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STREAM OF HIGH-TEMPERATURE GASES
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Abstract. The problem of wet wood ignition of particles in a hightemperature gas has been solved numerically in the framework of a quasifrontal model of evaporation. The basic characteristics of the ignition has
been shown in the article. The influence of the different parameters on the
ignition conditions has been shown in this work.

1 Introduction
Formation of a large amount of wood waste [1, 2], which are formed at preparation and
processing of wood, is the most urgent issue [3, 4] of wood industry for today. This waste
includes slab, bark, sawdust, shavings, wood dust, wood chips. Storage and warehousing of
them are almost impossible for a number of reasons, main of which is high fire hazard and
explosion of timber [5, 6]. For this reason, the most promising and cost-effective way to
dispose of “secondary” timber is its implementation (as fuel) to the overall balance of
thermal and power generation [7-10]. It should be added that the use of wood waste as a
raw material for the boiler units has a number of significant advantages [11-15] over
traditional (oil, gas, coal) fuels. Firstly it is a significant expansion of the resource base of
modern boilers [11] and the possibility of autonomous power supply [12] distant (from the
main settlements) areas (places of lumbering or extraction of oil). The important advantage
is the fact that the wood is the only renewable fuel [13] while reserves of the conventional
fuels (oil and coal) are limited. It should also be noted environmental friendliness of wood
[14]. We can see almost no sulfur in its composition [15], so there is practically no sulfur
oxide in burning products, which generated during the combustion of wood. CO2
concentration can be minimized through better choice of the design characteristics of the
flue boilers devices [16]. It also worth noting that 0.5 % to 3 % of ash is formed by burning
the timber [17], while for some coals, this figure may reach 50 % [18]. Accordingly, it can
be said that the creation of energy efficiency and perspective from ecology point of view
boiler units working on wood waste, is one of the most perspective trends in modern energy
technology [19].
However it is known that the wood (in most cases) is a highly-watered fuel [20, 21].
Accordingly, an essential stage of thermal treatment of the particle to the fire is the process
of evaporation.
It should be noted that the mathematical modeling of phase transformation (e.g.
evaporation), is one of the most difficult problem. This is due to the fact that in conditions
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of high heat moisture evaporation occurs in a narrow (much less than the linear size of the
particle) constantly moving area (“front” of evaporation). The latter fact is complicated by
high water evaporation endothermic effect (up to 2.5 MJ / kg).
By now quite a large number of [22-25] models of the process dehydration of highlywatered porous particles have been designed. However, most of them are based on some
assumptions, which can significantly simplify the procedure of modeling. For example, the
temperature equilibrium [22] on the partition border of the system “water-vapor” or
application method of moisture-potential [23]. Models of [24, 25] “drying” of wet timber
are based on the concept of volume phase transition of the distribution in space. The most
complete evaporation process describes the model [26], which is based on the idea that a
phase transition occurs in the front, on the border of the system “water-vapor”. And the
temperature depends on the rate of evaporation. Numerical modeling of the dehydration of
the fuel particle has been realized by using the method of time step accumulation [27].
However, it is worth noting that this approach is difficult realized in a high-temperature
heating at the decision the problem of ignition (processes of evaporation, pyrolysis and
ignition occur together), and can lead to significant inaccuracies of calculations.
Accordingly, the mathematical modeling of heat and mass transfer processes in the ignition
highly-watered fuels (such as wet wood), in the conditions of high temperature heating at
the joint main of basic thermal treatment processes (water evaporation, pyrolysis of the
organic part of the fuel), is an urgent (unresolved to date) problem.
The purpose is the mathematical modeling of the ignition of damp wood particles in
high-temperature heating in the gaseous environment.

