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This work is devoted to experimental studies and physico-mathematical modeling of high-temperature heat
and mass transfer and chemical transformation of carbon particles, accounting for internal thermal conductivity.
The relevance of the study is driven by the need to improve the accuracy of predicting the ignition, combustion,
and extinction characteristics of solid fuels in thermotechnical processes. Most theoretical approaches utilize an
isothermal particle approximation, which can lead to errors in determining the induction period and burnout time,
particularly for particles in the submillimeter and millimeter range.

A non-isothermal model is proposed, incorporating internal thermal conductivity within the particle, oxidation
reactions, and heat exchange via convection and radiation. Numerical calculations were performed for a diameter
range of 100-1000 pum, with an analysis of temperature fields and gradients during the ignition and extinction
stages. It is shown that as the particle diameter increases, the temperature differential between the surface and the
center grows, while the radial temperature gradient decreases due to the spatial expansion of the temperature field
and the increase in transient thermal time. Experimental studies with millimeter-sized particles revealed significant
temperature gradients at the ignition stage and identified the moment of ignition by the maximum value of the time
derivative of the particle's surface temperature.

A comparison of calculations using isothermal and non-isothermal models demonstrated a systematic
overestimation of ignition and burning time when internal thermal conductivity is neglected. It is shown that in the
range of small particle sizes, failing to account for internal thermal conductivity leads to a predicted absence of
ignition. The results obtained confirm the necessity of a non-isothermal description for the correct prediction of
combustion characteristics for carbon particles larger than 200 pm.
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conductivity, induction period, burning time.
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Introduction

The processes of ignition and combustion of disperse
carbon particles in a high-temperature gas medium play a
key role in power engineering, pulverized -coal
combustion, solid fuel gasification, and a variety of high-
temperature  technological processes [1-4]. The
characteristics of ignition, combustion, and extinction of
these particles determine not only the efficiency of energy
processes but also issues of technical safety,
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environmental performance, and operational reliability of
equipment [5-7]. In the practice of coal utilization in the
power industry, there is an increasing need for an accurate
prediction of the temporal characteristics of ignition
(induction period) and burnout for particles of various
sizes and structures. This is due to the fact that the
transition from the quasi-isothermal behavior of fine
particles to a pronounced thermal gradient in large
particles significantly affects the combustion process and
can lead to erroneous estimates of key characteristics if
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such a gradient is ignored.

The ignition and combustion characteristics of coal
particles strongly depend on the properties of the carbon
matrix and the gas, the particle size, and the conditions of
their interaction with the oxidizer. In particular, the
analysis of high-temperature heat and mass transfer for
single carbon particles and in gas suspensions has shown
that the influence of the initial particle diameter and the
ambient gas temperature on the induction period,
combustion time, and critical parameters of ignition and
extinction is decisive for describing the behavior of such
systems [8-11]. Experimental studies of the ignition of
coal particles and their mixtures with biomass [12] have
established a significant effect of particle size on ignition
delay and the stability of subsequent combustion,
confirming the importance of accounting for real thermal
regimes and the physical properties of both fuel and
oxidizer.

In a large number of theoretical works, the description
of the particle's thermal state is based on the isothermal
approximation, within which the temperature of the solid
phase is considered uniform throughout the volume. This
approach substantially simplifies the mathematical model
and, in several cases, yields satisfactory results for small
particles or weak thermal effects. However, it fails to
account for the finite rate of conductive heating of the
solid phase and the possible formation of a temperature
gradient inside the particle. This can be particularly
relevant for millimeter-sized particles.

An analysis of thermophysical scales shows that the
internal thermal state of a particle in a transient process is
primarily determined by the characteristic time of thermal
diffusion (temperature equalization), which increases
quadratically with an increase in particle size. Even at
small values of the Biot number (Bi), this can lead to a
significant lag of the temperature in the central regions
behind the surface temperature during induction heating,
thereby resulting in internal non-isothermality.

In some theoretical works dedicated to the physical
and mathematical modeling of high-temperature regimes
in disperse carbon systems, the non-isothermality of the
solid phase is taken into account [13-16], allowing for a
more accurate interpretation of the results. It was
established in [14] that the influence of non-isothermality
on combustion characteristics increases with rising gas
temperature. Experimental work [8] also draws attention
to the role of internal non-isothermality for large particle
sizes.

