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h i g h l i g h t s

� Pulverized coal addition to natural gas increases the radiation intensity.
� The natural gas flame front was lengthened by the addition of pulverized coal.
� Turbulence intensity had no significant effect on the radiation intensity.
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a b s t r a c t

This paper presents the experimental results of the addition (increasing thermal power) and substitution
(constant thermal power) of a sub-bituminous pulverized coal in a natural gas flame in a laboratory-scale
premixed burner. The analyzed variables include radiation intensity, temperature profile, and flame
shape. It was found that with the addition of 15% and 30% coal (energy based) into the natural gas flame,
the radiation intensity was increased by 37% and 65%, respectively. However, with the substitution of 15%
and 30% coal for methane (energy based), the radiation intensity was reduced by 10% and 61%, respec-
tively. Additionally, regarding the flame temperature, it was observed that 30% coal addition increased
temperature by approximately 5%, while 30% coal substitution led to a reduction in flame temperature
of 35%. Regarding flame shape, it was found that increased turbulence shortened the flame, while both
the addition and substitution of coal into a methane flame lengthened the reaction zone.

� 2017 Published by Elsevier Ltd.

1. Introduction

There is a growing concern over the preservation of the envi-
ronment from the adverse effects of atmospheric pollution coming
from the combustion of fossil fuels. These adverse effects include
global warming, acid rain, photo-chemical smog, and human respi-
ratory illnesses [1–3]. On the other hand, thermal energy is very
relevant in industrial processes, taking place in diverse situations
such as: productivity, quality of products, occupational health,
and pollutant emissions [4]. Therefore, the development of cleaner
and more efficient combustion systems is an important contributor
to the reduction of the above mentioned environmental problems.
As such, research into fossil fuel combustion is still of great interest
to the scientific community, in order to decrease its adverse effects
while allowing for its continued use.

In general, industry has a high demand for natural gas because
it is considered a relatively clean fossil fuel [5]. However, natural

gas flames have a low emissivity, which causes these kinds of
flames to have a low radiation intensity [6]. Therefore it would
be valuable to find a means to increase the radiation intensity of
natural gas flames, as it could improve their efficiency and increase
the rate of heat transfer.

Furthermore, due to uncertainty in the price and availability of
fossil fuels [7,8], it could be beneficial to develop combustion
systems that allow for the reliable and efficient combination of
various fuels with different characteristics. The adverse environ-
mental effects of the more contaminating fossil fuels, such as coal,
could diminish when combustion takes place simultaneously with
a relatively clean fuel, such as natural gas, if efficiency is found to
increase. Therefore, it is important to study the combustion behav-
ior of mixtures of fuels with different characteristics, e.g. natural
gas with pulverized coal. This is useful in the design of combustion
devices that burn both fuels simultaneously in a stable, efficient,
and safe manner.

Regarding previous studies on the behavior of mixtures of nat-
ural gas with pulverized coal, Pourhoseini and Moghiman [9] car-
ried out measurements in a laboratory scale cylindrical furnace,
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which had a length of 1000 mm and a maximum thermal power of
116 kW. They used a type-S thermocouple to measure the temper-
ature and a calibrated thermopile to measure the radiation. The
measurements were done at four axial distances from the burner.
Additionally, they measured the flame luminosity with a photo-
voltaic cell. The distribution of soot particles was observed in a
qualitative manner by means of a digital camera with an infrared
optical filter located in front of it. They concluded that the addition
of pulverized anthracite into a natural gas flame significantly
increases the radiation and the reaction zone volume. They attri-
bute this result to the emissivity of the pulverized coal and the
release of volatiles from the coal. Furthermore, found that if the
addition of anthracite is small, the change in the flame tempera-
ture is insignificant.

Liu et al. [10] studied the flame propagation of a pulverized
coal suspension (with variable concentration from 37.5 g/m3 to
320 g/m3) in a mixture of methane and air with an equivalence
ratio of 0.2 (outside the flammability limits). The suspension was
burnt in a vertical chamber with a height of 500 mm and a square
cross section with a side length of 80 mm. Ignition of the suspen-
sion was initiated at the bottom part of the chamber by means of
a spark. A sub-bituminous coal was used with an average particle
size of 54 lm. The study was carried out by means of a high speed
camera and a Schlieren optical system. It is highlighted that when
the mixture was just methane and air, combustion did not take
place. Additionally, when the mixture was just air and pulverized
coal (320 g/m3), without any methane, combustion did not take
place. This result is important as it gives some insight into the
combustion behavior of mixtures of pulverized coal, air, and
methane. Furthermore, this confirms that the ignitability of a
mixture of methane and pulverized coal is superior to that of either
component alone.