2 Formulation of the problem
The model of the ignition process has been accepted. At the initial time (τ = 0) spherical
wet wood particle gets to a stream of high-temperature environment. The process of fast
water evaporation begins as a result of intensive heating. The front of evaporation moves
away from the surface into the interior of the particle. A porous layer with a high thermal
resistance is formed. Further heating initiates thermal decomposition of wood, and volatile
substances are allocated. Vapor-gas mixture is formed near the surface. It ignites at critical
values of temperature and concentrations. The period of time from the start of the heat
exposure to the moment of ignition is the ignition delay time (t ign).
The mathematical formulation of the problem, which corresponds to the above physical
model, has been formulated as a system of differential equations in partial derivatives:
– the energy equation for the wood particle:
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– the equation of diffusion of pyrolysis products in the gas phase:
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– the equation of diffusion of water vapor in the environment:
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Mass rate of evaporation (We kg / (m ∙ s)) has been calculated as in [28]:
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The coordinate evaporation border has been found from the expression:
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Where uf=We/ρwt — linear rate of advance of the evaporation front, m/s.
Upon reaching the surface of the particle conditions T s≥Tstd (Ts — surface temperature,
Tstd — temperature of thermal decomposition start) decomposition of the organic part of the
fuel with the release of volatiles starts in the particle. The process is described by the
thermal decomposition of chemical kinetics:
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Pyrolysis rate has been calculated using the expression:
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In the “near-wall” area of the particle this reaction occurs: CH4+O2= CO2+H2O+55546
kJ/kg. The rate of it has been calculated from the mathematical expression of the Arrhenius
law:
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Oxidant concentration has been determined from the material balance of the system
“oxidizer — water vapor ― volatile”:
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It is assumed that part of the combustible solid residue is mainly composed of carbon.
Accordingly, the reaction occurs at the surface of the wood particle C + O 2 = CO2 + 18560
kJ / kg. The rate of this reaction has been calculated from the expression:

Ec
(11)

 R  T r, t  
The system of equations (1) — (11) has been solved with the boundary conditions:
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The boundary condition of the fourth kind is performed at the interface of the system
“wood particle ― environment”:
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The designations: Т ― the initial temperature of the particle, K; Те ― ambient
temperature, K; η ― the initial value of the parameter of burnout; ∑  ∙  ― the
complex, which takes into account the total thermal effect of the process of pyrolisis and
ignition of the organic part of fuel, W/m3; Qb·Wb ― the complex, which takes into account
the thermal effect of thermochemical interaction the pyrolysis products with the oxidant,
W/m3; Qe·We ― the complex, which takes into account the thermal effect of water
evaporation, W/m2; Qtd·Wtd ― the complex, which takes into account the thermal effects in
evaporation of water, W/m3; Qс·Wс ― the complex, which takes into account thermal effect
of thermochemical interaction the organic part of the fuel with the oxidant, W/m 3; ktd ―
pre-exponential factor of thermal decomposition reaction, 1/s; kb ― pre-exponential factor
of the reaction of combustible components, 1/c; С1 ― concentration of combustible
components; С2 ― concentration of water vapor; Еtd ― the activation energy of the thermal
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decomposition reaction, J/(mole∙K); Еb ― the activation energy of the oxidation reaction of
the combustible components, J/(mole∙K); η(r,t) ― burnout parameter; Tf ― water
temperature corresponding to the freezing point, K; μ – the molar mass of water, kg⁄mole;
R ― universal gas constant, J/(mole∙K); W0 ― mass rate of water evaporation at the
temperature Tf kg/(m2∙s); Qe ― the thermal effect of water evaporation, J/kg; Qс ― the
thermal effect of the carbon ignition reaction, J/kg; Qtd ― thermal effect of thermal
decomposition reaction, J/kg; Qb ― thermal effect of volatile ignition reaction, J/kg; Te
― temperature of the boundary of evaporation, K; λw ― thermal conductivity coefficient of
wood, W/(m∙K); λg ― thermal conductivity coefficient of external environment, W/(m∙K);
Срw ― heat capacity of wood, J/(kg∙K); Срg ― heat capacity of external environment,
J/(kg∙K); ρw ― wood density, kg/m3; ρg ― environment density, kg/m3; r0 ― particle
radius, m; rg ― outer radius of gas area, m; hsp ― spreading parameter of evaporation front.
The thermal conductivity, heat capacity and density of the wet and “dehydrated” parts
of fuel have been calculated based on the volume fractions of the major components:
 =   +   =   + 
Ср = φ С +φ С

Ср = φ С +φ С

(19)

ρ = φ ρ +φ ρ ρ = φ ρ +φ ρ
Where: φ ― volume fraction of the fuel component: 4 ― water; 5 ― wood; 6 ― water
vapor.

