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The paper presents the process of peat burning in a swirl furnace with counter-
current swirl flows and the results of a numerical study. The cyclone-vortex tech-
nology of solid fuel combustion allows the furnace volume of a boiler unit, its di-
mensions and weight to be reduced. The aim of the work is a numerical study of
the combustion of pulverized peat in a cylindrical vortex furnace with counter-
current swirl flows. The results of computer simulation of the combustion of pul-
verized peat with a moisture content of 40%, an ash content of 6%, and a higher
heat of combustion Qji = 12.3 MJ/kg are presented. The results of the influence
of the design parameters of the furnace and heat load (from 100-15%) are given
as well. When the heat load is reduced to 15%, the entrainment of unburnt parti-
cles increases. The cooled and adiabatic furnace is studied. A significant en-
trainment of unburned particles is observed in a cooled furnace. The fields of
temperature distribution, gas velocity, and particle trajectory in the volume and
at the outlet of the furnace are determined. The 3-D temperature distribution in
the furnace volume indicates the combustion of peat particles at temperatures
(1300-1450 °C). Values of the tangential velocity of a swirl flow near the furnace
outlet reach 150-370 m/s, which ensures the efficiency of separation of fuel parti-
cles and a reduction in heat loss due to mechanical underburning (up to 0.06%).
The results of a numerical study show that the diameter of peat particles affects
the combustion process, namely coke of particles with an initial diameter from
25-250 um burns out by 96%, and particles with a diameter of about 1000 zm
are carried away from the furnace and do not burn. The furnace provides a com-
plete combustion of dust particles of peat by 99.8% and volatiles by 100%.
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Introduction

Peat is a renewable fossil fuel. Peat deposits in Western Europe are 51 million hec-
tares, in Asia — over 100 million hectares, in North America — over 18 million hectares. The
largest deposits of peat (billion tons) are in Canada — 170, Russia — 162, Indonesia — 78.5, and
USA - 36.3. In Ukraine 3118 peat deposits with geological reserves of about 2.2 billion tons
have been explored. The total area of deposits is about 3 million hectares, the balance reserves
of peat are about 735 million tons.

Modern technologies for the thermochemical conversion of peat are gasification and
pyrolysis.

The main disadvantage of gasification is the low calorific value of the produced gas
(QF = 1400 kcal/m® and the combustion temperature (about 1500 °C). Pyrolysis allows
gaseous, liquid and solid products to be obtained [1].

In the process of thermochemical processing of peat, many chemical reactions (ho-
mogeneous and heterogeneous) occur that determine the possibility of processing peat. New
peat gasification methods are currently being developed the energy of gaseous fuel during
pyrolysis being not more than 20% of the initial energy of peat.

Peat fuel production is in its infancy. Biofuel is not hygroscopic, has a high volumet-
ric calorific value which allows providing its transportation and storage. The total yield of
gaseous products is 0.34 m® per kg of initial dry product the calorific value being
Qff =11.7 MJ/kg (up to 15 MJ/kg). Therefore, the direction of burning peat in heating boilers
of small and medium power is being developed.

Increasing the efficiency of energy saving in heat supply systems is possible using
the low-grade solid-fuels, wood and coal waste [2, 3]. However, the grate furnaces of boilers
need modernizing for burning low-calorific solid fuels with high humidity and ash content
and polydisperse components [4]. The fluidized bed furnaces need to improve the particle
separation, that are carried out, and their return to the furnaces to finish the combustion [5].
Vortex furnaces are effective, but they are characterized with significant combustible losses
which require their modernization as well [6]. The main advantages of low temperature vortex
combustion technology include improved environmental indicators, stability of solid fuel
ignition and burning without inflammation by gas or fuel oil, usage of non-mill schemes of
fuel preparation. Low temperature vortex technology of solid-fuel combustion can be realized
in a traditional chamber furnace by modernizing it. The low temperature vortex technology
provides combustion of such solid fuels as: coal and brown coal, oil shales, peat, timber pro-
cess waste, and other types of biofuel.