Despite the existence of individual studies focused on
the non-isothermal heating of particles, a consistent
physical explanation of the role of internal thermal
conductivity at various stages of the process—from ignition
to complete burnout-remains insufficiently formulated.
The aim of this work is to establish the patterns of internal
non-isothermality formation in carbon particles within a
high-temperature gas medium and to determine its impact
on the induction period of ignition, burnout duration, and
extinction conditions, accounting for the transient thermal
conductivity of the solid phase. To achieve this goal, it is
necessary to: analyze the characteristic thermophysical
time scales of the process; investigate the effect of particle
size on the temperature differential between its surface
and center; and establish the domains of applicability for
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isothermal and non-isothermal descriptions.

I. Experimental Studies

From the conducted literature review, it follows that
many experimental studies are specifically devoted to
determining the particle temperature during ignition and
combustion. This is because temperature is a key element
for determining the combustion reaction rate, as well as
convective and radiative heat fluxes. Furthermore,
temperature correlates with investigated parameters such
as particle diameter, mass loss, and burnout time.
Experimental studies in this work were conducted in this
specific direction. The experiments were carried out using
carbon particles with diameters of 4-8 mm, which were
spherical in shape and mechanically fabricated from coal
material. Experimental investigations of the ignition and
combustion of these particles were performed on a setup,
the block diagram of which is presented in Fig. 1.
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Fig. 1. Block diagram of the experimental setup:
1 — carbon particle; 2, 5, 9 — thermocouples; 3 — high-
temperature furnace; 4 — autotransformer; 6 — analog-to-

digital converter (ADC); 7 — personal computer;
8 — digital camera; 10 — brightness pyrometer.
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The carbon particle (1) was introduced into a high-
temperature furnace (3) using a thermocouple (5). The
surface temperature of the particle was monitored by a
chromel-alumel thermocouple (type K) (2), which was
tightly pressed against the surface. The furnace was heated
by applying voltage via an autotransformer (4). The
temperature of the heated air inside the furnace was
controlled by another chromel-alumel thermocouple (9).
The temperature variations at the surface and the center of
the particle were recorded by an analog-to-digital
converter (6). The signals were then transmitted to a
personal computer (7), where data processing was
performed, including the calculation of the particle's
temperature time derivatives (dT/dt). Additionally, the
temperature of the carbon particles during the high-
temperature oxidation process was measured using a
brightness pyrometer (10). Simultaneously, video
recording of the particle was conducted with a digital
camera (8) to monitor the oxidation process and determine
the particle diameter in real-time.
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Fig. 2 shows images of the high-temperature
oxidation of a carbon particle with a diameter of
d, = 5.1 mm in a furnace at a temperature of 1140 K. Due
to the reduction in particle size during burnout, the particle
eventually falls onto a quartz substrate. On this substrate,
at the same gas temperature, further oxidation continued
and was recorded in real-time by a digital camera until the
moment of extinction.

The results of the experimental data processing are
presented in Fig. 3 as time-dependent profiles of the
temperatures at the particle center and surface, the time
derivatives of temperature (dT/dt), and the particle
diameter. Figs. 3a and 3c specifically highlight the initial
stages of heating and ignition.

Based on the obtained time dependencies of the
surface and center temperatures, as well as their rates of
change, the following stages of high-temperature particle

t=23s

t=144s

oxidation are clearly distinguishable:

1. Inert heating: The section of the curves up to point
I', where the derivative dT/dt is at its minimum.

2. Chemical heating stage: The interval I'-I, during
which the particle heats up due to the heat released by self-
accelerating exothermic chemical reactions. At the end of
this stage, the particle ignites (point I), and the derivative
dT/dt reaches its maximum.

