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a b s t r a c t

This study discusses the design of a new experimental platform, the Hybrid Flame Analyzer (HFA) to mea-
sure burning velocity of gas, dust, and hybrid (gas and dust) premixed flames. The HFA is used to analyze
a particle–gas–air system of coal dust particles (75–90 lm and 106–120 lm) in a premixed CH4–air
(/g = 0.8, 1.0 and 1.2) flame. Experimental results show that particles usually increase the turbulent burn-
ing velocity. Smaller particle sizes and larger concentrations (>50 g/m3) increase turbulent burning veloc-
ity compared with larger particle sizes and lower concentration ranges. The experimental data is used to
develop a correlation similar to turbulent gas flames to help modeling of the complex behavior.

� 2012 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Accidental dust deflagrations represent a hazard to both person-
nel and equipment, in industries that make, transport or use flam-
mable dusts. Table 1 [1] lists a few of the most recent industrial
explosions related to dusts. This study focuses on analyzing the risk
of such explosions and especially cases caused by mixtures of flam-
mable gases and dusts (hybrid fuels). This explosion often occurs in
coal mines which start with a methane air explosion and entrain
coal dust as the flame propagates down the mine gallery.

Hybrid flames have been studied by several researchers [2–9],
recently reviewed by Eckhoff [10]. Russo et al. [8] and Liu et al.
[9] injected a coal dust/methane mixture into a combustion cham-
ber followed by a central ignition. The flame front was visualized
using schlieren measurements recorded on a high-speed camera.
They found hybrid mixtures of coal dust-methane–air flames show
a lower flammability limit than coal dust-flames. The importance
of turbulent intensity was highlighted. However, accurate mea-
surement of turbulence was not achieved. Similar observations
are noted in most studies owing to the practical difficulties of mea-
suring turbulent intensities and length scales in a constant volume
explosion-sphere experiment. The current study uses a tube burner
similar to the design by Kobayashi et al. [11] to anchor a steady
turbulent particle–gas–air premixed flame. Pittsburgh Seam Coal
dust particles (75–90 and 106–120 lm) are used with equivalence
ratios of the CH4–air of /g = 0.8, 1, and 1.2. Proximate and ultimate
analysis of Pittsburg Seam Coal are reported elsewhere [12]. The

influence of particle interacting with a premixed flame at different
turbulent intensity levels is examined.

2. Experimental setup

Figure 1 shows a schematic of the experimental set up named
Hybrid Flame Analyzer (HFA). It is designed with the ability to con-
trol the, turbulent intensity (u0

rms), length scale (l0), particle size
(dst), and concentration (kst) of dust particles to provide a measure
of the burning velocity of gas, dust, or hybrid flames.

The parts of the HFA are the dust feeder, the burner test section,
an optical system (shadowgraph) to analyze the turbulent flame
and an exhaust. The flame is fueled from a particle screw feeding
system, and a methane–air mixture via a mass flow controller.
The equivalence ratio (Ug) of the methane–air flame is maintained
atUg = 0.8, 1, and 1.2 to simulate fuel lean, stoichiometric, and fuel
rich premixed gas flames. For a given screw speed, the dust feeder
is calibrated by collecting the dust at the end of the tube. The col-
lected dust is weighed and a calibration curve is developed. As
shown in Fig. 1, a point source of light using a 480 watt projector
bulb is placed at the focal point of a biconvex lens (100 mm diam-
eter and 200 mm focal length). This creates a 100 mm diameter
test section of parallel light inside the combustion chamber. The
parallel light passes through the flame and through a second iden-
tical biconvex lens which lessens the diameter of the image. This
decrease makes the image small enough to fit on the sensor of a
digital single reflective lens camera with a 1–1 macro lens with
the focus set to infinity. To lessen the intensity of the coal dust
emissions, a short pass filter with a cutoff of 550 nm is placed in
front of the camera lens. The turbulent burning velocity is obtained
using the flame images.
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2.1. Combustion chamber

Figure 2 shows the details of the combustion chamber. The
external frame is made of aluminum (0.3 cm thick) with dimen-
sions 44 cm tall and 18 cmwide. Two of the walls are made of plate
glass for ease of imaging. Water for cooling the burner is injected
and removed through two adaptors as shown in Fig. 2. One side
of the combustion chamber is a door for easy access. The top of
the combustion chamber contains a fume hood to remove combus-
tion products.