Low temperature vortex technologies implemented in chamber furnaces use the
principle of low temperature solid-fuel combustion within the conditions of multiple circula-
tion of particles in a chamber furnace. In chamber furnaces, two combustion zones are per-
formed: vortex and direct-flow. In the furnace the active combustion zone occupies a signifi-
cant volume of the combustion space which allows reducing the maximum temperature in the
vortex furnace by 100-300 °C. Nevertheless, the volume of the furnace is high, that deter-
mines the size and the metal intensity of the boiler. In the chamber furnace which realizes a
disconnected vortex diagram of the furnace process, large swirls do not ensure the consistency
of the flow. The cyclonic-vortex technology of solid-fuel combustion allows reducing the
furnace volume of the boiler, its size and mass. Intensive mixing of fuel and air particles in a
swirl flow ensures intensive heat and mass exchange and fuel combustion. For boilers with a
thermal capacity of less than 30 MW, it is difficult to organize low temperature vortex tech-
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nology. Therefore, the combustion of local fuel waste and biofuels in boilers of low power
(up to 3 MW) is of particular interest. The usage of the cyclonic-vortex technology as an ex-
tension furnace of a boiler for the combustion of liquid and gaseous fuels makes it possible to
place extension furnaces in the furnace cavity [6]. This technology for solid-fuel combustion
has not been studied enough.

In the process of the energy usage of fuels ash properties determine the technology
and combustion regime. The method of slag removal is determined by the temperature of the
normal liquid slag removal, t;, of gases in the lower part of the furnace. Temperature, t;, de-
pends on the iron content in the slag and the degree of its oxidation as well as the calcium
oxide content. Slag composition of peat is SiO® (25-40%), Al,O5 (5-30%), CaO (30-55%),
MgO (0-10%), Fe,0O3 (5-30%), FeO (0-30%) with the ratio SiO»/Al,05 = 1.33>1.2 being ful-
filled. For furnaces with liquid ash removal the ratio SiO,/Al,O3 should be more than 1.2 [7].
For peat ash the melting point is 1070-1200 °C. In single-shaft furnaces to obtain liquid slag
and remove it from the furnace, the bottom part of the furnace is made with a knuckle, sorting
a small volume for the combustion chamber and slag smelting chamber. Improving the frac-
tional composition of fuel particles by reducing the content of coarse fractions provides more
complete fuel combustion and the reduction of mechanical underburning losses, qa.

In the vortex furnace with swirl flows and one-way hinge there is the forced com-
bustion chamber for slag melting [8]. In the furnace the slag is up to 60%. The thermal stress
is 580-700 kW/m? in the combustion chamber and slag smelting chamber. The furnace is less
sensitive to the quality of the combustion when it is operated in variable conditions and under
reduced load. Further increase of the intensity of the combustion process in the liquid ash-
removal furnaces in a wide range of thermal charge is in double-chamber furnaces [8], cy-
clonic furnaces [9] and in furnaces with vertical extension furnaces [10]. The loss of heat
from the chemical incompleteness of combustion, gs, in the brown coal cyclone is gz = 0.5%
and the heat loss from combustible losses is g, = 0.2%. Thermal stress of the cyclone in ex-
tention furnaces) is 1300 kW/m?, in furnaces with vertical extension it is 760-870 kW/m? and
in double-chamber furnaces, 700-810 kW/m®. In cyclone furnaces ash in liquid form is up to
85-90%. Horizontal cyclones are not recommended for solid fuel combustion because of its
insufficiently stable, intensive and economical combustion.

Furnaces with vertical extention ensure combustion of coarse milling brown coal
dust with fractions up to 1000 microns. The thermal stress of the volume of the vertical cy-
clone is 1.1-1.4 MW/m?, the total thermal losses are g5 + g4 = 0.5%, the temperature of gases
is 1550-1600 °C. For boilers of thermal capacity from 4 to 30 MW the usage of high tempera-
ture fluidized bed technology is effective. However, high rates of gas flow require significant
size of the combustion volume, and multiple circulation of solid particles requires highly effi-
cient separation devices.

