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Quantitative Assessment of Burner Flame
Stability through Digital Image Processing

Weicheng Xu, Yong Yan, Fellow, IEEE, Gang Lu, Senior Member, IEEE, and Xiaojing Bai

Abstract—Flame stability is a well-known problem in the
power industry where low quality fuel is fired and
combustion conditions change rapidly. Unstable flames
often lead to lower combustion efficiency, higher pollutant
emissions, and other operational problems. Although there
are many methods available for flame monitoring and
characterisation, very few are suitable for flame stability
monitoring. This paper presents a method for the
guantification of flame stability by introducing a term
called flame stability index through digital imaging and
image processing. This index combines variability of several
characteristic parameters of a flame. The stability index of
a premixed methane-air flame for the equivalence ratio
ranging from 0.36 to 2.17 and methane-biomass flames for
ten biomass fuels is measured on a laboratory-scale
combustion test rig. For purpose of comparison the flame
stability is also measured in terms of oscillation frequency
and with two earlier methods. Results show that correlation
coefficient between the stability index and the oscillation
frequency is greater than 0.89, indicating that the stability
index characterises the flame stability. In addition, the
stability index is more sensitive to the variation in flame
stability than the oscillation frequency and its
guantification requires a shorter data length. The proposed
method outperforms the other two earlier methods,
although the latter also combines characteristic parameters
of the flame through summation or mean-square
calculation. Unlike the earlier methods, the stability index
determined using the proposed methods is capable of
qguantifying flame stability regardless of combustion
conditions.

Index Terms—Flame stability; Flame monitoring;
imaging; Image processing.

Digital

I. INTRODUCTION

ONITORING and characterising the stability of

various fuels fired flames in furnaces has become more
important than ever due to the recent trend of using a wide range
of biomass, biofuels, and low-ranking coals [1]. An unstable
flame can cause many combustion problems, such as furnace
vibration, low combustion efficiency, high NOx emissions, and
even flameouts [2]. In addition, the operation of power plants
must be flexible in order to accommodate the intermittency of
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fluctuating demand by the users and increasing levels of
renewable sources such as wind farms and solar stations. The
combustion process should be continuously optimized for a
range of fuels under variable load demand and flexible
operation conditions. It is therefore important to develop a
reliable and effective method for the online continuous
quantification of flame stability.

Flame stability is a broad concept largely relating to burner
structure [3], air-to-fuel ratio [3], ignitability of the fuel [4], and
velocity of the air-fuel mixture [5]. Significant research has
been conducted computationally and experimentally to
investigate the mechanism and characteristics of flame stability
through computational modelling, such as Euler simulation [6]
and large eddy simulation [7], and diagnostic observations
through the use of laser-induced fluorescence [8], infrared
absorption [9] and digital imaging [10]. Digital imaging has
been identified as one of the most effective approaches to
advanced flame monitoring in terms of system functionality,
operability, and cost-effectiveness [11]. With the advances in
imaging sensors and image processing algorithms, online
continuous quantitation of flame stability has become possible.
The methods currently available for assessing flame stability
through digital imaging are based on the determination of flame
characteristic parameters such as oscillation frequency [12],
characteristics of the root region [13], colour information [14],
and other parameters of flame images [15].

Flame oscillation frequency is a common indicator that has
been used to evaluate flame stability for some years. Huang et
al. [14] studied the relationship between the oscillation
frequency of a gaseous flame and the variations in the radiation
intensity of the flame images from a common visible-range
camera. Chimenti et al. [16] used a near-infrared camera to
record the images of a premixed hydrogen-air jet flame and
characterised flame stability in terms of oscillation frequency
of the geometric features of the flame. Lu et al. [17] determined
the stability of a coal-biomass flame by determining the
oscillation frequency of the radiation intensity of the flame from
a video stream. De Giorgi et al. [18] used a common visible-
range camera and a near-infrared camera to capture the flame
zones, respectively. The flame stability was characterised
through the analysis of the frequency and wavelet energy of the
pixel intensities in flame images. However, there are limitations
in these methods. It has been known for a long time that the
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flame oscillation frequency due to natural convection on
traditional laboratory burners lies typically between 7 and 15
Hz for many fuels fired in air at a pressure of 1 atm [18]. The
higher the oscillation frequency, the more stable the burner
flame [14]. This general rule is usually applied to assessing the
flame stability by comparing oscillation frequencies under the
same combustion conditions [14]. However, as the combustion
conditions change significantly, the same oscillation frequency
may represent different flame stabilities. Many factors such as
fuel type [19], chamber pressure [20] and burner configurations
[21] influence the oscillation frequency of a burner flame. In
summary, the oscillation frequency is not a reliable indicator
for flame stability in many cases, though it is useful under some
well-defined combustion conditions.

The root region of a flame is the primary reaction zone of a
combustion process in terms of energy conversion and emission
formation. The flame stability is thus often evaluated by
characterising the root region of the flame. Smart et al. [22]
analysed the oscillation frequency of the radiation intensity of
the root region of an oxy-fuel flame on a 0.5 MWth coal fired
combustion test rig. The oscillation frequency of the oxy-fuel
flame was observed in relation to the recycle ratio, total flow,
and total O, for pulverised coal. Pan et al. [13] assessed the
stability of a premixed methane-air flame by assessing whether
the flame root is attached to the burner outlet or not. The flame
stability was quantified by analysing the fluctuation of the
brightness of the root region. Samantaray et al. [23] analysed a
natural gas flame and a coal-biomass flame in a 500 kW
pulverised fuel fired pilot swirl combustor through image
processing. The flame stability was characterised in terms of
statistical and spectral features of the root region. However,
these studies have focused on the reflection of the flame
stability on the root region, but have ignored the information in
other parts of the flame. In other words, the flame stability
information from the root region does not reflect the full extent
of the flame stability.