2.2. Burner nozzle design

The HFA uses a cylindrical tube burner for burning velocity
measurement. Compared with an explosion sphere, turbulent
flame anchoring is possible for longer time duration simplifying
instrumentation and improving measurement accuracy. This is
important because turbulence measurement needs the use of
quantities from several time-averaged measurements.

At the top of the vertical feeder tube two different water cooled
nozzles, with internal diameters of 14.5 mm, are attached to the
top of the feeder tube. The first nozzle is a simple straight tube

Table 1
Recent incidents of industrial dust explosions [1].

Industry type Fuel Location Date Fatalities

Saw mill Wood dust Lakeland Mills sawmill in Prince George, Canada 2012 2
Saw mill Wood dust Babine Forest Products in Burns Lake, Canada 2012 2
Powder manufacturer Iron dust Hoeganaes Corporation, TN USA 2011 5 (3 Incidents)
Coal mine Methane & coal dust Upper Branch mine, West Virginia, USA 2010 29
Coal mine Methane & coal dust Pike River, New Zealand 2010 29
Sugar manufacturer Sugar dust Imperial Sugar, Port Wentworth, GA 2008 13
Coal mine Methane & coal dust KY, USA 2006 5
Plastics manufacturer Plastic dust North Carolina, USA 2003 8
Rubber recycling plant Rubber dust Rouse Polymerics International Inc., Vicksburg, MS 2002 5
Powerhouse Coal dust Ford Motor Company, Rouge Complex, Dearborn, MI 1999 6
Shell mold manufacturing Phenol formaldehyde resin Jahn Foundry, Springfield MA 1999 3

Fig. 1. Experimental setup – Hybrid Flame Analyzer (HFA).
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Fig. 2. Combustion chamber. Fig. 3. Turbulent burner nozzle.
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used for creating laminar flames. The second nozzle uses perfo-
rated plates to generate turbulence. It also has a methane-oxygen
annular pilot to anchor the turbulent flame.

The details of construction of the turbulent burner nozzle are
further illustrated in Fig. 3. The turbulent flame is anchored to
the burner nozzle using a methane oxygen pilot flame. A nylon per-
forated plate, movable within 10–30 mm from the nozzle exit pro-
duces turbulence. The blockage ratio of the plate equals 50%.
Turbulence intensity control is achieved by adjusting the distance
of the perforated plate from the burner exit and the flow velocity.
Liu et al. [13] and Roach [14] have shown this to be a reliable way
to vary turbulence intensities. Further details are available in Rock-
well [15].

The turbulence measurements are performed in cold flow with-
out a flame similar to Kobayashi et al. [11] using a hot-wire ane-
mometer at a sampling rate of 100 kHz. Combined air-methane
flow rates of 30, 35, and 40 lpm are used to create turbulent inten-
sities up to 0.532 m/s. Turbulent flow can be described using

u ¼ �uþ u0; ð1Þ
where u is the flow velocity, �u is the average flow velocity, and u0 is
the fluctuating component of the flow velocity. The turbulent inten-
sity is defined as the root mean square (RMS) of the turbulent fluc-
tuation in the u’ and is calculated using

u0
rms ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðu0

1Þ2 þ ðu0
2Þ2 þ . . .þ ðu0

nÞ2
n

s
: ð2Þ

The integral length scale l0 of the turbulence is calculated using [16]

l0 ¼ �u
Z 1

0
quðsÞds; ð3Þ

where �u is the average flow velocity and quðsÞ is the autocorrelation
of the velocity fluctuation. Table 2 shows the various flow parame-
ters measured.