3. Quasi-steady high-temperature oxidation stage:
The section of the curves following point 1.

It is observed that during the inert heating stage, the
surface temperature of the particle exceeds the
temperature at its center. The behavior of the dT/dt curves
is similar for both, with the center lagging by
approximately 10 seconds. Twenty seconds after ignition,
the surface and center temperatures equalize.
Subsequently, throughout the entire high-temperature

t=780s

Fig. 2. Images of a particle undergoing oxidation in a heated furnace on a thermocouple and subsequently on a
substrate at a temperature of 1140 K.
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Fig. 3. Experimental time dependencies: a) and c) temperatures and their derivatives during the ignition stage:
(1) — measurements at the particle surface, (2) — measurements at its center; b) and d) during the entire experiment:
b) (1) — surface temperature Ts, (2) — center temperature Tc, (3) — furnace air temperature Tg, m — temperature
measured by the brightness pyrometer; d) instantaneous particle diameter. d, = 5.1 mm, Tg = 1140 K.
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oxidation stage, the thermocouple at the center of the
particle records a higher temperature than the
thermocouple on the surface.

One of the reasons for the underestimation of the
temperature is the higher heat losses via convection and
radiation from the surface of the external thermocouple.
Furthermore, shortly after ignition, the contact between
the thermocouple and the particle is disrupted due to the
reduction in particle diameter during burnout. The
moment of loss of tight contact between the external
thermocouple and the particle was monitored using high-
speed film of the oxidation process. Therefore, the surface
temperature values can be considered reliable only during
the heating and ignition periods, as well as at the initial
stage of the high-temperature regime. Subsequently, this
thermocouple recorded the gas temperature near the
particle surface. Fluctuations in the time dependencies of
the surface temperature and its derivative (dT/dt) during
the high-temperature stage (Fig. 3b, c) arise as a result of
convective heat fluxes from the particle. The particle
temperature measured by the brightness pyrometer during
the oxidation process is in good agreement with the
temperature measured by the internal thermocouple.

After the transition to the high-temperature state, the
particle diameter begins to decrease intensively (Fig. 3d),
but its measurements are interrupted at a value of 2.5 mm
due to the particle falling from the thermocouple onto the
quartz substrate. Processing the time dependence of the
instantaneous particle diameter in d> = f(t) coordinates
indicated a diffusion-controlled combustion regime for all
studied diameters of the carbon fuel.

Thus, based on the research objectives and
experimental results, the following can be concluded:
1) the transition to high-temperature oxidation of the
particle (burning) occurs when the time derivative of its
temperature reaches its maximum value. This reflects the
maximum excess of heat release from chemical oxidation
reactions over heat losses via convective, molecular, and
radiative transfer; 2) upon ignition, the surface
temperature of the particle leads the temperature at its
center; therefore, the induction period calculated relative
to the surface and the center of the particle has different
values; 3) the high-temperature oxidation of carbon
particles occurs in a diffusion-controlled regime.

II. Physical and mathematical modeling

We shall conduct physical and mathematical
modeling of the high-temperature heat and mass transfer
and chemical transformation of carbon fuel particles,
accounting for the temperature gradient throughout the
carbon matrix. Let us consider the problem of transient
thermal conductivity for a spherical carbon particle placed
in a gaseous oxidizing medium, the temperature of which
(Ty) is significantly higher than the initial temperature of
the particle (Ty). For a single particle, it can be assumed
that the temperature of the gas medium (air) remains
constant during the heating and oxidation process. The
particle begins to heat up due to the molecular-convective
heat exchange at its surface:
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Ag Nu
Qo = a(T - Tg)' = gd ' (1
where g, is the molecular-convective heat flux

density; A is the thermal conductivity coefficient of the
gas; o is the heat transfer coefficient; Nu is the Nusselt
number; Ty, is the temperature of the chamber walls; T is
the gas temperature.

As the surface temperature increases, chemical
oxidation reactions begin to occur. The primary chemical
reactions taking place on the surface of a carbon particle
in dry air are those that form carbon dioxide and carbon
monoxide [17]:

C+ 02 = COZ + Ql (I),

2C+0,=2C0+Q, (ID),
where @4, Q, are the thermal effects (enthalpies) of the
reactions. These reactions are exothermic. The total
chemical heat release can be calculated using the law of
mass action and the Arrhenius law:

qcn = Zizzl QiWen; »

Weni = Co,s * ki, ki = kojexp(—E/RT). (2)

In these equations: q., is the heat release density due
to chemical reactions; W,y; is the rate of the chemical
reaction: pg is the gas density; Co,s is the oxygen
concentration at the particle surface; k; is the reaction rate
constant; kg;, E; are the pre-exponential factor and the
activation energy of the reaction, respectively.