Apart from the oscillation frequency of the whole flame and
the characteristics of the root region, some efforts have also
been made to assess the flame stability through statistical
analysis of the physical parameters of the flame such as its
colour and edges. Najarnikoo et al. [24] investigated the colour
characteristics of the flames in a cylindrical perforated burner
and analysed the variations of the flame stability with the
equivalence ratio. The flame stability is characterised by the
intersection of the intensity components of red and blue
channels in the flame images. Sun et al. [25,26] quantified the
stability of a heavy-oil fired flame by combining the colour
information of the flame in the HSI (Hue, Saturation, and
Intensity) space [25] and characteristic parameters such as
length, luminous region and brightness [26]. The impact of the
swirl vanes on the flame stability quantified using the
approaches in [25,26] was investigated. Matthes et al. [15] used
the variation rate of the edges of a pulverised coal flame to
characterise the flame stability. It must be pointed out that the
flame stability quantified in terms of geometric and luminous
characteristics of the flame depends significantly on the
installation position of the camera on the furnace and the quality

of the flame images.

The existing methods for quantifying flame stability
concentrate mainly on the usage of different characteristic
parameters in an isolated manner. Although they can work
under some specific conditions, they do not work well in other
conditions. This paper presents a comprehensive method for the
continuous and quantitative measurement of flame stability by
combining the variability of all the effective characteristic
parameters derived from flame images. A data processing
method is proposed concomitantly to acquire the effective
parameters and their variability which are closely associated
with flame stability. The acquisition of the effective parameters
and their combination for flame stability monitoring have never
been reported previously.

Il. METHODOLOGY

A. Overall strategy

Flame stability is generally reflected in the variability of a
range of characteristic parameters of the flame. The overall
strategy for the measurement of flame stability is illustrated in
Fig. 1. There are two main stages in the strategy, i.e., the
determination of flame parameters and quantification of flame
stability. In the first stage, all flame parameters, including
geometric, luminous, and thermodynamic parameters, be
identified and determined from the flame images. In the second
stage, the variability of the flame parameters are quantified by
determining their statistical characteristics. The parameters that
contain useful flame stability information are regarded as
effective parameters. The effective parameters are separated
into normal and abnormal categories according to a variability
scale. Then, the flame stability is determined through statistical
analysis of the normal and abnormal variability of the

parameters
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Fig. 1. Overall strategy for the quantification of flame stability.

B. Determination of flame parameters

It is a prerequisite to define and determine all the possible
flame parameters before quantifying the flame stability. The
digital images of a flame are normally captured using a digital
camera. Each flame image is normally a two-dimensional
projection of a three-dimensional flame on the imaging element
of the camera. A range of physical parameters of the flame,
which provide instantaneous information on the combustion
process, can be determined by processing the flame images
using appropriate digital image processing algorithms. The
parameters characterising a flame vary, depending upon various
factors such as the type of the furnace, physical location of the
viewing port, field-of-view of the imaging system etc. In the
present study, the flame parameters are classified into three
categories, i.e., geometric, luminous, and thermodynamic
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Table I. Flame parameters

Category Name Symbol Unit
Ignition point Lip mm
. Avrea of root region Avoot %
Geometric . R
parameters Spreading-angle as
Length L mm
Area A %
Luminous Brightness Bt %
parameters Nonuniformity NU¢ %
Max temperature Trmax °C
Thermodynamic Min temperature Trmin °C
parameters Mean temperature Tmean °C
Oscillation frequency F Hz

parameters, as listed in Table I. Since many of the parameters
were defined elsewhere [27, 28], only a brief introduction to
them is given here for the convenience of the reader. It is worth
noting that, since the spectra of a flame extend over a wide
range of wavelengths [24], the definitions of the parameters
may vary if the flame images are captured in different bands of
the spectra. The parameters presented here are specifically
defined for flame images in the visible range, which are more
readily available from common digital cameras than those in
other spectral bands such as hyperspectral and infrared cameras.
In principle, however, the methodology presented in this paper
is applicable to flame images in other spectral bands.

1) Geometric Parameters:

Geometric parameters represent the fundamental geometric
characteristics of the flame in its images. The definitions of the
geometrical parameters are illustrated in Fig. 2. Note that, in
view of the fact that burners in most practical furnaces are
horizontally arranged, a typical horizontal flame is illustrated
here. The definition and determination of the flame parameters
in other orientations are similar to those of a horizontal flame.

(a) Ignition point (Lip) represents the absolute distance
between the burner outlet and illuminating points Iy(iip, jip)
where the fuel is ignited in the flame front. Lj, is the minimum
distance from the burner outlet to the nearest illuminating point,
ie.,

L =Ky min(iy,) @)
where ijp is the location of the illuminating point at the flame
front. kimg is the scale factor which converts the physical
dimension from number of pixels to meters. A stable flame has
a steady flame front at which the heat lost and heat release of
the fuel are well balanced. The flame front is a three-
dimensional dynamic surface comprising all the ignition points.
The ignition points recorded in a flame image are the two-
dimensional projection of the flame front and are used here for
evaluating the stable state of the flame front. The ignition point
depends on the burner structure and fuel type and is only
available for a detached flame. For an attached flame where the
fuel is ignited inside the burner outlet, the ignition point is not
visible [29].