2.3. Image analysis

The HFA uses a shadowgraph to determine the flame edge of the
premixed portion of the hybrid flame. For dust-flames the tech-
nique is valuable mainly because the flame edge cannot be cap-
tured directly as shown in Fig. 4 showing an example of visual
images taken of (a) a methane–air flame and (b) a hybrid flame
including coal dust. It is clear that the premixed flame edge cannot
be determined from visual images. Figure 5 shows shadowgraph
images of the same (a) a methane air only flame, and (b) a hybrid
flame including coal dust. The flame edges are clear in both cases
though in (b) contrast is slightly reduced due to emissions from
the coal.

3. Experimental results and analysis

3.1. Burning velocity

The calculation of the turbulent burning velocity in this work is
similar to Grover et al. [17] who averaged the measured flame
height for several images to determine the burning velocity of a
turbulent flame. The method uses,

ST ¼ �u sina; ð4Þ

to calculate the burning velocity where �u is the mean flow velocity
and a is the half angle of the right cone with a height equal to the
mean flame height.

Figure 6 depicts the procedure adopted. Figure 6a shows a sam-
ple shadowgraph image of a methane–air gas flame, with equiva-
lence ratio /g ¼ 0:8, and turbulent intensity u0

rms ¼ 0:185 m=s. The
subscript ‘‘g’’ in the equivalence ratio indicates a premixed gas-only
quantity. The subscript ‘‘st’’ indicates quantities related to a hybrid
mixture. Using a MATLAB program the image is cropped, the blue
channel is extracted, the intensity of the image is increased, and
the edge of the flame is selected by manually clicking along the
edge, shown as a blue line in Fig. 6b. The pixel locations are con-
verted to a distance with 1 pixel being equal to 0.043 mm. This pro-
cess is repeated 25 times (for 25 different images) and the location
of the flame edges are combined as shown in (d) and averaged as
shown in (e). The resulting curve is smoothed and the maximum
height of the fitted curve is used to calculate the half angle as
a ¼ tan�1 0:5d

h

� �
, where d is the internal diameter of the nozzle exit

and h is the mean flame height. Using this procedure, the calculated
burning velocities for turbulent methane–air flames match pub-
lished data as shown in the next section.

Table 2
Flow parameters.

Flow regime Flow rate
(lpm)

Flow velocity
(m/s)

u0
rms

(m/s)
l0
(mm)

Re

Turbulent 30 3 0.18 1.6 2802
35 3.5 0.33 1.4 3264
40 4 0.53 1.1 3736

Laminar 10 1 – – 926

Fig. 4. Visual images of burner flames (a) methane air only (/g ¼ 0:8,
u0
rms ¼ 0:532 m/s) (b) hybrid flame including coal dust (kst = 50 g/m3, dst = 75–

90 lm).

Fig. 5. Shadowgraph images of burner flame (a) methane air only (b) hybrid flame
including coal dust (kst = 50 g/m3, dst = 75–90 lm).
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3.2. Gas flames (validation study)

To validate the experimental apparatus and procedure the tur-
bulent methane–air flame data is compared with data from pub-
lished work by Kobayashi et al. [11] as shown in Fig. 7. The
turbulent burning velocity ST,g of a methane–air flame (/g ¼ 1) is
shown vs. turbulent intensity (u0

rms). Turbulence is generated using
a perforated plate (1 mm hole diameter, blockage ratio of 50%)
placed 30 mm below the exit of the nozzle similar to that used
by Kobayashi et al. [11]. Error bars, representing the uncertainty
in the measurement are one standard deviation of the burning
velocity (from 25 images).

Good agreement is observed between the two experimental
methods. Similar to Kobayashi et al.’s data the burning velocity in-
creases with turbulent intensity and eventually levels off with high
turbulent intensity. Note that Kobayashi et al. used the angle meth-
od (c.f. Fig. 3 on pg. 391 of [11]) to extract the turbulent burning
velocity from schlieren images of turbulent flames whereas this
study uses an alternative method similar to Grover et al. [17] pro-
viding similar results.

