the
burning zone in order to reveal the impact of the ex-
ternal oxidant and the burner form on the value of
the normal flame speed.

2. Experiment

We used a setup shown in Fig. 1 in our experi-
ments. The setup includes the fuel and oxidant sup-
ply systems with the continuous monitoring of their
consumption, and a video camera for the flame ra-
diation capture. The setup design allows us to use
the replaceable nozzles with different diameters for
the burner, required for obtaining different shapes of
the flame. In order to guarantee the laminarity of the
mixture flow, the length of the nozzles was calculated
as 𝐿min = 0.03𝑑Re (Re is the Reynolds number, 𝑑
is the changeable nozzle diameter). We also used the
set of nozzles of 0.4 cm, 0.5 cm, 0.6 cm, 0.7 cm,
0.8 cm, 0.9 cm, and 1 cm in diameter (see Fig. 1). The
Reynolds number did not exceed 940 throughout the
experiment.

The fuel and oxidant supply system ensured their
uniform mixing and maintaining the laminar flow
through a burner. By changing the nozzles, we ob-
tained the flames of different sizes. The images of
flames were recorded with the Canon EOS 400D DIG-
ITAL camera with exposure time of 1/200 s. This
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camera has a 22.5×15 mm CMOS sensor reported to
have a solid response in the 420÷680 nm wavelength
range [29].

The equality of the burning conditions is ensured,
when the following requirements are met: a) the mea-
surements of the normal flame speed are performed,
when the closed inner cone of the flame is formed,
which is accompanied by the extinction of the yellow
glow from the condensed phase; this case is assumed
to correspond to the complete combustion of a fuel
in the upper part of the flame, and particularly, the
carbon particles (Fig. 2, a); b) along with point a),
the specific fuel rate 𝑈 should also be kept equal for
the burners of different diameters (𝑈 = 𝑄tot/𝑆burner,
where 𝑄tot is the combustible mixture flow mea-
sured with rotameters, 𝑆burner is the cross-section of
a changeable upright burner).

We study the burning of the open propane-butane
flame (40% propane, 60% butane) above the upright
burner with the forced supply of reactants (air as
an oxidant), surrounded by the air atmosphere un-
der normal conditions (temperature 20 ∘C, pressure
768 mm Hg). The simplified schematic diagram of the
experimental setup is shown in Fig. 1. The conditions
of the experiment were chosen similar to those de-
scribed in [20, 30].

The value of the normal flame speed 𝑉𝑛 was found
using the method suggested by us in [31, 32]. This
method allows one to determine both the total value
of 𝑉𝑛 for the entire flame, and its distribution along
the burning front.

Thus, the suggested method of experimental study
of the fuel combustion efficiency is based on the de-
termination of the normal flame speed with similar
arrangement of the combustible mixture flow. The
flame structure and the reached values of 𝑉𝑛 de-
pend on the burning process setup, namely on the
fuel preparation conditions (excess oxidant ratio, mix-
ture homogeneity, etc.) and the burning conditions
(burner diameter, combustible mixture flow, model
pipe diameter, etc).

3. Results and Discussion

A typical image of the Bunsen laminar flame
taken under the described conditions is shown in
Fig. 2, a. The spatial resolution of such images was
usually between 250 and 300 pixels/cm. With an ab-
solute measurement error of 3 pixels, it yields the
length error of about 0.01 cm.

Fig. 2. An example of the flame image taken under the condi-
tions described in the text (a); a digitally binarized monochro-
matic representation of the photographic image (a) with cer-
tain brightness threshold (b); 1 – inner cone of the Bunsen
flame; 2 – outer cone of the Bunsen flame; 3 – a separated
silhouette of the inner cone ready for the automated radius
measurements and further processing

The studied flame is a typical shaped Bunsen flame
consisting of two cones – the inner cone (zone 1 in
Fig. 2, a) and the outer cone (zone 2 in Fig. 2, a)
divided by a bright border – the burning front. The
heating and the pre-burning preparation of the com-
bustible mixture happen within the inner cone, while
the after-burning takes place in the outer cone.

According to the method [31], in order to determine
𝑉𝑛 from the flame images, we applied some digital
image processing first. We binarized the images with
certain brightness threshold basing on the sum of the
RGB channels. In this way, we obtained a silhouette
image of the inner cone bounded by the burning front
(zone 3 in Fig. 2, b). Next, by measuring the radius
𝑅 at each height, we calculated the lateral surface in
the conic frustum approximation.

We conducted the similar procedures for different
burner diameters under the conditions (a) and (b)
mentioned in the previous section. The resulting im-
ages are shown in Fig. 3.