(b) Area of root region (Areor) is defined as the area of the
illuminating region in the root of the flame normalised to a
rectangular bounding box, which is located immediately
adjacent to the burner outlet, as shown in Fig. 2. Although the

Flame

Bounding
X

Burner
outlet

(i0s Jo)

Lfiips Jip)

A reot

" Ly

—

I
Fig. 2. The definitions of the geometrical parameters.

area of root region of a flame has been used for evaluating the
flame stability in [13], it is re-defined here for a wider
applicability. Aroot is determined from the following equation:

A =—= 3 Y By )x100% @

b i€Rror 1€Rr00t

where Ay is the total number of pixels in the bounding box. The
lengths of two horizonral lines of the box (Fig. 2) are equal to
the diameter of the burner outlet. The vertical line parallel to the
burner outlet is twice the diameter of the burner outlet. It should
be noted that the size of the bounding box must be adjusted for
special burners and fuels in order to encompass the flame front.
Rroot represents the luminous region in the box; Broa(i, j) equals
1 at (i, j) in Reot. The root region is the primary reaction zone
of a combustion process. In the root region, the heat release in
the reaction between the fuel and oxidizer is related to the flame
stability [30]. Non-uniformly distributed heat release may lead
to an unstable flame which is characterised by changes in the
root region characteristics, such as the brightness and area of
the root region. If the flame is extremely unstable, the root
detaches from the burner outlet and its area varies substantially
[31].

(c) Spreading-angle (os) is defined as the angle formed
between the two straight lines scribing from the burner outlet to
the outer edges of the flame, as shown in Fig. 2, i.e.,

180

k_
a =——ammn(—i—i

. J @

1+kKk,

where k; and k; are the gradients of the two straight lines,
respectively. The two lines are commonly asymmetrical about
the burner axis [32]. The variations in the spreading-angle are
associated with the changes in the local reaction rate across the
flame surface [33]. The spreading-angle is normally measurable
in turbulent jet flames, but not in some cases where the fitted
edges are in parallel or intersect at a point downstream of the
flame.

(d) Length (L) represents the absolute distance between the
burner outlet and the furthest illuminating point at the tip of the
flame. This point, (is, ja), is identified by searching the
illuminating points in the flame image along the burner axis.
The length of the flame is thus determined from

s
T
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L =Kyl (4)

The change in the length of a flame is related to the transient

convective flow induced by the vortices and the transition of the
stable state of the flame [34].

(e) Area (A) is a measure of the cross-sectional area of the

luminous region with reference to the whole viewing field, i.e.,

> > B(i, j)*x100% (5)
Amage ieR; jeR¢

where B(i, j) is 1 at (i, j) in the luminous region (Ry) of the flame.

Aimage 1S the total number of pixels in the flame image. The

variation in A is related to the heat release rate which reflect the

stability of the flame [34].

2) Luminous Parameters:

All burner flames exhibit some form of optical radiative
emissions due to the nature of combustion process. Luminous
parameters of a flame represent its radiative heat transfer
characteristics in the electromagnetic spectrum. Two luminous
parameters, i.e., brightness and nonuniformity, are determined
from the greyscale images and used for evaluating the luminous
properties of the flame. The greyscale images are transformed
from the original images, i.e., [35]

I =0.30R+0.59G +0.11B (6)
where R, G, and B are red, green, and blue components in RGB
colour space, respectively. | is a weighted sum of the three
individual components in the RGB colour space and represents
the radiation intensity distribution of the flame.

(a) Brightness (Bs) is defined as the mean grey-level of the
luminous region normalised to the maximum grey-level, i.e.,
255 for an 8-bit digital image, i. e [27]

B, 255 > Z (is, Jo ) x100% (7)

igeR; jGER,
where G(ig, jc) is the grey-level at (ig, jc) in the luminous region
(Ry) of the flame (I). Bt ranges between 0 and 100%. A greater
value of Bs means a brighter flame.
(b) Nonuniformity (NUs) represents the relative deviation of
the luminous intensities of the ‘darker’ and ‘brighter’ parts of
the flame [27], i.e.,

> n(k)[B (-,

NU, == x100% ®)

N, B,

where n(k) is the number of pixels at the grey-level B(k) (0-255).

N, is the total number of pixels within the luminous region. NUs
ranges from 0-100 % with 0 % meaning the flame is completely
uniform in the luminous region.

3) Thermodynamic Parameters:

Thermodynamic  parameters represent the external
manifestation of the chemical reaction in a flame in terms of
heat release and oscillatory nature of the combustion process.
They include the temperature and oscillation frequency.

(a) Temperature (T) is one of the most important
characteristics of the flame. The variation in the temperature

distribution reflects the process of radiative heat transfer and is
closely related to flame stability [36]. The flame temperature
distribution can be determined from flame images through two-
colour pyrometry [37]. In the two-colour method, 2-D
temperature distribution of a flame, T(i, j), is derived from the
relationship between the flame intensities at two pre-defined
wavelengths based on the Planck radiation law [38], i.e.,

()= CZU[U O
FaDEn

where C; is the second Planck’s constant, (i, j) is the coordinate
in the luminous region (Ry), G[A1, (i, j)] and G[/2, (i, j)] are the
grey-levels of the flame images which are obtained at the two
pre-defined wavelengths, A1 and A, respectively, and S is the
instrument factor, which is obtained through calibration of the
imaging system [39]. In the case where RGB images are used,
A1 and 4, are the peak wavelengths of the red and green channels
of the flame images, respectively.

In order to characterise the flame temperature distribution,
three temperatures, i.e. maximum temperature (Tmax), minimum
temperature (Tmin), and mean temperature (Tmean) are defined as
follows,

T = Max{T (i, j)} (10)
Toin :min{T(i i)} (11)
T = Z > T(i ) (12)

p ieR; jeRg

It is worth noting that there are other techniques for flame
temperature measurement such as radiation method [39].
Variants of the two-colour method, e.g., three-colour methods
[40] are also available. Since the evaluation of flame stability is
based on the variability of the flame parameters, the actual
method used for flame temperature maurement is not critical in
flame stability quantification.