3.3. Turbulent combustion regimes

Flame images shown in Fig. 5a and b depict how the turbulence
influences the reaction zone of a flame. To understand the effect a
suitable starting point is to examine the fluid characteristics of the
system (cf. Peters [18], Turns [19]). To find out the regime in which
the current experiments exist a plot of u0rms

SL
vs. l0

dL
commonly referred

to as the Borghi diagram (Peters [18]) is shown in Fig. 8. The regime
of the current experiments is within the rectangular shaded region
shown in Fig. 8. For the low levels of turbulence created in this
work the testing mostly exists in the laminar-flamelet regime. This

flamelet regime is divided into the wrinkled and corrugated
subsections.

The discussion so far refers to turbulent gas-flames alone. Addi-
tional parameters will arise for turbulent dust-flames due to the
coupling between the condensed and gas phases. Crowe et al.
[20] have shown micron-sized particles influencing the turbulent
flow by: (1) displacement of the flow-field by flow around a dis-
persed phase element; (2) generation of wakes behind particles;
(3) dissipation of transfer of turbulence energy to the motion of
the dispersed phase; (4) modification of velocity gradients in the
carrier flow-field and change in turbulence generation; (5)
introduction of additional length scales which may influence the
turbulence dissipation; and (6) disturbance of flow because of
particle-particle interaction.

Considering fluid mechanics alone (no combustion), additional
length scales may also need to be considered. Gore and Crowe
[21] have shown that a parameter causing the turbulent intensity
to either decrease or increase because of particles in the flow
equals dst/lo, where, dst is the particle diameter and lo is the integral
length scale. When dst/lo is above � 0.07, the presence of particles
increases the turbulent intensity. In the current experiments, for
the 75–90 lm range, dst/lo varies between 0.06 and 0.08, while
for the 106–125 lm range, dst/lo varies between 0.07 and 0.11.
The particles therefore most likely increase the turbulent intensity
in the current experiments. Further, Crowe [22] has shown that the
increase in turbulent intensity becomes more pronounced as con-
centration of particles is increased (c.f. Fig. 3 in [22]).

Fig. 6. Turbulent flame image analysis.

Fig. 7. Turbulent burning velocity of a methane–air flame ((/g ¼ 1) vs. turbulent
intensity.

Fig. 8. Characteristic parametric relationships of premixed turbulent combustion.
Shaded area depicts current experimental regime.
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3.4. Effect of turbulence on burning velocity of a hybrid (dust-CH4–air)
flame

Figure 9a–f show measured turbulent burning velocity for
equivalence ratios and particle size ranges tested (kst represents
particle concentration). The laminar burning velocity of the dust-
flame (SL,st) is used to nondimensionalize the Y-axis. Laminar burn-
ing velocity results are reported in an earlier study by Xie et al.
[23]. The laminar burning velocity of the gas flame (SL,g) is used
to nondimensionalize the X-axis. The square connected symbols
in Fig. 9 represent the no dust case (CH4 – air mixture).

In general, Fig. 9 shows the turbulent burning velocity larger
than the laminar counter-part for every case studied. The turbulent
to laminar burning velocity ratio increases as the turbulent inten-
sity increases for all cases. In cases with smaller particle sizes
(dst ¼ 75� 90 lm), as the dust concentration increases beyond
75 g/m3, the ratio of turbulent to laminar flame velocity increases
significantly. This is mainly because of the effect of an increase in
the turbulence level caused by interacting particles, which also in-
creases with increased number of particles present at higher con-
centrations [22]. This enhances the overall heat and mass
transfer and as a result, the burning velocity increases. While the
increasing trend is observed for all three equivalence ratios tested,
it is highest for the fuel lean cases since there is also an increase in
the local equivalence ratio as discussed recently by Xie et al. [23].

Larger particle sizes ((dst ¼ 106� 125 lm) either enhance or
dissipate the turbulence. This is also dependent on the size distri-
bution of the particles (mean value of the particle diameter)).
Therefore, the combined effects of increase or decrease in the tur-
bulent intensity because of particle injection and the particle size
distribution cause a nearly random variation in these cases. How-
ever, in this case also, as the intensity increases, the ratio of turbu-
lent to laminar burning velocity increases. An increasing trend
with concentration of the dust is also observed, however, only at
the higher equivalence ratio of 1.2. Note that for a laminar case,
an increase in particle size reduces the laminar burning velocity
of a hybrid flame [23,24].