Vortex technology of solid fuel combustion in cyclone furnaces of pulverized-coal
boilers and the organization of tangential combustion in an upward vortex are studied in [11-13].

Using numerical methods, the basic characteristics of the BKZ-75 boiler with forced
partial stop of the coal dust supply through the burners are studied [14-16].

Numerical researches to study the influence of air-flow temperature and a fossil fuel
particle rate on sufficient conditions of ignition in a coal dust-air system are given [17].

The axisymmetric problem of heat and mass transfer processes in a coal particle-air
system was solved in a spherical co-ordinate. Mathematical model includes the system of
non-linear non-stationary differential equations in dimensionless variables and corresponding
initial and boundary conditions.
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The burning of lignite in atmospheric air enriched with oxygen is studied [18].

In this work, the oxygen-enriched combustion behaviour of indigenous lignite was
measured by a thermogravimetric analyser. Combustion tests were carried out in N,/O, at-
mosphere with an oxygen content ranging from 21 to 70 vol.%. The results indicated that the
relationship between calorific value per unit time and oxygen concentration fit the exponential
function exactly

A new processing scheme of plant raw materials is presented in [19], which includes
mechanical and chemical treatment of the plant raw materials and dividing the powder prod-
uct into particles and non-lignified tissues being rich in lignine and cellulose, respectively.

Technological and thermal schemes of biofuel combustion plants are studied in [20].
Theoretical background

Numerical studies of solid fuel combustion processes are performed in the works
[11-19, 21-25]. While making the mathematical description of physical and chemical process-
es in the furnace, the following basic assumptions are made in this work, namely the flow of
the carrier gas medium is 3-D, chemically reacting, quasistationary, incompressible, turbulent,
multicomponent; the rate of gas-phase chemical reactions is infinitely high; the gas mixture is
in a state of thermodynamic equilibrium; buoyancy, bulk viscosity and viscous heating are
neglected; peat particles are spherical, polydisperse; the volume occupied by the particles is
neglected; burning of peat particles includes the processes of evaporation and combustion of
volatiles and the burning of the coke residue; heat exchange by radiation is taken into account;
turbulence is isotropic; particles do not affect turbulence parameters; turbulent dispersion of
particles is taken into account. A dust-peat air mixture is modeled as a two-phase mixture
with the Euler description of the gas phase (a continuous medium) and the Lagrangian de-
scription of the movement of peat particles (a trajectory model). The phase interaction is taken
into account on the basis of the particle-source in the cell model [26], according to which the
presence of a particle in the flow manifests itself through additional sources in the equations
of conservation of the continuous phase. The instantaneous thermochemical state of the flow
is considered to be uniquely determined by the conservative scalar quantity, i.e. the dimen-
sionless Schwab-Zeldovich function, which has the meaning of the mass fraction of reduced
fuel. The interaction of chemical processes and turbulence is described statistically using the
probability distribution density function. Under the above assumptions, the behaviour of the
gas phase is described by a system of partial differential equations consisting of Reynolds-
averaged Navier-Stokes equations, two equations of the k-¢ type turbulence differential model
[27], conservation equations for the dimensionless Schwab-Zeldovich functions, f,, and for
pulsations of these functions g, = . [28] and the integro-differential equation of radiation
transfer [29-31]:
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The generation of kinematic energy of turbulence due to shear stresses is determined
by the formula:
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Equation (8) is written on the basis of the assumption of quasistationary, coherent
and isotropic radiation transfer [33]. The dimensionless Schwab-Zeldovich function is deter-
mined by the expression:

Z,-Z
fo=o 20 (15)
Z4r, ~Zq0
fi+f+fy=1 (16)

where Zq is the mass fraction of the element g, the indices F; and O refer to the primary fuel
and oxidizing agent, respectively. All thermochemical scalars ¢, (mass fractions of chemical
components, density and temperature) depend exclusively on f,:

G = ii% ( f, o, h) P ( f )dfldfz (17)