(b) Oscillation frequency (F) is determined as the power-
density weighted average frequency over the entire frequency
range of the flame signal [28], i.e.,

3]
Sh(t

where fi is the i frequency component in the frequency
spectrum, P(f) is the power density of the i frequency
component, and Nt is the total number of frequency components.
The flame signal here is obtained by processing the combined
luminous intensity of all the individual pixels within the
greylevel image of a flame (1) as a function of time.

Previous studies suggested that the low-frequency
components of a flame signal originate from the geometrical
fluctuations of the flame due to the aerodynamic or convective
effect, whilst high-frequency components may be due to the
energy transitions among intermediate radicals or variations in
the energy emission rate of reacting species [28]. However,

(13)



IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT

flame stability cannot be represented by a single oscillation
frequency as discussed in Section 1. The variation in the
oscillation frequency should be considered in the flame stability
assessment instead of the oscillation frequency itself.

C. Quantification of flame stability

1) Existing methods and their limitations

There are established methods for evaluating flame stability
through statistical analysis of flame parameters [25, 26]. One of
the methods combines the colour and geometric information of
the flame [25]. The flame information considered in the flame
stability quantification includes hue (H), saturation (S), and
intensity (I) of flame colour as well as the flame area. Their
statistical characteristics were assigned as My, Ms, M, Ch, Cs,
Ci, and A, My, Ms, where M and C denote the mean and contrast
of the individual H, S, and | components, respectively, A is the
flame area, which is derived from the | image and normalised
to the size of the image. In this method the flame stability index

is defined as
#(i) o () oo ()
o)

i=1

(14)

where ofi) is the standard dewation of the i" statistical
characteristic and ¢(i) represents the theoretical maximum of
ofi), i=1-7. wmp(i) is the weighting index for the it" statistical
characteristic. In the reported study [25] wmp(i)=2 was assigned
for all the characteristics, suggesting that all the characteristics
were taken as equally important, though different wiy(i) may be
assigned in principle. For convenience of presentation, we
regard this method as “multiplication method”.

The other method extracts information from RGB flame
images, including ignition points (maximum, minimum and
mean), length, luminous region, brightness, and nonuniformity
[26]. The flame stability index is defined as

5= Jé(—wﬁ(izf)’(i) xlOO%]

u(
where ofi) and u(i) are the standard deviation and mean of the
i flame parameter, respectively. wr(i) is the weighting for the
corresponding parameter and iWrs(i)z _1- Inview of the logic
i=1
used in combining the flame parameters, this method is
regarded as “root-square method” in this paper.

The two existing methods have limitations. First, it is
assumed in both methods that the weightings of the individual
flame parameters are the same, but this assumption may not be
valid in practice. A higher weighting should be given for the
parameter which is more sensitive to the change in flame
stability. Second, the flame parameters used in both cases may
only evaluate the flame stability under specific, narrow range
of combustion conditions, as reported in the references [25, 26].
Variations in combustion conditions may make the two
methods ineffective. In consideration of these limitations of the
existing methods, this paper proposes a new method in
quantifying flame stability by assigning different weightings to
the different flame parameters. The method is expected to
perform well under a wider range of combustion conditions.

(15)
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Fig. 3. Variations in the area of methane-air premixed flames at methane flow
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2) Variability of flame parameters

The variability characteristics of a parameter are reflected in
its observed variations with time. Take flame area as an
example, Fig. 3 shows the variations in the area (A) of methane-
air premixed flames with time. The flame video was recorded
using a colour CMOS camera on a laboratory-scale combustion
test rig. The detailed information about the rig and the flame is
described in Section III. It can be seen from Fig. 3 that the area
varies around a mean value within a range under each condition
due to the inherently dynamic nature of the flame. The dataset
follows the normal distribution for each combustion condition
(Fig. 4). The variability of the area varies clearly with the air
flow rate for a given methane flow rate, reflecting different
stable states of the flame. Such variability can be quantified by
the dispersion of the parameters from the mean, i.e.,

5, = 2xx100%
Hy

where oy and ux are the standard deviation and mean of the
parameter X, respectively.

(16)

3) Effectiveness of flame parameters

The variability of some parameters may not contain useful
information about the flame stability. In this case such
parameters are considered ineffective. They should be
identified and excluded in order to avoid their impact on
quantifying the flame stability. This can be done based on the
correlation analysis between the variability of the parameters
(&) and the oscillation frequency of the flame. The correlation
coefficient (CC) is calculated as,

5)(F-F)

ZNC(5x(u)
\/2.1 Sy ~ X) Z:\‘:Cl(Fi_E)Z

where & and F are the variability of the parameter x and
oscillation frequency in the i measurement, respectively, N is

cC a7
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the number of measurements in each measurement cycle,
and & and F denote the mean values of &g and Fi
respectively. A high correlation coefficient means that the
variability of a parameter shares a similar trend with the
oscillation frequency and thus contains useful information
about the flame stability. This parameter is thus considered as
an effective parameter. Otherwise, a parameter is regarded as
ineffective. An appropriate threshold for the correlation
coefficient has to be set to determine if a parameter is ‘effective’
or ‘ineffecive’, which is discussed in Section 4. Note that the
correlation coefficient is only used to suggest whether the
variability contains useful stability information. A higher
correlation coefficient does not mean that more useful
information is contained in the flame parameter.

4) Normal and abnormal variability

As described in Section 11.C(2), the dataset of a flame
parameter follows the normal distribution (Fig. 4). The values
lying in the range between + two standard deviations from the
mean with 95% confidence limits are defined as usual values.
Meanwhile, the values falling outside + two standard deviations
are defined as unusual values. The usual and unusual value are
processed to obtain the normal and abnormal variability,
respectively.