3.5. Correlation of turbulent burning velocity

To find a correlation for the affect of any particular turbulent
motion on the turbulent burning velocity a generalized correlation
of the form shown in Eq. (5) is used

ST;st
SL;st

¼ 1þ C
u0
rms

SL;st

� �n

; ð5Þ

where n is known as the bending exponent and C is a parameter
that contains the influence of the scale of turbulence. Figure 10
shows the turbulent burning velocity versus the turbulent intensity.
Using Eq. (5), two sets of C and n parameters are found based on fuel

Fig. 9. Turbulent burning velocity vs. turbulent intensity. ST = turbulent burning velocity and SL = laminar burning velocity. Subscript ‘‘st’’ denotes hybrid mixture and
subscript ‘‘g’’ denotes premixed gas quantity.
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lean or rich conditions. Two values of C are used because the vola-
tiles release by the dust in the lean phase boost the burning velocity
more than with higher equivalence ratios. For gas-phase equiva-
lence ratios less than one the best fit is observed for C = 2.2, and
n = 0.2 (dotted curve in Fig. 10). For equivalence ratios greater than
or equal to one, C = 1.7, and n = 0.2 (dashed curve in Fig. 10). The so-
lid curve in Fig. 10 depicts the gas-only case (Ug = 1) or in other
words it is the data presented earlier in Fig. 7. In this case, C = 1.6
and n = 0.3. Since most data-points lie above the solid curve, coal
dust particles generally tend to enhance the turbulent burning
velocity. For fuel rich flames (Ug = 1.2) shown by the triangular
symbols in Fig. 10 the turbulent burning velocity of the hybrid
dust-flame matches the turbulent burning velocity of a gas flame
at Ug = 1. However, this only happens at lower dust concentrations.
For higher concentrations (>50 g/m3) the presence of dust causes
the burning velocity to be higher than that of a stoichiometric gas
flame.

A similar plot can also be generated for the larger particle size
range tested (dst ¼ 106� 125 lm). In this case, C = 2.0 (fuel lean)
and C = 1.65 (fuel rich) while the exponent n remains the same
(n = 0.2). Thus, when particle size range increases a similar trend
is observed, although the percentage change in the value of C be-
tween fuel lean and fuel rich conditions is smaller when compared
with the smaller particle size ranges. This is mainly because of the
decrease in the pyrolysis rate of coal dust particles with an increase
in diameter.

4. Conclusions

This study develops a new apparatus called the Hybrid Flame
Analyzer (HFA) to study premixed turbulent dust-air flames. The
HFA is used to study the effect of coal particles on the burning
velocity of methane–air flames as a function of particle size, parti-
cle concentration, turbulent intensity, and gas phase equivalence
ratio. The main conclusions based on the experimental results are:

1. The turbulent burning velocity of methane–air flames increases
because of interaction with dust particles (Pittsburgh Seam
Coal, 75–90 and 106–120 lm) at turbulent intensities up to

0.532 m/s. The effect is observed for fuel lean, stoichiometric,
and rich methane–air flames. A likely reason for the effect is
the increase in turbulence level because of particle interaction
for cases when Ug P 1 and the combined effect of increase in
turbulence level and local promotion of equivalence ratio
because of released volatiles from coal dust for methane–air
equivalence ratio less than 1.

2. The turbulent burning velocity increases as particle size
decreases and dust concentration increases. This is because of
the increase in the turbulence level by particle interaction with
the turbulent flow, which also increases with increased number
of particles present at higher concentrations. This improves the
overall heat and mass transfer and the burning velocity
increases.

3. Particles interacting with a fuel lean methane–air flame (Ug < 1)
show the highest increase in the turbulent burning velocity
because of an increase in the local equivalence ratio caused
by the particle volatization.

4. An empirical correlation of the form ST;st
SL;st

¼ 1þ C u0rms
SL;st

� �n
; can cor-

relate the experimental data. The exponent n = 0.2. C = 2.2 (fuel
lean) and C = 1.7 (fuel rich).
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