The system of egs. (1)-(7) is not closed. The connection between the variables p, T,
and p necessary for its closure is established by the equation of state of a mixture of ideal
gases:
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p=RpTY—- (18)
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To determine the source terms (mass, heat, momentum) S, in egs. (1) and (6), Sg in
eg. (2), and Sq in eg. (3), the model of interphase interaction is used, which is implemented by
alternately solving the dispersed and continuous phase equations until solutions to both phases
are established. The whole range of initial peat particle sizes is divided into a finite number of
discrete intervals; each represents an average diameter for which the trajectory and heat-and
mass exchange are calculated. Moreover, each simulated particle is a package of particles
with the same trajectories. The particle size distribution is described by the Rosin-Rammler
formula:
~(d/sdY’

Yy =€ (19)

Particle trajectories are modeled by integrating the equation of balance of forces act-
ing on the particle, balancing the inertia of the particle with the force of aerodynamic drag:

du; 3pC 2.
P PR _

To calculate Cg, the empirical function Cg (Rep) for a single sphere is used. The heat
and mass exchange of peat particles is described by three models: the heat exchange model of
an inert particle; a volatile yield model and a coke residue burnout model.

The model of heat exchange of an inert particle is applied until the particle tempera-
ture Tp does not exceed the volatile yield temperature T,. In this case, the particle temperature
is assumed to be constant in volume and varies in accordance with the heat balance deter-
mined:

dT
mpcpd—tp:asp(Tw ~Tp) (21)

The volatile yield model is used when the temperature of the peat particle reaches
the temperature of the volatile yield onset T, and remains valid until the particle mass mp ex-
ceeds the initial mass of non-volatile components in the particle: Tp = Tv; mp 2 (1 — fi,0)-Mpyo

The heat and mass exchange of a particle during the volatile yield is described:

a1, dm,
mpCpTzaSp(Tw —Tp)+Thv (22)
dm,
T =— fv‘ompvok (23)

The kinetic reaction rate is determined by the Arrhenius equation:

~(E/RT,)

k=Ae

This volatile yield model suggests that the rate of volatile yield primarily depends on
the amount of volatiles remaining in the particle [29].

The coke residue burnout model is applied at the end of the volatile release until the
entire coke residue burns out: (1 — f,,0 — fi )Mp,0 < My < (1 — 1, 0)Mp,0.

(24)
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This model of coke burnout suggests that the surface reaction rate is determined by
both kinetic and diffusion components. The heat and mass exchange of a particle during coke
residue burnout is described:

dT dm

p_ p
mpCpT—aSp(Tw —Tp)—thHu (25)
dm D,R
p 0
—_P_ s p 0 26
dt P72 by +R (26)
The coefficient of diffusion reaction rate is determined:
0.75
(Tp +T, J
2
p
The kinetic rate coefficient of the reaction is determined:
R = C,e (E/RT) (28)

After the entire coke residue burns out, the particle consists of an ash residue, and
the model of heat exchange of an inert particle is valid for it, eqg. (21). Discretization of the
initial PDE (1)-(7) is carried out by means of the control volume method using a first-order
accuracy scheme for approximating convective terms. The control volume method is also
used in [1-10, 14-16, 21-24]. The solution of the resulting systems of linear algebraic equa-
tions is solved by the Gauss-Seidel method using the SIMPLE algorithm [33]. Integro-
differential eq. (8) is solved by the method of spherical harmonics [30, 31, 33]. The system of
ODE (21)-(27) is integrated using the Runge-Kutta method. To calculate the conditions of
chemical equilibrium, an algorithm based on minimizing the Gibbs free energy is used.

The solution is found in the calculation area corresponding to the flow part of the
furnace. The computational domain is covered by an uneven polygonal grid, which includes
64.265 control cells.

The boundary conditions of the continuous phase are set at the boundaries of the
computational domain: at the incoming sections — the value of independent variables; on the
walls — adhesion conditions; in the initial region — soft boundary conditions. Empirical wall
functions are used to describe the turbulent boundary layer [32]. When modeling the discrete
phase, the initial conditions are set for each calculated particle: the particle position (x; co-
ordinates), its velocity (up,s components), diameter, temperature, as well as the mass-flow rate
of particles following along the trajectory. It is taken into account that when they collide with
the walls, the particles elastically repel them. The creation of a furnace with oncoming swirl-
ing flows is based upon the researches in [34].