The oxygen concentration at the particle surface is
determined by both the kinetics of chemical reactions and
the diffusion of oxygen to the surface:

-1

Zieaki g 1) ,

Cozs = Coneo (22 3)
where f = DSh/d is the mass transfer coefficient, D is the
diffusion coefficient, Sh is the Sherwood number, ng,e,
is the relative concentration of oxygen in the air.

The radiative heat exchange between the particle
surface and the walls of the experimental setup is
governed by the Stefan-Boltzmann law:

Gw = ea(T* =T, @)
where g, is the radiative heat flux density, T,, is the
temperature of the chamber walls, € is the emissivity of
the fuel, agis the Stefan-Boltzmann constant.

The differential heat conduction equation for a
spherical particle without internal heat sources is written

as:
oT
270
(/17" 6r) ’

where: 4, p and C - are the thermal conductivity, density,
and specific heat capacity of the fuel particle, respectively;
the radial coordinate » varies within 0 < r < 1,15, = d/2,
where 73 and d are the radius and diameter of the particle.

T _ 19
at  r2aor

)
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Fig. 4. Time dependencies of: a) temperature at the particle surface (1) and at the center (2); b) particle diameter;
¢) derivative dT/dt at the surface (1) and at the center (2) of the particle; d) temperature difference along the particle
radius. dy=500 um (r,=250 um), Te=1300 K, To=T..

The initial and boundary conditions for this problem
are as follows.
Initial conditions:
t=0 and 0L<r<7r, T=T, . (6)
Boundary conditions at the center of the particle
(r=0):

oT

o =0.

r=0

(7

Boundary conditions at the surface of the particle

(r=r):

aT
ar

=dch —Y9a — 9w - (8)

r=rs

As a result of high-temperature oxidation, the
diameter of the carbon particle decreases according to the
mass balance equation:

1

2

ad
at

_ =M (ky + 2k,)Cp,, d(t=0)=d,, (9)
Mo, 25

where M¢, M, are molar masses of carbon and oxygen.
In the absence of a temperature gradient across the

particle, provided 4, << A (hence Bi<1), the heat balance
equation for the particle can be written as:

%md%=qch—qa—qw, T(t=0)=T, (10)

The equation (1)—(9) was solved numerically using
the finite difference method. During the computer
simulation, an analysis was conducted to determine the
influence of the radial temperature gradient on the
characteristics of particle ignition, combustion, and
extinction in heated air. To identify the particle sizes for
which accounting for the temperature gradient is
necessary, simulations were performed over a wide range
of diameters: 100—1000 pum.

Figure 4 presents the calculation results for a carbon
particle with a diameter of d, = 500 pm, oxidizing in air
heated to a temperature of T, = 1300 K. A clear analogy is
observed between the calculated and experimental time
dependencies of the surface and center temperatures, as
well as their respective derivatives dT/dt. The extrema of
the surface temperature derivative dT/dt mark the
moments of ignition (point I) and extinction (point E). The
induction period (tind) consists of two successive stages:
inert heating (up to point I') and chemical heating (up to
point I). In the first stage, the particle temperature
increases due to molecular-convective heat exchange with
the gas; in the second stage, it increases due to the heat
from exothermic oxidation reactions. During the ignition
stage, large temperature gradients are observed both at the
beginning of heating and at the moment of ignition
(Fig. 4d), which affects the accuracy of determining the
induction period.
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The burning time was defined as the duration of high-
temperature oxidation from the moment of ignition to the
moment of extinction: tyur = tE - tind. At the end of the high-
temperature stage, a sharp increase in the particle
temperature occurs. An analysis of the heat fluxes showed
that this is related to the decrease in radiative heat loss
from the particle as its diameter—and consequently its
emitting surface area-decreases. However, molecular-
convective heat losses increase simultaneously (according
to equation (1)). The surface temperature reaches its
maximum value (point M) and then begins to decrease.