3 Results
The figure 1 shows the time of ignition delay of wood particles, depending on the ambient
temperature. The analysis of the graphs shows that ambient temperature rise reduces the
ignition delay time. It is worth noting the non-linear character of the graphs (1)-(3). It
demonstrates the essential influence of the complex co-occurring physical and chemical
processes during the thermal treatment. So after analyzing the dependences τ ign(T) of
particles diameter δ = 0.5∙10-3 m - δ = 5∙10-3 m it is possible to note significant differences
of ignition delay times at ambient temperature T e =800 K. The last suggests a fairly high
degree of influence on the process of evaporating moisture ignition.
Figure 2 shows the dependence of the delay time of ignition of wood particles with a
diameter δ=1∙10-3 m on a fraction of moisture in the structure of fuel. The analysis of the
dependences shows that the increase of fuel moisture leads to significant ignition delay
(almost in 2 times). This is because high water content in the wood heat removal is greatly
increased due to evaporation of moisture and thus complete “dehydration” of the particle
occurs much longer.
Figure 3 shows the temperature distribution in the system of “fuel particles — gas
environment” at the moment of ignition. The analysis of dependency T(r) indicates that the
ignition of wood particles under conditions of relatively low ambient temperature (Te
<1000K) takes place only after completely removing moisture. In other words, it requires
deeper heating of the main fuel layer. Meanwhile in the case of high-temperature heating
(Te>1000K) wood particles can ignite before their complete dehydration. It is possible to
note the characteristic bend at the graph 1 (figure 3). It shows the interface of the system
“wet particle ― dry wood.” It can be concluded that the subsequent burning of such
flooded fuel will significantly differ from the oxidation of dry wood particles.
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Fig. 1. The dependence of the ignition delay times of wood particles (humidity 10%) the ambient
temperature at a rate (δ) particle: 1 - δ=5∙10-3m; 2 - δ=3∙10-3m; 3- δ=1∙10-3m; 4- δ=0.5∙10-3m.

Fig. 2. The dependence of the ignition delay times of wood particles on a fraction of moisture in its
structure.

4 Conclusion
Delay times of the ignition of wet wood particles have been set with varying sizes ranging
from δ = 0.5∙10-3m to δ =5∙10-3m in different heat transfer conditions based on the results
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of mathematical modeling. It is established that the co-occurrence of the complex of
thermal treatment processes (slow heating, water evaporation, thermal decomposition of the
organic part of the fuel, gas-phase ignition of volatiles) has a significant impact on
characteristics and conditions of the ignition.

Fig. 3. The temperature distribution along the radius in the system “wood particle ― gas
environment” diameter δ=1∙10-3 m at ambient temperatures: 1 ― Тс=1100 К; 2 ― Тс=1000 К; 3 ―
Тс=900 К; 4 ― Тс=800 К.

According to the results of the numerical experiment, two different modes of ignition
of wood particles have been installed — a high-temperature (Te>1000 K) and low
temperature (Te≤1000 K). The ignition occurs only after complete dehydration of the main
layer of fuel, in the case of ignition of wood particles in a medium with an oxidant
temperature Te <1000 K. Upon heating wood particles in the medium with ET> 1000 K,
ignition can occur before the complete removal of moisture. It is obvious that the
subsequent combustion under continuing evaporation will substantially differ from the
oxidation of the same (size and composition of the component), but dry particles.
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