Figure 1 shows a general view (sections, isometry) of the furnace and the main ge-
ometric dimensions are indicated.

Figure 2 shows the design grids of the furnace, inlet and outlet channels.

On the boundaries of the computational domain the following boundary conditions
of the external phase are set: on the inlet sections — the value of the independent variables; on
the walls — no-slip conditions; on the initial section - “soft” boundary conditions. To describe
the turbulent boundary layer empiric wall functions are used.
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While modeling the discrete phase, the initial conditions for each calculated particle
are set: the position of the particle, its velocity, diameter, temperature, and the mass-flow of
particles along the trajectory. It is taken into account that colliding with the walls the particles
are elastically pushed off them.
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Figure 2. Design grids of the furnace, input and output
channels [35, 36]: (a) furnace: surfaces, sections,

(b) swirler outlet sections, and

Figure 1. Design of the furnace with the (c) the outlet section of the exhaust pipe
countercurrent swirl flows: 1 — inlet of the

air mixture, 2 — inlet of secondary air, and

0 — outlet of flue gases;

dimensions of swirler sections:

a; =0.198 m, b; =0.06 m, a, =0.15 m,

b, =0.-05m

Results and discussions

The following parameters are adopted in this paper: the external diameter of the fur-
nace is 600 mm, the height of the furnace is 3465 mm. The heat power of the furnace is 2.5
MW. The total air excess ratio is a, = 1.9. The furnace is made as a heat-insulated (adiabatic)
one. The calculation results of the furnace being cooled indicate the uncompleted combustion
of solid peat particles. The chemical peat composition (for combustible mass) is the follow-
ing: C — 56%, H — 6%, O — 35%, N — 2%, and S — 1%. The technical peat composition (for
working mass) is the following: volatile — 38%, coke — 16%, ash content — 6%, and humidity
— 40%. The stoichiometric peat coefficient is Vo = 3.7. The temperature of the beginning of
the peat devolatilization is 100 °C. The highest peat combustion heat value (for working
mass) is Q = 12.3 MJ/kg. The composition of the slag and the melting point of the slag are
taken according to [7].
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The dispersed composition of peat dust is presented in figs. 3 and 4 with a histogram
of the distribution of mass fractions of peat particles by their size and grain characteristics. Dust
is characterized by the following sieve residues: R90 = 17%, R200 = 2.5% and is fine dust.
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Figure 3. Distribution of mass fractions of
peat particles by their size
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Figure 4. Integral granular peat dust characteristics

The main results of the calculations are shown in table 1.

Table 1. Calculation results

Parameter, [unit] Furnace version number

' 1 2 3 4 5

D, [mm] 600 1100 600 600 600
H [mm] 3645 6683 3645 3645 3645

m; [kgs ] 0.18 0.6 0.09 0.027 0.18

W [MW] 2.5 7.5 1.25 0.375 2.5

W [%] 100 100 50 15 100

Ma [kgs™] 1.26 4.2 0.63 0.189 1.26

ta [°C] 377 377 377 377 377
Ma [kgs ] 0.315 1.05 0.1575 0.04725 0.315
Mas [kgs™] 1.575 5.25 0.7875 0.23625 1.575

a; 1.9 1.9 1.9 1.9 1.9

as 2.36 2.36 2.36 2.36 2.36

A min [1m] 25 25 25 25 25

Apmin [1mM] 250 250 250 250 250

d [um] 57 57 57 57 57

tgout [°C] 1711 1719 1684 1559 704

teinder.out [°C] 1380 1000 1330 1280 420

Oog.0ut [%0] 5.2 5.2 5.2 52 7

The degree of volatile burnout, [%] 100 100 100 100 100

The degree of coke burnout, % 99.8 100 100 100 61.8
Mechanical underburnin

(of combustible mass), [0/%] 0.06 0 0 0 211
Particle trapping, [%] 47.6 47.4 443 19.9 90.6

Particle removal, [%] 52.4 52.6 55.7 80.1 94

*were og =My /MVy, ay =M,y /miV,

Analysis of the calculation results given in table 1 shows the following:
the temperature of the flue gases reaches a value of 1952 C, while the minimum propor-

tion of oxygen is 0.5% and
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— when mixed with secondary air, the temperature in the furnace volume decreases to
(1300-1450 'C) and an increase in the mass fraction of oxygen to 5.2% is observed at the
outlet of the furnace. .