Calculations showed that during the high-temperature
oxidation stage, the temperatures of the surface and the
center are practically identical (Fig. 4a), meaning that the
temperature gradients along the particle radius are
negligible. Oxidation at this stage occurs in the diffusion-
controlled regime and is therefore limited by the rate of
oxygen diffusion to the particle surface. The intensive
change in diameter at this stage follows the
d*= Kpy=const, which is consistent with the experimental
data. When the particle diameter and temperature reach
critical values (point E), a spontaneous transition from the
high-temperature heat exchange regime to the low-
temperature one occurs. A kink appears on the d (t) curve
at point E, characterizing the transition to the regime of
slow chemical reactions. While the center temperature
lags behind the surface temperature during ignition, the
opposite occurs during extinction: the surface temperature
is significantly lower than the temperature at the center
(Fig. 4).

To analyze the calculation results, we introduce the
concept of the average radial temperature gradient, which
is defined as the ratio of the temperature difference
between the surface and the center of the particle to its
radius: (dT/dr)=(Ts—T.)/rs. Such an estimate is meaningful
if the heating or cooling regime is transient (which is the
case in our study). The transient nature of the process is
caused by the exothermic chemical reactions occurring on
the surface of the carbon particle.

reaction and the heat transfer within the solid phase. This
makes it an informative parameter for analyzing the
critical regimes of ignition and extinction.

From the presented data, it can be seen that during
ignition, as the diameter increases, the temperature
difference between the surface and the center also
increases, whereas the average radial temperature gradient
decreases. The increase in AT is caused by the growth of
the characteristic linear dimension of the system (the
particle radius). Specifically, the characteristic heat
transfer length increases, leading to an increase in internal
thermal resistance and, consequently, the formation of a
larger temperature drop.

Let us estimate the time required for temperature
equalization along the particle radius. The characteristic
time scale of internal thermal equalization is determined
by heat transfer from the surface and follows from the
solution of the transient heat conduction equation. For a
spherical particle, it scales as t~r1%/a, where a is the
thermal diffusivity of the material (carbon particle) [18].
The calculation results are shown in Table 2. As the
particle radius increases, the temperature equalization
time grows as ry%; therefore, the internal region remains
cold for a longer period, and the temperature difference
between the surface and the center increases (Table 1).

As shown in Table 1, although the temperature
difference increases with diameter, the average radial
gradient AT/rs decreases. Let us evaluate the growth rate
of AT as 1 increases, based on the data in Table 1.

Let AT « r; ", then (i—T ) o 31 If n <1 — the

S
gradient decreases, n = 1 - constant, n > 1 - increases. The
estimate of n, using the data in Table 1, gives the value
n=0.33. Then for the average radial gradient we have:
AT -0.67

— X r
I's S

, 1.e. the average radial gradient decreases
with increasing particle radius even despite the increase in
the temperature difference itself as AT oc 1233,

The experimentally determined exponent n = 0.33

reflects the chemical reaction regime at the moment of

_ Table 1 presents the calculated temperature ignition. In a purely kinetic regime, the reaction rate is
differences and radial temperature gradients during the determined solely by the temperature dependence
ignition and extinction of carbon particles of various according to Arrhenius' law, while the oxygen

diameters.

The internal temperature drop between the surface
and the center of the particle, AT=Ts — Tc, directly reflects
the balance between the heat release of the surface

concentration at the surface remains constant and equals
Co2,5~Co«. In this case, the chemical heat release density
(2) is independent of the particle size and is determined
only by the surface temperature:

Table 1.

Temperature difference between the surface and the center AT, and average radial gradients during ignition (point I)

and extinction (point E) of carbon particles. (where AT=Ts — Tc, subscripts s and c¢ denote surface and center,

respectively). dg = 18 um is the critical diameter at which the particle undergoes extinction at the given temperature

T,=1300 K.
dp=2rs , pm 200 500 800 1000
Ignition AT, K 145.1 174.8 213.4 245.7
AT/rs , K/m 1.45%10° 6.9%10° 5.3*%10° 4.9%10°
Extinction AT, K -426.7 -413.3 -415.5 -502.2
AT/rg , K/m -4.74*107 -4.59*107 -4.62*107 -5.58*107
Table 2.
Characteristic thermal equalization time 7 due to thermal conductivity. rs= dp/2.
Is, km 50 100 250 400 500
1~ra, s 0.003 0.01 0.07 0.18 0.28
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deh = (A, kiQi)Coz0 - Due to thermal conductivity,
this heat propagates into the depth of the carbon mass. In
this case, the dependence of the temperature difference AT
on the radius is linear, i.e., n = 1.