The normal variability is determined by the dispersion of the
usual values from their mean, i.e.,

6 - O-x—nor

X=nor (18)
X—nor

where ownor represents the degree of the variability of the
parameter X, and ox-nor aNd zixnor are the standard deviation and
mean of the usual values of the parameter X, respectively. The
normal variability reflects the most common and basic
characteristics of the flame. Thus, it is the basis for quantifying
the flame stability.

The abnormal variability is represented by an instability

coefficient and normal variability together, i.e.,
0, =C,9,

x—abnor X~ x—nor (19)
where Cy is the instability coefficient, which represents the
variability of the unusual values of the parameter x and is

defined as,

C)< _ X><—upper - Xx—lower (20)
ILlX—nOI'
where Xy-upper and Xx-1ower are determined as follows,
X X—upper = lux—upper - 20—)( (21)
X><—I0wer = lux—lower + 20)( (22)

where ziupper aNd ux-lower are the mean values of the unusual
values which are two standard deviations above and below the
mean (ux-nor), respectively, if the unusual values exist. Xx.upper
and Xxiower represent the extent to which the large and small
unusual values deviate from the mean (uxnor), respectively. The
abnormal variability of the flame in terms of characteristic
parameters are a manifestation of flame stability. A higher
instability coefficient should be applied to a parameter which
exhibits larger unusual values as this parameter is more

sensitive to the change in flame stability than the other effective
parameters. A parameter is considered as the most important
one in the flame stability evaluation if it has the most significant
variability and highest instability coefficient. The most
important parameter means that it reflects the flame stability
best under specific combustion conditions.

5) Flame stability index

The stability of a flame is manifested in the variability of
effective parameters. A term named flame stability index (5)
combines such information to quantify the flame stability and
is defined as,

1 N, (1+Cg ) ok
5= (N—egm Cx(i,)@(nj (23)
where N, is the number of effective parameters, x(i) is the i"
effective parameter, Cyq) and dxgy are the instability coefficient
and normal variability of x(i), respectively. Cr and Jr are the
instability coefficient and normal variability of the oscillation
frequency, respectively.

The variability of effective parameters contain useful
information about the flame stability. The integration of these
parameters is to reflect flame stability comprehensively in a
range of perspectives. The variability of the oscillation
frequency serving as the exponent in equation (23) increases the
sensitivity of the stability index to the change in the flame
stability. An increased 0 means that one or more parameters
vary substantially, i.e., the flame is unstable. The closer the
index to 0, the more stable the flame. Note that the flame
stability index has no theoretical upper limit due to different
limits that flame extinguishes under different combustion
conditions.

Unlike the multiplication or root-square methods [25, 26],
this proposed “weighted average” method can be used for flame
stability determination under a wider range of combustion
conditions. All possible flame parameters are extracted from
flame images and those effective ones are combined to
determine the flame stability. If combustion conditions change,
the effectiveness of all the flame parameters are re-determined.
Since only the effective parameters are combined, this method
can achieve good flame stability results under any combustion
conditions. The other advantage of this method over the two
existing ones [25, 26] is the use of uneven parameter weighting,
which is characterised by the instability coefficient, in the
combination of effective parameters. Further details about the
instability coefficient are given in Section 4.1.3. Moreover,
oscillation frequency is also incorporated in the flame stability
index, which is not considered in the existing methods [25, 26].

I1l. TEST CONDITIONS AND EXPERIMENTAL PROGRAMMES

A. Combustion test rigs

To evaluate the effectiveness of the proposed method, a
series of experiments were carried out on a laboratory-scale
combustion test rig. As shown in Fig. 5, the test rig consists of
an air compressor, a fuel tank, a flow rate controller, a biomass
feeder, a burner and a combustion chamber. The flow rates of
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Fig. 5. Schematic diagram of the laboratory-scale combustion test rig.

air and methane are metered and controlled using the flow rate
controller. The flame is ignited at the burner outlet in the
combustion chamber. The diameter of the burner outlet is 2.4
cm. A mesh screen is mounted across the burner outlet to
stabilise the flame. A CMOS camera with a resolution of
1280x1024 pixels was used to acquire flame images at a frame
rate of 250 frames per second. The shutter speed was 1/250
second. The distance between the camera lens and centre of the
burner outlet is 140 cm.

B. Experimental programmes

1) Methane-air premixed flames

Since methane is a good gaseous fuel with controllable flame
stability, the methane flame is used as a reference in this study
for the stability assessment of other fuels. Various equivalence
ratios were created to vary the stability of the methane flame.
The equivalence ratio @ is recognised as one of the most
important factors in relation to fuel conversion, pollutant
emissions, and flame stability [11], which is defined as [41]:

m. ., /m

— fuel air
(mfuel /mair )st

where Mrel/Mair and  (Mre/Mair)st  represent the actual and
stoichiometric ~ fuel-to-air  ratios,  respectively.  The
stoichiometric fuel-to-air ratio is the chemically correct fuel-to-
air ratio required for complete combustion of the fuel [41].
Different premixed flames are created by adjusting air flow
rates at a fixed fuel flow rate. In this study, the air flow rate was
varied over the range of 4-14 L/min with an increment of 1
L/min for three fixed methane flow rates of 0.5 L/min, 0.75
L/min, and 1.00 L/min, respectively. The resulted equivalence
ratio @ ranges from 0.36 to 2.17.

(24)

2) Biomass flames

Biomass fired power generation can significantly increase
the share of renewable energy sources and reduce CO;
emissions. To investigate the effectiveness of the stability index
in measuring the stability of biomass flames, a series of
experiments was also conducted on the test rig (Fig. 5).
Different kinds of biomass, i.e., peanut shell, willow, wheat
straw, corncob, and their blends as shown in Table II, were
injected into the pipeline feeding the burner using the biomass
feeder at 2 Hz. The mixture of the biomass, methane and air was

Corncob

Willow Whet straw

Peanut shell
Fig. 6. Images of the biomass particles.

then fired at the burner. The flow rates of air and methane were
set to 8.0 L/min and 0.5 L/min, respectively.