As seen from this figure, with different diameters,
conditions (a) and (b) hold true at different oxidant-
to-fuel ratios. The dependences of the excess oxidant
ratio 𝛼 in the initial combustible mixture on the
burner diameter are shown in Fig. 4. The form of the
open propane-butane flames is determined by the in-
teraction of the fuel with the oxygen supplied from
two sources. The first source is the oxygen contained
in the initial combustible mixture coming from the
burner and controlled by the rotameter readings. The
second source is the oxygen from the ambient air, the
amount of which is determined by the suction from
outside. So, the introduced condition a) is fulfilled
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Fig. 3. Photographic images of the flames for the burners of different diameters

Fig. 4. Dependence of 𝛼 on the burner diameter

by the excess oxidant ratio 𝛼′ = 𝑄a.m.+𝑄a.n.

27.38𝑄𝑔
, where

𝑄𝑎.𝑚. is the amount of air in the initial mixture de-
termined with a rotameter, 𝑄a.n. is the amount of the
secondary (ambient) air, 𝑄𝑔 is the amount of a gas in
the initial mixture determined with a rotameter. So,
the value 𝛼′ is larger than 𝛼 of the initial mixture
𝛼 = 𝑄a.m.

27.38𝑄𝑔
calculated from the rotameter readings.

The value of 𝛼 and the uncertainty 𝜎𝛼 were esti-
mated from the expression:

𝛼 =
𝑎𝑄air

𝑏𝑄gas
± 𝜎𝛼, (1)

𝜎𝛼 =
𝑎

𝑏

√︃(︂
𝜎air

𝑄gas

)︂2
+

(︂
𝑄air𝜎gas

𝑄2
gas

)︂2
, (2)

where 𝑄air is the air flow rate, 𝑄gas is the gas flow
rate, 𝜎air ∼ 1 cm3s−1, 𝜎gas ∼ 0.025 cm3s−1 are the
uncertainties of the air and gas flows, respectively,
𝑎 = 0.21 is the portion of oxygen in the atmospheric
air, 𝑏 = 5.9 is the number of oxygen molecules re-
quired for the oxidation of an average molecule in

the propane+butane mixture (40% propane, 60% bu-
tane).

Apparently, in the case of 𝑈 = 150 cm/s, the ob-
tained dependence of 𝛼 on the diameter (correspond-
ing to the conditions (a) and (b), as before) may be
explained by the reducing role of the ambient air and
the necessity to compensate it with the primary air
in the initial combustible mixture.

In the case of 𝑈 = 90 cm/s, the duration 𝑡 (𝑡 = 𝑙/𝑈 ,
where 𝑙 is the flame height) of the pre-burning prepa-
ration of the selected elementary volume is greater
than in the case of 𝑈 = 150 cm/s, and the pre-
burning decomposition of the combustible mixture is
deeper. All this leads to an increase in the role of
kinetic reactions (near the burning front). Starting
from a certain diameter (0.6–1 cm), the energy gain
from the increased role of kinetic reactions grows,
which promotes a more complete combustion and
compensates a decrease of the secondary air amount.

The total flame speed 𝑉𝑛 was estimated from the
expression:

𝑉𝑛 =
𝑄air +𝑄gas

𝑆
, (3)

where 𝑆 is the optically measured area of the burning
front surface (see Fig. 2). As each mode of combus-
tion was photographed several times, the resultant
uncertainty may be estimated from the relation:

1

𝑁

√︁
𝜎2
𝑉 (meas) + 𝜎2

𝑉 (rand), (4)

where 𝑁 is a number of images for each combustion
mode, 𝜎𝑉 (rand) is the random 𝑉𝑛 error taking the Stu-
dent coefficient into account for the 95% confidence
interval; 𝜎𝑉 (meas) is the measurement error defined as

𝜎𝑉 (meas) =
√︁
(𝜎𝑄/𝑆)2 + (𝑄𝜎𝑆/𝑆2)2, (5)
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and, according to the experimental conditions and the
method [30],

𝜎𝑄 ≈ 𝜎air, 𝜎𝑆 =
√︀
𝐻 (2𝜋𝑅𝜎𝑅)2, (6)

where 𝐻 is the flame height in pixels, 𝑅 is the mean
radius of the corresponding flame, and 𝜎𝑅 is the linear
size measurement error equivalent to 3 pixels in the
image. A typical value of 𝜎𝑅 ∼ 0.01 cm.

The obtained dependences of the normal flame
speed on the nozzle diameter are shown in Fig. 5. The
quantity of interest is apparently significantly larger
than the measurement error, which confirms the ap-
plicability of the chosen optical approach. Just as for
the dependence of 𝛼 on the burner diameter, we con-
ducted the experiments for two different values of the
fuel rate 𝑈 : 𝑈1 = 150 cm/s and 𝑈2 = 90 cm/s. The
forms of the measured dependences happen to be al-
most identical. The relative supply of the ambient air
is large for small diameters, and the boundary of the
inner cone is located near the burning front. With
small diameters (0.4–0.5 cm), the gas at the inner
cone border burns at larger values of 𝛼 (because of
the outer air), and a layer with a reduced proportion
of the gas as compared with the value averaged over
the flame is formed. The impact of the outer air re-
duces with the diameter, and the flame speed reaches
larger values (at 0.6–0.7 cm). Starting with a certain
diameter, the role of the ambient air drops almost
entirely, and 𝑉𝑛 decreases (0.7–1 cm). Therefore, it
is not only the total amount of air participating in
the reaction that matters, but it is also the geometric
place of its supply.