The temperature of ash removed along the wall of the furnace is 1380 C. Moisture
evaporation, the yield of volatiles and their combustion lead to the fact that the maximum
absolute gas velocity reaches 372 m/s in the upper part of the furnace, and decreases to values
of 150-170 m/s in the middle zone of the furnace, in the torch zone. Secondary air is supplied
at high speed, which ensures the uniform filling of the torch in the furnace volume and, there-
fore, the time of coke part staying in the furnace increases.

The analysis of particle motion trajectory, figs. 6-10, shows that particles with a di-
ameter of 25 um enter the upward flow of flue gases and are carried away from the furnace,
while particles with a diameter of 250 pm settle in the lower part of the furnace. Volatiles
burn out from particles with diameters of 25 um and 250 um. Coke (non-volatile powder
residue - carbon and mineral part) burns out from particles with a diameter of 25 pm. Depend-
ing on the particle diameter, coke burns out in different ways.

The trajectory of particles in the furnace is affected by the moisture and volatile
yield from the fuel particles. Moisture is removed at the furnace inlet in the upper part, the
concentration of small particles is high in the lower zone of the furnace, and large particles are
concentrated in the upper zone of the furnace. Volatiles are released from small particles (25
um) at the furnace inlet and their concentration increases in the lower zone of the furnace, and
large particles are concentrated in the upper zone of the furnace since the volatile yield from
them is slower.

Thus, moisture is released from the particles at the furnace inlet in the upper zone
and is removed with the flue gases. The ash of small particles is removed from the furnace
along with flue gases, and the ash of large particles is captured and removed to the hopper in
the lower zone of the furnace (44.3-47.6%). Volatiles burn completely (100%), and solid
particles have a mechanical underburning (up to 0.06%) and ash removal of 52%. Coke from
particles with an initial diameter of up to 200 um burns out completely; coke from particles
with an initial diameter of 250 pum in the composition of fine dust from 25 um to 250 pm
burns out by 96%; coke from particles with initial diameters of 100 pm, 325 pm, and 550 pm
in the composition of coarse dust from 100 pm to 1000 pm burns out by 79%, 35%, and 5%,
respectively; coke from particles with initial diameters greater than 775 um in the composi-
tion of coarse dust from 100 um to 1000 um practically does not burn out; scaling the furnace
by increasing its geometric dimensions by 1.83 times and the rated heat capacity by three
times (option No. 2) leads to a decrease in the final ash temperature to 1000 °C and a decrease
in mechanical underburning; decrease in heat load up to 50% and up to 15% (option No. 3
and No. 4) results in:

— lowering the gas temperature at the outlet by 1.6% and 9%, respectively,

— lowering the final temperature of ash to 1330°C and 1280°C, respectively, and

— lowering the ash removal up to 56% and up to 80%, respectively.

Cooling the furnace body (option No. 5) (t = 120 °C) leads to a decrease in the tem-
perature of gases up to 704 °C, the degree of burning of coke from particles that are carried
away is 61.8% and from particles that are trapped is 28.6%. Analysis of coke burning depend-
ing on the particle diameter (adiabatic furnace) is the following: the results of the numerical
study are presented in figs. 5-10. The gas temperature distribution fields in the furnace vol-
ume are presented in fig. 5(a). High temperature combustion of peat takes place in the fur-
nace. As it can be seen the gases temperature increases along the furnace height and reaches a
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value of 1711 °C at the outlet from the furnace. After that the gases purified from solid parti-
cles enter the furnace which is shielded by tube bundles and they are cooled.
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Figure 5. Distribution of gas phase
parameters in the longitudinal section of
the furnace with the countercurrent swirl
flow: (a) gas temperature, (b) oxygen mass
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diameters of 25 pm (a) and 250 pm (b), colored
according to their time of coke part staying in the
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Figure 6. Trajectories of peat particles with initial
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according to the tangential component of their
velocity [ms™]
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Figure 8. Trajectories of peat particles with initial
diameters of 25 pm (a) and 250 pm (b), colored
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composition