The proximate and ultimate analyses of the four biomass
fuels are summarised in Table I11. The volatile matters and fixed
carbon are combustible components. As can be seen, among the
four biomass fuels, the corncob and wheat straw are the most
combustible and less combustible fuels, respectively. Fig. 6
shows the images of the biomass particles with their
corresponding particle size and shape distributions summarized
in Table IV. These results were obtained using a digital
imaging-based particle size analyser (OMEC-LS-POP(9)) [42].
Table 1V indicates that, among the four types of biomass fuels,
peanut shell and wheat straw have the smallest and largest
particle sizes, respectively. The wheat straw and corncob have
the largest and smallest aspect ratios, respectively.

V. RESULTS AND DISCUSSION

A. Methane-air premixed flames

1) Effective flame parameters

Fig. 7 depicts the variations in the oscillation frequency of
the methane flame with the equivalence ratio. Each data point
in Fig. 7 is the mean of 20 repeated measurements. The standard
deviation of the 20 measurements is computed and given as an
error bar in Fig. 7. Each measurement includes 2048 successive
images. The trends of the data are fitted by the rational
polynomials [43] and plotted in Fig. 7. As can be seen from Fig.
7, the oscillation frequency increases with the equivalence ratio,
suggesting that the flame becomes more stable with an
increasing equivalence ratio. This result is consistent with the
conclusions from previous studies [44].

Table V summarises the correlation coefficient of the flame
parameters with flame oscillation frequency. Each flame
parameter in the table is the average of 20 measurements. In this
study, the flame parameter is considered ‘effective’ if the
correlation coefficient is above 0.8. This criterion is set due to
the fact that the correlation coefficient is far below 0.80 if the
variability contains little information about the flame stability.
Thus, the height, area, area of root region, maximum
temperature, minimum temperature, and mean temperature are
effective, and the brightness as well as nonuniformity are
ineffective.

Fig. 8 shows the variability of the eight flame parameters
with equivalence ratio. For the effective parameters, the
variability decrease with equivalence ratio. With a smaller
equivalence ratio (less than 0.8), the significant variability
suggest that the flame shape and temperature change
substantially, and the root is not attached to the burner outlet
stably. With a large equivalence ratio (larger than 1.2), the
flame is stable, and the variability are small. The stable state of
the flame is well characterised by these parameters. With regard
to the ineffective parameters (i.e., brightness and
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Table I1. Biomass fuels and their blends tested and their compositions by weight

Fuel Component
C50W50 50% Corncob + 50% Willow
C50P50 50% Corncob + 50% Peanut shell
C50S50 50% Corncob + 50% Wheat straw
W50P50 50% Willow + 50% Peanut shell
W50S50 50% Willow + 50% Wheat straw
P50S50 50% Peanut shell + 50% Wheat straw

P100 100% Peanut shell

W100 100% Willow

S100 100% Wheat straw

C100 100% Corncob

Table I11. Proximate and ultimate analysis of the biomass fuels (as received)

Parameter Peanut shell Willow Wheat straw Corncob
Proximate Analysis (wt%)
Moisture content 7.87 9.70 10.18 5.87
Volatile matter content 70.23 69.93 58.66 74.55
Ash content 421 3.22 17.58 1.34
Fixed carbon content 17.69 17.14 13.58 18.24
Ultimate analysis (wt%)
C 43.03 44.67 32.17 39.68
O 49.52 49.24 63.18 59.62
H 5.56 5.33 3.97 <0.1
S 0.51 0.56 0.43 0.51
N 1.37 0.20 0.26 0.19
Table IV. Size and shape distributions of the biomass fuels.
Parameter Peanut shell Willow Wheat straw Corncob
Particle shape Flake-like cylindrical Needle-like Near-spherical
Aspect ratio (longest diameter/shortest 1.68+0.75 3.28+0.74 4.14+1.76 145+0.12
diameter)
Particle size (um) (min-max) 23.72 - 317.69 74.02 - 391.77 81.25 - 463.54 93.41 - 393.65
Mean particle size (um) 171.27 213.27 243.97 230.78
= 15 - al
z — | Table V Correlation coefficients between the oscillation frequency and the
gt : variability of flame parameters.
211 Methane
£, flowrate L A Aot B NUi Tox  Tmin Toea
g (L/min)
fg 7 0.50 096 09 095 071 069 094 098 0.97
o s 4 o5 e e p o " . 0.75 0.88 090 081 073 066 095 0.85 0.84
Equivalence ratio 100 091 090 083 032 040 095 091 091
(2) 0.50 L/min methane flow rate nonuniformity), on the other hand, their variability increase first
gls and then decrease with the equivalence ratio. This is attributed
z ] to the change in the flame colour from blue to yellow as the
) significant variability stems from the alternating colours.
£ Note that the height and area exhibit a similar variation with
=} . . . . .
g equivalence ratio due to the combustion characteristics of the
E. laminar premixed flame. Since the flame area contains more

0.6 0.8 1.0 12 14 1.6
Equivalence ratio

(b) 0.75 L/min methane flow rate
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w
T
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(c) 1.00 L/min methane flow rate
Fig. 7. Variation in oscillation frequency with equivalence ratios.

e
=

spatial information than just the flame length, the variability of
the length is not incorporated in evaluating the flame stability.
Just like the area, since the mean temperature contains the
thermal information from the maximum and minimum
temperatures, only the variability of the mean temperature is
incorporated in the flame stability evaluation.

