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Abstract: This paper presents an experimental study of diffusion jet combustion of gas at different

flow rates of CH4–N2 and a constant flow rate of coal. Blow-off curves for a diffusion flame for

different nozzle diameters are obtained. It is shown that an increase in the the nozzle diameter

causes a decrease in the minimum residual flow rate of the fuel gas at which stable combustion

is possible. As coal is supplied, the residual flow rate of the fuel gas also becomes slightly lower.

The fluorescence of OH, which makes it possible to analyze the position and dynamics of the flame

front is recorded.
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INTRODUCTION

In the long term, coal remains one of the most important thermal power resources due to large world reserves

and competitive low prices [1]. In Russia, the development of electricity production from fossil fuels is largely associ-

ated with an increase in the efficiency of existing coal-fired power plants, also during coal gasification with synthesis

gas production [2]. At the same time, an important urgent task is to reduce the amount of harmful substances

formed, especially soot and NOx [3, 4]. This problem is solved by optimizing the flame combustion aerodynamics

in pulverized coal boilers in order to increase energy efficiency and reduce emissions into the environment.

The coal fuel flame combustion process was investigated using advanced diagnostic methods allowing for

noninvasive measurements of the velocity, composition, and temperature of gas and particle concentration with

further verification of computer models [5–7]. In [8], modern optical methods [laser Doppler velocimetry (LDV)

and OH planar laser-induced fluorescence (OH PLIF)], Mie scattering photographs, a pyrometer, and measurement

methods were used to profoundly examine the structure of a gas (methane) jet with combustion, containing coal

particles (the average particle size was 25 µm, and the average mass size was 33 µm). In [8], there were mean velocity

and particle diameter distributions, CO2 and O2 concentrations, and spatial correlations between the intensity

of an OH fluorescence signal and Mie scattering, and it was concluded in that study that the combustion reaction

occurred at the periphery of a cluster of sprayed coal particles in the upper flow region and penetrated into the cluster

if the combustion process proceeded downstream.

Combustion of pulverized coal in the flame of an axisymmetric turbulent jet is a relatively simple (from

the standpoint of the problem geometry) model for describing processes in the combustion chambers of real burners

with a more complex geometry. Nevertheless, in this formulation, the main physicochemical processes affecting
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Fig. 1. Schematic diagram of the testbed: (1) rotameter; (2) ejector;
(3) screw feeder; (4) smoke exhauster; (5) cyclone; (6) atmosphere.

the flame loss, the fuel burnout rate, and the formation of harmful emissions can be considered in detail. However,

the number of such paper is small. The turbulent combustion of a diffusion flame of a gas (propane) jet containing

fine (less than 150 µm) coal particles (anthracite, brown coal, and bituminous coal) and the CO2 and O2 temperature

and concentration distributions are given in [9]. It is established that, in the presence of coal particles, a heat flux

from a jet becomes more intense. At the same time, no significant effect of these particles on flame loss is revealed.

These papers are used to verify numerical modeling methods [10], but the results obtained are limited

by a small Reynolds number (Re = 2544), a fixed temperature, and the composition of a carrying phase.

Over the past 30 years, numerical modeling of the combustion of pulverized coal has been widely used for

designing and optimizing power plants of various types and for improving and providing feasibility of new meth-

ods [11]. Many numerical methods and models have been developed (see, e.g., [12–17]). The studies given in [11–17]

are supplemented by numerous experimental works carried out in laboratory and semi-industrial conditions [18–22].

However, there are practically no quantitative data in the literature on the characteristics of turbulent pulsations

of the dispersed phase and on the features of clustering in a flow with an inhomogeneous density due to combustion.

The goal of this study is to use modern methods of optical diagnostics of turbulent reacting flows to obtain

new experimental data on the dynamics of micromilling particles of coal fuel in a turbulent shear flow (jet) during

the combustion of a pulverized coal flame.

EXPERIMENTAL TESTBED AND THE MEASUREMENT PROCEDURE

The burner testbed is an open circuit connected to cylinders with combustible gas (methane) and transport

gas (nitrogen), whose flow rate is controlled by float rotameters. The schematic diagram of the device is shown

in Fig. 1, which also illustrates the connection of the nozzle unit to the fuel and transport lines.

The experimental testbed is equipped with nozzles of the same internal geometry. Nonswirling jet flows with

shock profiles at the nozzle cut are created using a bell-shaped Vitoshinskii nozzle having a preliminarily included

section with embedded perforated plates for adjusting the flow in front of the nozzle. Diameters d of the bell-

shaped nozzles used in the experiments are equal to 10, 15, and 23 mm. Coal is supplied by a screw feeder into

a transport gas (nitrogen) line. Before the beginning of the experiment, the coal feeder is calibrated. A stirred

mixture of propellant and nitrogen is fed into the nozzle. The stirring takes place in a long pipe (L2 = 500 mm and

d2 = 22 mm), and methane is supplied via a needle directed toward the flow.