The completeness of solid fuel particle combustion is confirmed by the oxygen dis-
tribution fields along the furnace height, fig. 5(b). From any furnace height the oxygen con-
centration is close to zero, at the outlet from the furnace the oxygen concentration is 5% and
6%, as the oxygen is supplied with excess (a, = 1.9). Mechanical underburning is 0.06%.



Redko, A., et al.: Numerical Modeling of Peat Burning Processes in a ...

1916 THERMAL SCIENCE: Year 2021, Vol. 25, No. 3A, pp. 1905-1919
0.180 0.180 =
% S g
e 0.100 -0.100 1083 = +— +0.100 l 1974 1 0100
062 -0.381 -0.381 1890 Pl a5 1886 EJ:’
ke 1796 1798 B ,L.{ -0.381
055 0091 0.1 1703 -0.661 :;;? i ocer
1609 i
gf; -0.942 -0.942 s 0942 :323 i i
0.44 1222 1222 :;Z 1222 13; 5
040 : ; J 1269
- = 1,502 1502 I :f:: e = 181 -1502
B o3 1783 -1.783 B o 1.7 1083 -1.783
L 029 A ¥4
%6 2,063 2063 %5 It -2083 ;?:5 2063
861 = |
0 i
e 2343 2343 ool = 224 s 230
z}? 2624 2624 o 2624 6:5: S 4 2624
I 007 -2.904 -2.904 I g Py — 2904 I P J 2904
z: : 3185 » = 3185 300 jg = s x 'ﬂ E’lr;; S5
(a) Ll -3.465 (b) Al -3.465 (@) [El -3.465 (b) Ll -3.465
Figure 9. Trajectories of peat particles with initial Figure 10. Trajectories of peat particles with
diameters of 25 pm (a) and 250 pm (b), colored initial diameters of 25 pm (a) and 250 pm (b),
according to the mass fraction of coke in their colored according to their temperature [°C]

composition

The effect of the particle size can be noted. The coarse grains are in the furnace up
to the complete combustion.

Volatiles manage to escape from any particles (from 25 to 250 um) within the upper
part of the annular section of the furnace, but coke has time to burn out only from the smallest
particles within the annular section of the furnace (25 um). The degree of the coke burnout is
97.7%. There is a significant removal of fine particles. The flue gas temperature is 1478 °C.
Conclusions

As a result of numerical study of simulating peat dust particle combustion processes,
the influence of the design factors of the furnace (diameter, height), the expenditure of prima-
ry and secondary air and their ratios, the fuel supply method (from the bottom of the furnace,
from the top one) is determined. The advantages of a top fuel supply have been found. The
processes of peat combustion in cooled and thermally insulated (lined) furnaces have been
studied. The combustion of peat particles is found to take place at lower temperatures (1300-
1450 °C). At the same time, conditions are provided to reduce NO, emissions. The particles
of a small diameter (about 25 microns) are not in the furnace for long but enough for their
combustion. Peat combustion at a high temperature in furnace volume occurs when forming
liquid slag which is removed through an opening at the bottom of the furnace. The results of a
numerical study show that the diameter of peat particles affects the process of their combus-
tion: coke particles with initial diameters from 25 pm to 250 um burn out by 96%. Increasing
a particle diameter up to 1000 um, the degree of coke burnout decreases but at the same time
their removal decreases. In general, while modeling the technology of low-calorie dusty solid
fuel combustion in cylindrical vortex furnace with countercurrent swirl flows has effectively
been used.