2) Instability coefficient of the effective parameters

Fig. 9 exhibits the dependence of instability coefficients on
the equivalence ratio for the area (A), area of the root region
(Aroot) and mean temperature of the flame (Trean). It can be seen
that the instability coefficients as well as corresponding
standard deviations decrease with the equivalence ratio. This
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Fig. 8. Variability of each parameter with equivalence ratio for 0.75 L/min
methane flow rate.
trend is attributed to the decreasing unusual values of the
parameters as the flame becomes stable. These coefficients
reflect the flame stability to a certain extent. Although the
instability coefficients present a decreasing trend, it does not
mean that the parameters become less sensitive to changes in
the flame stability. Such a comparison is only conducted
between the parameters under the same combustion conditions.
Figs. 8 and 9 demonstrates that the variability and instability
coefficient of the mean temperature (Tmean) are mostly higher
than those of the area (A) and area of the root region (Aroot)
across the range of equivalence ratios, indicating Tmean iS the
most important parameter. Figs. 8 and 9 also show that the
variability and instability coefficient of the area of the root
region increase rapidly near the lowest equivalent ratio. Since
the methane flame cannot suspend stably above the outlet under
the current combustion conditions, the irregular changes of the
root lead to significant variability and hence large instability
coefficients.

3) Flame stability index for different equivalence ratios

The stability index of methane flames with equivalence ratio,
which is determined using the proposed method in comparison
to the two reference methods (i.e., “multiplication” and “root-
square” methods), are depicted in Figs. 10, 11, and 12. As
shown in Figs. 10(a), 11(a) and 12(a), the proposed stability
index decreases with the equivalence ratio, which is similar
with the variation in the oscillation frequency. Their correlation
coefficients are 0.96, 0.89, and 0.95 for methane flow rates of
0.50 L/min, 0.75 L/min, and 1.00 L/min, respectively. This
result indicates that the proposed flame stability evaluation
method performs well.

As illustrated in Figs. 10(b), 11(b) and 12(b), although the
flame stability determined using the “multiplication” method
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;g mean
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2
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e #

0
06 08 10 12 14 16

Equivalence ratio
Fig. 9. Instability coefficients of the effective parameters for methane flow
rates of 0.75 L/min.
decreases with the equivalence ratio, there are some local
maxima and minima. These peaks should not appear due to the
gradually increasing equivalence ratio, as shown in the flame
stability results from the proposed method (Figs. 10(a), 11(a),
and 12(a)). Apart from the local peaks, the standard deviations
of the flame stability result from this reference method in the
form of error bars, are significant with reference to the means,
implying that incorrect flame stability evaluation could be made
with insufficient measurements. As demonstrated in Figs.
10(c), 11(c) and 12(c) as well as Fig. 8, the flame stability result
from the “root-square” method is heavily dependent upon the
variability of the brightness and nonuniformity, whereas these
two parameters are ineffective in the proposed method.

4) Comparison between the oscillation frequency and stability
index

Figs. 10(a), 11(a) and 12(a) reveal that the variation trend of
the flame stability index is consistent with that of the oscillation
frequency. Such a trend is also reflected in the relatively high
level of correlation coefficients (0.96, 0.89, and 0.95).
However, the data length may affect this trend. Figs. 13 and 14
present the oscillation frequency and stability index as well as
their standard deviations for different data lengths. The methane
flow rate is 0.75 L/min. Each data point in Figs. 13(a) and 14(a)
is the mean of 20 measurements. Note that in this case the
standard deviation is normalised to the range of the mean, and
the results are plotted on Figs. 13(b) and 14(b).

Fig. 13 illustrates that, as the data length is greater than 256,
the oscillation frequency exhibits a similar trend and the
normalised standard deviation falls a narrow range, suggesting
that the flame stability is well characterised. However, it is
evident in Fig. 14 that the stability index for the six data lengths
has more or less the same trend. This consistent flame stability
result is different from the oscillation frequency, regardless of
the data length. Moreover, the normalised standard deviation of
the stability index is much smaller than that of the oscillation
frequency. This means the flame stability index is more reliable
than the oscillation frequency. Besides, the stability index has
more sensitive response to the variation in the flame stability.
As the most stable flame changes to the most unstable one, the
oscillation frequency decreases by about 50%, while the
stability index increases by about 90%.

As mentioned above, the data length affects the
determination of the oscillation frequency. Such an effect
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originates from the increasing frequency resolution with a
higher data length. As the data length is shorter, i.e. lower
frequency resolution, the oscillation frequency spectrum is
determined by a fewer number of frequency components. In this
instance, the few frequency components as well as their
constantly changing amplitudes lead to a higher standard
deviation of the oscillation frequency. Additionally, unlike the
diffusion methane flame which has a dominant peak on its
power spectral density, a premixed flame has frequency
components spread over low and high frequency parts with a
range of amplitudes. With an increasing data length, the higher
frequency resolution makes the high amplitudes in the low-
frequency band have more significant influence on the
determination of the weighted oscillation frequency than the
low amplitudes in the high-frequency band, resulting in
decreased oscillation frequency (Fig. 13(a)). When the data
length is 512 or greater, due to the sufficient frequency
resolution, the oscillation frequency does not change
significantly with the data length and hence small standard
deviation.

As displayed in Fig. 14, the stability index results are
consistent for different data lengths.When the flame is unstable,
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Fig. 15. Typical images of ten biomass flames.
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Fig. 16. Variability of the brightness (Bf) and mean temperature (Tmean)-

a short data length may not contain sufficient information to
characterise the flame parameters. As a consequence, a subtle
difference may occur in the resulting stability index between
different data lengths, as denoted in Fig. 14(a). Nevertheless,
even with a relatively small data length, the stability index is
still consistently better than the oscillation frequency.