AT =T = Tc = qents/A- (11)
In the diffusion-controlled regime of the reaction, the

reaction rate is limited by the rate of oxidant supply to the
particle surface. It then follows from (2) and (3) that

don = i1 kiQ;
(o} - 2
2i=1ki

Coze0 B - (12)

Since the mass transfer coefficient is inversely
proportional to the radius, then q.; % .
N

Taking this into account in the temperature difference
(11), we have: AT (1/rs) rs =1 or AT rs’, thenn=0 —
for a purely diffusion region.

Thus, based on the experimental ignition data, we
found that 0 <n=0.33 <1. This indicates that during
ignition, the chemical reaction occurs in the transition
regime, which is consistent with the calculation results
[10].

An analysis of the results from Table | regarding
extinction was conducted. Much larger values of
temperature differences and average radial temperature
gradients are observed compared to ignition: temperature
differences AT and gradients AT/rs are more than twice as
high, while the average radial gradient AT/rg, calculated
relative to the extinction radius, is 30-100 times greater.
While particle ignition occurs at diameters close to the
initial dy, extinction happens upon reaching a critical value
dg (Fig. 2, b). Since dg << d,, the radial gradients at the
moment of extinction are sufficiently large. The core
temperature is much higher than the surface temperature.
The surface cools down rapidly due to molecular-
convective heat transfer with the gas (q,) when the
particle diameter reaches the critical value dg. Radiation
heat losses (qw) are significantly lower due to the reduction
in the particle surface area. At extinction, no clear
dependence of the temperature difference and the average
radial gradient on the initial particle diameter is observed.
This occurs because the critical extinction diameter d is
independent of the initial particle size and is determined
by the gas characteristics (gas temperature, oxidant
concentration). Therefore, the temperature differences and
radial temperature gradients for all initial diameters differ
insignificantly at the moment of extinction.

We shall compare the characteristics of ignition,
combustion, and extinction considering the temperature

gradient across the particle (non-isothermal model,
equations (1)-(9)) and without it (isothermal model,
equations (9)-(10)), i.e., assuming instantaneous heating
of the carbon mass to the surface temperature Ts. The
results of this analysis are presented in Table 3.

It is evident that neglecting internal thermal
conductivity into the depth of the carbon mass (isothermal
model) leads to overestimated values for ignition,
combustion, and extinction characteristics. This is
particularly significant for the induction period. For a
particle with a uniform temperature, the induction period
across the entire studied range of initial diameters is 50%
longer than when considering the temperature distribution
across the particle radius. For the combustion time, this
error is smaller and increases with particle size (from 7%
for dp = 200 pm to 17% for d, = | mm. Furthermore, the
isothermal approach slightly alters the critical ignition
conditions: a particle with diameter d, = 100 pm at
T¢ = 1300 K does not ignite, whereas the non-isothermal
model shows stable ignition and combustion (Table 3).

Thus, accounting for the radial non-isothermality of
the particle leads to heat accumulation in the near-surface
region and a reduction in the effective heated volume of
the particle compared to its total volume. This results in a
shorter ignition time (tind) compared to the isothermal
model. In other words, the localization of heat at the
surface accelerates ignition.

During combustion, a lesser effect of non-
isothermality is observed, as the temperatures of the
surface and the core are nearly identical (Fig. 4, a).
Combustion occurs in the diffusion regime, and the
reaction rate (and consequently, heat release) is
determined by the mass transfer coefficient (Equation 12),
which is inversely proportional to the particle radius.
Therefore, the internal radial gradient has a weaker
influence on the burning time (v, ), and the difference
between the models is significantly smaller. The
maximum combustion temperature in the case of
neglecting temperature non-uniformity across the carbon
mass is nearly 100 degrees higher for all studied
diameters.