Nomenclature

A — preexponential factor [molS™] Cpi — specific heat capacity of chemical
C — empirical coefficient [-] component i at constant pressure
G — preexponential factor [molS™] [kJmol K™

C, — empirical coefficient [-] Cr — aerodynamic drag coefficient of

a particle [-]
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Cp — specific heat capacity of the particle S, — mass source corresponding to the mass
[kikg™ K™ transfer to the gas phase from reacting
Do — diffusion velocity coefficient [-] particles [mol]
dy — particle diameter [m] T — gas temperature [K]
d — median particle diameter [m] T — standard temperature [K]
E — activation energy [Jmol™] t —time [s]
fi — mass fraction of coke originally present Tp — particle temperature [K]
in the particle [-] Too — local gas temperature [K]
I — empirical coefficient [-] ty o —temperature of the flue gases at the
fuo —mass fraction of volatiles initially pre- outlet of the furnace [°C]
sent in the particle [-] t,ou  — ash temperature at the outlet [°C]
G — term characterizing the generation of ta1 — primary air temperature [°C]
kinetic energy of turbulence due to Up; — cartesian components of the particle
shear stresses [-] velocity vector [ms™]
h — instantaneous enthalpy [Jmol™] uj — cartesian components of the averaged
Hy — specific heat of coke gas velocity vector [ms™]
combustion [Jmol™] u; — gas velocity perturbations relative to the
hy — specific heat of formation of volatile averaged value [ms™]

particles [Jmol™]

Ah}’i — specific enthalpy of formation of chem-
ical component i [Jmol-"]

I — radiation intensity of a completely black
body (= 6T*/7) [Wm?]

I — radiation intensity [Wm®]
k — kinetic reaction rate [moleS™]
ka — volumetric absorption coefficient [-]
Ma  — mass-flow rate of primary air [kgs ]
M; — molecular weight of

the chemical component i [gmol™]
mp — particle mass [kg]
M  — mass-flow rate of secondary air [kgs™]
Mgy — mass air-flow rate [kgs ']
m¢ — mass fuel consumption [kgs™]
mpo  — initial particle mass [kg]
n — distribution parameter [-]
P — gas pressure [Pa]
Po,  — partial pressure of oxygen in

the gas [Pa]

P,(f) — PRV function describing the probability
that the value of the variable ¢; is be-
tween ¢ and ¢ + A and approximated
by g function [-]

Pr — Prandtl number [-]

Pr;  —turbulent Prandtl number [-]

Re,  —relative Reynolds number of
a particle [-]

R — kinetic reaction rate coefficient
[m?mole™’s™]

7 — radius-vector of an arbitrary ray in the

angular direction of
radiation propagation S [m]

Sp — particle surface area [m?]

Sq — heat source due to interfacial interaction
with particles [J]

S¢j — source of momentum due to interphase

interaction [-]

— thermal power of the furnace, [MW]
— thermal power [%)]
— cartesian coordinates [m]
— mass fraction of the

chemical component i [-]
Yy — mass fraction of particles with a
diameter greater than d [-]

Greek symbols

a — mass fraction of primary air, [-]

as — coefficient of excess air [-]

a — heat transfer coefficient [Wm2K™]

Bo — volumetric attenuation coefficient
(= ko +05) [-]

€ — specific rate of dissipation of turbulent
kinetic energy [m?s™]

A — coefficient of thermal conductivity
[WK™]

u — dynamic viscosity [Pa-s]

Uy — is turbulent viscosity [Pa-s]

v — coefficient of kinematic
viscosity [m%s™]

Q' — unit solid angle vector characterizing

the direction of propagation of thermal
radiation due to photon scattering
S’ [steradian]

p — density [kgm™]

», — particle density [kgm™]

o5 — volume scattering coefficient [m™]

Oy, 0¢, Ceq, Cey — empirical coefficients [-]

o — Stefan-Boltzmann constant [Wm2K™]
Os — volumetric scattering coefficient [m™]
g, Cg, C4— are empirical coefficients [-]

Ty — components of the stress tensor [Pa]
AN — scattering albedo (= a5/Bo)[ -1
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