B. Biomass flames

1) Effective flame parameters

Fig. 15 depicts typical flame images of the ten biomass fuels.
The biomass particles, pneumatically conveyed to the burner,
combust at the flame root region and burn out at the flame tip
region, as can be seen in Fig. 15 (C50W50). The oscillation
frequency of each biomass flame and variability of each flame
parameter are obtained with 1024 successive images. Table VI
summarises the correlation coefficients of the flame
parameters. It is clear that the variability of the brightness and
mean temperature correlate well with the oscillation frequency.
These two parameters are considered effective and thus
incorporated in the flame stability evaluation. The reason for
these two effective parameters is that their variability are
closely related to the particle size. Since chemicals in the fuel
particles do not vary with their sizes, the combustion of smaller
particles yields similar levels of brightness and temperature and
hence the flames are of small variability in these two
parameters [45]. As summarised in Table 1V, the peanut shell
has the smallest range (23.72-317.69 um), and thus the peanut
shell flame has the smallest variability in the brightness and
mean temperature, as plotted in Fig. 16. By the same token, the
wheat straw has the widest particle size range (81.25 - 463.54
um), and thus the wheat straw flame has the most significant
variability in the brightness and mean temperature (Fig. 16).

On the contrary and as summarised in Table VI, the length,
area, area of the root region, nonuniformity, maximum and
minimum temperatures of the flames are considered to be
‘ineffective’. The length and area are strongly related to the

Table VI. Correlation coefficients between the oscillation frequency and the
variability of flame parameters.

Parameter L A Aroot B¢ NUr Tmax  Tmin Tmean

Correlation 35 503 014 085 026 021 042 088
coefficient

aerodynamics of the flame. However, the differences in the
flames of the ten biomass fuels are insignificant and thus their
flame stability is not reflected in the variability of the length and
area. Since all the flames are attached to the burner outlet stably,
the variability of the area of the root region does not contain
much flame stability information. The reason for the ineffective
nonuniformity, maximum and minimum temperatures is
similar. The nonuniformity is determined by the difference
between the light and dark regions, which should link to the
maximum and minimum temperatures, respectively. The light
and dark regions are believed to be due to a small number of
particles the sizes of which are relatively small and large,
respectively. These particles do not affect the flame stability
significantly due to the relatively small proportions, but do lead
to variability in the nonuniformity, maximum and minimum
temperatures.

2) Flame stability

Fig. 17 plots the oscillation frequency and stability index for
the flame of 10 biomass fuels. It is clear that the oscillation
frequency and stability index are consistent to each other, and
their correlation coefficient is 0.91, indicating that the stability
index represents well the stability of the biomass flames. The
stability index (Fig.17(b)) is superior to the oscillation
frequency in two folds. First, it is evident that the stability index
has smaller standard deviation than the oscillation frequency,
which is plotted as error bars in Fig.17, demonstrating more
reliable approach to flame stability assessment. Second, Fig.
17(a) as well as Figs. 7(a) and 10(a) show that the oscillation
frequency decreases by about 20% while the stability index
increases by about 50% as the biomass fuel addition to the
methane flame, manifesting deteriorating flame stability. The
change in the stability index of the biomass fuels is obviously
more significant, indicating a more sensitive response to flame
stability.

Fig. 17(b) shows that the stability of the wheat straw flame is
the worst amongst the four pure biomass fuels. This can be
explained by the fact that wheat straw is the least combustible
fuel in terms of chemical composition and particle shape
(Tables 3 and 4). In contrast, the peanut shell flame is most
stable due primarily to the fineness and small aspect ratio of the
particles of this fuel (Table IV).

The flame stability of the biomass blends is poorer than that
of the four pure biomass fuels. Further research is required to
study this phenomenon from a combustion science perspective.
Fig. 17(b) also shows that the flames of the three corncob blends,
i.e., with peanut shell (C50P50), willow (C50W50) and wheat
straw (C50S50) blends are the most, second, and worst stable,
respectively. This outcome is consistent with the comparison
between the flame stability results for the three individual
biomass fuels. This means a blended fuel flame is more stable
if the blend contains a fuel with better flame stability.
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Fig. 17. Flame stability represented in terms of oscillation frequency and
flame stability index for biomass fuels.

V. CONCLUSION

A novel method for quantitatively assessing burner flame
stability through digital imaging and image processing has been
proposed. Results obtained have demonstrated that, for the
premixed methane flame over the range of equivalence ratios
0.36 to 2.17 and biomass flames, the proposed method
characterises the flame stability. The correlation coefficients
between the proposed flame index and the oscillation frequency
are greater than 0.89. Experimental results have suggested that
a better flame stability result is achieved with the proposed
method than the two reference methods, i.e. “multiplication”
and “root-square” methods. Experimental results have also
demonstrated that, over the range of data lengths 64 to 2048,
the discrepancy in the results from the oscillation frequency is
significant whereas the stability index results are consistent,
indicating that the calculation for a reliable stability index
requires less data than the oscillation frequency.

The results have shown that the stability index yields a more
sensitive response than the oscillation frequency to changes in
flame stability. When the premixed methane flame changes
from the most stable state (large equivalence ratio) to the most
unstable one (small equivalence ratios), its oscillation
frequency decreases by about 50%, while its stability index
increases by about 90%. Meanwhile, the oscillation frequency
of the biomass flames decreases by about 20% whilst the
stability index increases by about 50%. The flame stability
index has been utilized to quantify the stability of biomass fuels
and their blends. It is found that the flame stability of the
blended biomass fuels is consistently poorer than that of the
individual pure biomass fuels. Moreover, a blended biomass
flame is stabler if the blend contains a fuel with better flame
stability.
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