Experiments are carried out using bituminous long-flame coal from the Kuznetsk deposit with the following

features and elemental composition: the mass fraction of water in an analytical sample is Wa = 2%, the ash content
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Fig. 2. Sieve residueR of the hot gas flow rate (curve) and the particle size distributionN (frequency
diagram) with the use of long-flame coal of the Kuztentsk deposit.

in a dry state is Ad = 21%, and the volatile yield is Vdaf = 41%; the mass fractions of carbon, hydrogen, oxygen,

nitrogen in a dry ash-free state are Cdaf = 74.5%, Hdaf = 4.9%, Odaf = 17.7%, and Ndaf = 2.2%, respectively;

the mass fraction of total sulfur in a dry state is Sdaf = 0.6%.

The spectral dimensions of coal particles are measured using an optical-digital method, a Levenhuk digital

microscope equipped with a built-in five-megapixel camera, and an image processing software package. It is estab-

lished that 50% of particles have a diameter d1 < 50 µm, and the rest of the particles are 50–100 µm (Fig. 2).

The experiments are carried out for the following values of the main parameters: the coal flow rate is 0.2 kg/h,

the N2 flow rate is 3.0–7.7 liters/min, the CH4 flow rate is 1.2–3.3 liters/min, and the temperature is 291 K. The flow

rates of N and CH4 are chosen so as to ensure that the coal particles are heated enough and that the velocity

of the carrier flow is sufficiently high for transporting the particles to the nozzle. In all the experiments, the coal

flow rate remains constant, and the feed system becomes clogged if the flow rate is increased.

The fluorescence of OH is recorded, which makes it possible to analyze the position and dynamics of the flame

front. The OH PLIF system consists of a tunable pulsed dye laser and a pulsed neodymium laser (pump YAG laser)

and an intensified chamber. A collimating optical device used to convert a laser beam into a laser sheet. A tunable

laser excites the fluorescence of OH during the transition Q1 (8) of band A2Σ ± X2Π (1–0). The average value of

pulse energy with a wavelength of 283 nm is approximately 12 mJ. The OH fluorescence intensity is recorded using

a video camera equipped with a UV lens and a bandpass optical filter (the transmission wavelength is 310±10 nm).

MEASUREMENT RESULTS

Figure 3a shows blow-off curves for the diffusion flame for different nozzle diameters. An increase in the nozzle

diameter reduces the minimum residue Re of the flow rate Q of fuel gas CH4 in the absence of coal supply in the

case where stable combustion is possible. A mild decrease in the residue is also observed in the case where the

nozzle diameter is 15 mm in the presence of coal supply.
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Fig. 3. (a) Flame blow-off curves in the absence of coal supply for
d = 10 (1), 15 (2), and 23 mm (4) and in the presence of coal supply for
d = 15 mm (3); (b, c) the characteristic photographs of the flame for a nozzle
diameter d = 15 mm in the absence and presence of coal supply, respectively,
at different instances.

For a nozzle diameter of 15 mm, Figs. 3b and 3c show the typical photographs of a flame during the diffusion

combustion of CH4 in the presence and absence of coal supply. It can be seen that no ignition of coal particles

is observed as coal is supplied near the base of the flame. Characteristic glow in the vicinity of the flame edge

at a distance of 50 mm from the nozzle is observed, with most particles burning in the diffusion layer. A coal flame

is significantly brighter than a pilot flame due to emission. The charcoal particles are shaped as strips because

of the long exposure time of the video camera.

Figure 4 shows the instantaneous distribution of the laser-induced OH fluorescence intensity in the case

of diffusion combustion of the CH4–N2 mixture (the intensity is normalized to a maximum value).

As the OH radical is formed during combustion in the flame front and also present in combustion products,

being in a state of thermal equilibrium with water, it can be assumed that the inner boundary (located closer

to the jet axis) of the presence region of the OH radical corresponds to the position of the flame front. The flame

front propagates in a direction opposite to the flow of the CH4–N2 mixture, partially mixed with ambient air due

to molecular and turbulent diffusion.
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Fig. 4. Instantaneous distribution of fluorescence intensity in the case of diffusion combustion of
the CH4–N2 mixture at flow rates Q = 2.0–4.7 (a) and 3.3–7.7 liters/min (b).

CONCLUSIONS

Modern optical methods are used to perform the experimental studies of the diffusion combustion of long-

flame coal from the Kuznetsk deposit in a CH4–N2 gas jet. For the shaped nozzles with diameters of 10, 15, and

23 mm, the limiting flow rates of the carrier gas for a diffusion flame are obtained. In the case with no coal supply,

with an increase in the flow rate of Re, and with a fixed flow rate of CH4, which exceeds the critical value, the flame

cannot stabilize near the nozzle and is carried away by the flow. In the presence of coal supply, the flame loss is

observed sooner. The coal particles are ignited at a distance of 50 mm from the nozzle.

The presented instantaneous distributions of the fluorescence intensity of the OH radical show that the flame

front is stabilized asymmetrically relative to the jet axis at a certain distance from the nozzle and experiences

pulsations near the flame stabilization point.

The testbed was modernized within the framework of the State Assignment of the Kutateladze Insti-

tute of Thermophysics of the Siberian Branch of the Russian Academy of Sciences. The experimental and

numerical studies were carried out with the financial support of the Russian Foundation for Basic Research

(Grant No. 19-08-00781).
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