In a similar way, Rubtsov et al. [11] studied the ignition of pul-
verized coal suspensions in methane-air mixtures. They performed
their study in a quartz cylinder externally heated to a temperature
of 685 �C. The cylinder had a diameter of 36 mm and a length of
250 mm. They analyzed the combustion of three different coals
with 38%, 17%, and 8% volatiles, all of themwith an average particle
size less than 90 lm. Additionally, the pulverized coal concentra-
tion was 786 g/m3. In their study they used a high speed camera
in order to observe the ignition process, and used a spectrometer
in order to measure the emission spectra. They showed that igni-
tion is accelerated when coal particles are added to the methane-
air mixture at temperatures between 650 �C and 750 �C.

Elfeky et al. [12] used a specially designed burner to study the
co-combustion of bituminous pulverized coal and methane. In
their burner, the pulverized coal was axially injected with air from
a central nozzle, while a natural gas premixed multi-flame was
injected and burned transversely to the coal jet. They found that
coal combustion limits were extended and that there was a reduc-
tion in NOx emissions because a reduction zone was formed
between the multiple natural gas flames.

Tenappan and Gollahalli [13] studied the propagation velocity
of a turbulent natural gas-air premixed flame, adding three differ-
ent types of pulverized coal with an average particle size of 45 lm.
Their study was carried out in a long pipe of length 3680 mm and
inside diameter of 52.5 mm, where the flame was stabilized by
means of a V-gutter. A hot wire anemometer was used to measure
the radial velocity profile in the blower outlet. Two photodiodes
located at different axial positions were used to measure the defla-
gration velocity. Although the method used to measure the defla-
gration velocity is not fully trustable, they found that as the
Reynolds number increases, there is an increase in the deflagration
velocity as well. Additionally, they evaluated the deflagration
velocity dependence on coal concentration over the range of
10–80 g/m3, finding that it was greater when coal concentration

was lower, but in all cases the velocity was greater than in the base
case of no coal. Furthermore, they found that the deflagration
velocity increased when the volatile content of the coal was higher.

The aim of this paper is to report on the change in radiation
intensity with the addition and substitution of pulverized coal in
a natural gas premixed flame, as most authors have studied the
effect of the addition of coal without taking into account the
increase in power of the flame. The study was carried out in a lab-
oratory scale burner and the parameters studied include flame
shape, radiation intensity, temperature profile, and turbulence
intensity.

2. Experimental setup

The measurements were performed using a laboratory scale
premixed burner where a mixture of natural gas and air was
burned. The main details of the system used are shown in Fig. 1.
Combustion air was supplied by means of a blower, where the
air passed through an ejector. This was done in order to create a
low pressure zone where the pulverized coal could be added to
the air flow. The pulverized coal was fed by means of a high-
precision variable-speed screw feeder. The coal is entrained due
to the low pressure zone created by the ejector. Natural gas was
also added through a side port in the ejector, the natural gas flow
being measured by means of a rotameter. The mixture of natural
gas, air, and pulverized coal was then carried to the burner head,
where combustion took place. The air flow was kept constant at
11.3 S m3=h for all experimental conditions.

Before reaching the burner head, the gas-particle mixture was
passed through a perforated plate, as shown in Fig. 2, in order to
increase the turbulence intensity at the burner outlet. In order to
vary the turbulence intensity at the burner, three ducts with differ-
ent lengths were interchanged between the perforated plate and
the burner outlet. At the outlet, a premixed flame was generated
and stabilized by means of multiple natural gas pilot flames which
surrounded the premixed flame. In addition, a stream of cooling
water flowed through a pipe in the burner head, also shown in
Fig. 2.

A hot wire anemometer was used to measure the turbulence
intensity after the perforated plate. The hot wire probe was a
Dantec 55P11 connected to hold model 55H21 in module Dantec
MiniCTA 54T42 for signal conditioning. The probe of the
anemometer was located at the burner discharge, but the measure-
ment was performed without any coal or natural gas, just air, i.e.
without combustion taking place, like has been performed by
Kobayashi et al. [14], Kobayashi et al. [15], Tamadonfar and Gülder
[16], and Rockwell and Rangwala [17]. Turbulence measurements
were made with three ducts that were interchanged after the
perforated plate, which had lengths of 61 mm, 87 mm, and
140 mm. The average velocity, Reynolds Number, and turbulence
intensities are presented in Table 1.

In total, six different mixtures were analyzed. Three correspond
to a fixed total thermal power of 10 kW, based on low heating
value (LHV), where different degrees of pulverized coal substitu-
tion for methane gas were used. The percentages of substitution
evaluated were: 0%, 15%, and 30% coal, on an energy basis. The
equivalence ratio was held nearly constant, varying from 0.90 to
0.88 for 0% and 30% coal, respectively, signifying a 2.2% change in
the equivalence ratio over the sample range. The coal substitution
mixtures are denoted as CS1, CS2, and CS3, respectively, as can be
seen in Table 2.

For the remaining three mixtures evaluated, the total thermal
power was not kept constant; instead, the natural gas thermal
power, based on LHV, was held fixed at 10 kW with the equiva-
lence ratio based on just the natural gas kept constant at 0.9, and
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