The isothermal approach also leads to an increase in
the critical extinction diameter (Table 3), as significant
radial gradients exist during extinction: the particle core is
maximally overheated relative to the surface. The
maximum temperature values, as well as the critical
extinction diameters, are independent of the initial particle
diameter and are determined by the parameters of the air
medium. Thus, neglecting the radial temperature gradient
across the particle leads to erroneous estimates of the key
ignition, combustion, and extinction characteristics of
carbon fuel.

Table 3.

Ignition, combustion, and extinction characteristics of a carbon particle with (dT/dr # 0) and without (dT/dr = 0)
accounting for the radial temperature gradient at a gas temperature T, = 1300 K.

Characteristics tind, S thur, S dg, pm Thnaxs, K
dT/dr #0 =0 #0 =0 #0 =0 #0 =0
100 0.1 - 0.17 - 18 - 2304 -
db, 200 0.21 0.34 0.69 0.74 18 22.8 2298 2393
pm 500 0.68 1.05 4.58 5.12 18 22.8 2289 2393
800 1.17 1.73 12.23 14.18 18 22.8 2280 2393
1000 1.47 2.13 19.43 22.8 18 22.8 2278 2393
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Conclusions

Physical and mathematical modeling of high-
temperature heat and mass transfer and chemical
transformation of carbon particles, accounting for internal
thermal conductivity, demonstrated that during the
ignition and extinction of particles with initial diameters
dy=100-1000 pm, a temperature difference AT and a
corresponding radial temperature gradient AT/rs are
formed between the surface and the core. This indicates
the non-isothermal nature of the solid phase thermal state.

It was established that as the initial particle diameter
increases, the temperature difference between the surface
and the core grows due to the slowing of internal thermal
equalization, the characteristic time of which scales as the
ratio of the square of the particle radius to the thermal
diffusivity coefficient (t~r*/a). Simultaneously, this
difference is distributed over a larger spatial distance;
therefore, the radial temperature gradient decreases.
Consequently, the simultaneous increase in AT and
decrease in the gradient AT/rs is a direct consequence of
transient thermal conductivity in larger particles.

Experimental studies conducted with millimeter-sized
particles confirmed a significant lag of the core
temperature relative to the surface temperature at the
moment of ignition, i.e., the existence of a temperature
difference and a radial gradient. Furthermore, it was
experimentally confirmed that at the moment of ignition,
the time derivative of the particle temperature reaches its
maximum value, which serves as a criterion for
determining the induction period of carbon particles. The
diffusion-controlled combustion regime d?(t)=Kpu~=const
of the particles was also confirmed.

Calculations established that during extinction, the
temperature difference and radial gradients are
significantly higher than during ignition; they are
independent of the initial particle diameter and are
determined by the critical extinction diameter. The
increase in the temperature difference is caused by a sharp
deceleration of the chemical reaction at the surface amid
rising molecular-convective heat losses. Due to finite
internal thermal conductivity, the core temperature
significantly exceeds the surface temperature. Thus,
neglecting the thermal inertia of the particle volume leads
to an incorrect determination of the combustion time.

It is shown that using an isothermal model for the
diameter range of 100-1000 pm results in overestimated
values for the induction period, combustion time and
temperature, and critical extinction diameter. The error is
up to 50% for the ignition time (induction period), 7 % to
17% for the combustion time, and 26% for the critical
extinction diameter. In the small-diameter range
(100 um), critical ignition conditions are not met for an
isothermal particle. Consequently, the isothermal model
systematically underestimates the characteristic time
scales of the process.

The obtained results justify the necessity of a non-
isothermal description even for particles in the
submillimeter range. Accounting for radial thermal
conductivity and the internal temperature gradient within
the particle is essential for the correct prediction of high-
temperature processes and their characteristics.