The 𝑉𝑛 dependence on 𝛼 for the burners of differ-
ent diameters is shown in Fig. 6. The growth of 𝑉𝑛

with 𝛼 is observed for all the studied diameters. All
the curves reach the maximum at certain values of
𝛼, which depend on the specific mixture flow. For ex-
ample, for a diameter of 0.5 cm, the experiment con-
ditions predetermine a high specific mixture flow, a
small time in the flame, and a significant heat outflow.

As was noted in [33], under the rotating elec-
tric field due to the mixing intensification, the flame
height tends to decrease by 18–20%, while preserv-
ing the total emission of radiation at the wavelengths
of CH, C2, and OH radicals. In [20, 30], it was also
noted that the flame height may decrease with the
pulsating burning onset at some values of 𝛼, which is
accompanied by the higher temperature and combus-
tion completeness.

Fig. 5. 𝑉𝑛 dependence on the flame diameter

Fig. 6. 𝑉𝑛 dependence on 𝛼 for different diameters

In both cases (the electric action and the pulsating
burning), the processes taking place in a flame lead to
the extra mixing of reactants within the inner cone,
better pre-burning preparation, and increased kinetic
component of the reaction. This leads, in turn, to the
higher temperature and size of the heated zone inside
the inner cone.

The higher temperatures may be achieved, by ad-
justing the pre-mixed fuel in order to restructure the
flame geometry in such a way that the maximum tem-
peratures become higher [20,30], corresponding to the
higher electrical breakdown voltage at the same time
[20]. This corresponds to higher flame speeds in our
measurements and may be seen in Fig. 6.
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So, a decrease of the inner cone size, while main-
taining 𝛼 and the total mixture flow, indicates more
intense reactions, higher 𝑉𝑛, and the more efficient
combustion.

4. Summary and Conclusions

From the conducted experiment, we observe that, as
the burner diameter increases, the time for the ele-
mentary volume to stay within the flame increases,
which results in the better pre-burning preparation
and (as mentioned before) the increased role of the
kinetic reaction component. The values of 𝑉𝑛 also
increase. For a fixed diameter, the flame height de-
creases for greater 𝛼, just as in [31], so 𝑉𝑛 grows. Star-
ting at certain values of 𝛼, the 𝑉𝑛 dependence on 𝛼
reaches its maximum and then gradually falls till the
extinction, supported only by a more complete com-
bustion and the increased role of kinetic reactions.

The formation of the closed inner cone in the flame
is driven by two processes: the secondary (outer) air
supply to the flame, and the heat balance within the
inner cone volume. For the small diameters of the
burner (and consequently, the small inner cone), the
major part is the secondary air supply, which may
lead to the insufficient fuel at the burning front. The
linear size (and the total surface) of the burning front
may increase in this case, which would correspond to
smaller 𝑉𝑛.

For larger diameters, the inner cone structure is
determined by the processes within the central area
bounded by the burning front. The heat balance bet-
ween its diffuse outflow and the generation by burning
reactions shifts toward the heat accumulation within
the inner cone. This makes the heat zone larger and
the pre-burning preparation better – through the in-
creased role of the kinetic reactions in the flame.
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СТРУКТУРА ГАЗОВОГО ПОЛУМ’Я
I ОПТИЧНА ОЦIНКА ШВИДКОСТI ГОРIННЯ
ТА ЕФЕКТИВНОСТI СПАЛЮВАННЯ

Р е з ю м е

В роботi проведено аналiз структури попередньо пiдготов-
леного пропан-бутанового полум’я методом комп’ютерної
обробки випромiнювання зони хiмiчної реакцiї. Виявлено
областi стехiометричної реакцiї та пiдсмоктування зовнi-
шнього окисника у факелi при рiзних дiаметрах пальника.
Запропоновано методику визначення нормальної швидкостi
горiння, засновану на фiксацiї моменту повного згоряння
палива у верхнiй зонi факела. Показано роль пiдсмоктува-
ння зовнiшнього окисника в кiнетичних процесах у зонi го-
рiння. Експериментально визначено абсолютнi значення та
залежностi величин нормальної складової швидкостi горi-
ння попередньо пiдготовленого пропан-бутанового полум’я
в залежностi вiд дiаметра факела та коефiцiєнта надлишку
окисника в пальнiй сумiшi.
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