Orlovska S.G. — Candidate of Physical and Mathematical
Sciences, Associate Professor of the Faculty of
Mathematics, Physics and Information Technologies.
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C.I'. OpnoBcbka

ExcnepumeHTa/IbHI J0CTII)KeHH Ta (PI3MKO-MAaTeMAaTHYHEe MOIEJTIBAHHSA
BILIMBY HEOJHOPIIHOCTI TEMIIEPATYPHOIO IOJIS 10 BYIJIeleBiid YaCTHHIII HA
XapPaKTEePUCTUKHU 11 3aiMAaHHS, TOPiHHSA 1 3racaHHA

Ooecvruii HayionanvHull yHisepcumem imeni 1.1. Meunukosa, Odeca, Yxpaina, svetor25@gmail.com

Poborta mpucBsveHa EKCIEPUMEHTAIBHUM JOCHIDKEHHAM Ta (i3MKO-MAaTEeMaTHYHOMY MOEITIOBAHHIO
BHUCOKOTEMIIEPATYpHOTO TEIJIOMacoOOMiHy Ta XIMIYHOTO HEPETBOPEHHS BYIJICLEBHX YACTHHOK 3 ypaxXyBaHHIM
BHYTPINIHBOT TEIIONPOBITHOCTI. AKTYalbHICTh TOCTIKEHHS 3YMOBJICHA HEOOXIJHICTIO IMiABHIICHHS TOYHOCTI
NPOTHO3YBaHHs XapaKTePUCTHK 3aiiMaHHs1, TOPiHHS Ta 3racaHHs TBEPJMX MAJMB B TEIIOTEXHIYHUX Mpolecax. Y
O1ITBIIOCTI TEOPETUYHHX MiIX0/iB BUKOPUCTOBYETHCS 130TepMiuHE HAOIMKEHHS YaCTUHKH, 1[0 MO>KE IIPUBECTHU 10
MOXWOOK y BU3HAUCHHI Nepiofqy IHIYKIil i Jacy BUTOPSHHS, OCOOJIMBO IS YaCTHHOK CyOMLIIMETpOBOTO Ta
MUJIIMETPOBOTO JTiana3oHy.

3ampornoHoOBaHa HEi30TepMiuyHa MOJIENb, IO BKJIIOYAE BHYTPIIIHIO TEIUIONPOBIAHICTS B YACTHHI, Peakiii
OKHCHEHHSI, TeIUIOOOMIH KOHBEKLI€I0 i BUIPOMiHIOBaHHSIM. [IpoBeneHO uuceNbHI pO3paxyHKH Ul iHTepBaly
nmiamerpiB 100-1000 MKM 3 aHaTi30M TEMIIEPAaTYpHHUX MOJIB Ta TPali€HTIB HA CTamifAX 3aliMaHHS 1 3racaHHs.
INokazaHo, 110 31 3pOCTAaHHSAM AiaMeTpa YaCTHHKH 30LTBIIYETHCS TEMIEPaTYypHUH ITepernan MiXK MOBEpXHero i
LEHTPOM, TOJi SIK pajiaJibHUi TeMIepaTypHHil rpaJieHT 3MEHIIY€EThCS BHACIHIIOK MPOCTOPOBOrO PO3TSATHEHHS
TEMIIEPATYpPHOT'O MOJIS Ta 3POCTaHHS HECTAliOHAPHOIO TEIUIOBOrO yacy. ExcriepuMeHTanbHi JOCHIDKeHHS 3
MUTIMETPOBHMH YaCTHHKAaMH IOKa3aJi 3HAuHI TEeMIIEpaTypHI TPaJieHTH Ha cTajii 3aiiMaHHA 1 ineHTH]iKyBanmu
MOMEHT 3aiiMaHHsI MaKCUMaJIbHUM 3HaYCHHSIM 4acOBOI MOXIIHOT MOBEPXHEBOT TEMIIEPATYPH YACTHHKH.

[MopiBHSHHS pO3paxyHKIB 3 BHKOPHCTAHHAM I30TEpPMIYHOI Ta HEI30TepMIUHOI MojeNneld 3acBiJUmIIo
CHCTeMaTHYHE MiJBUILCHHS Yacy 3aiMaHHs 1 TOPiHHS YaCTUHKHU 0e3 BpaxyBaHHs BHYTPIIIHbOT TEIIONPOBIAHOCTI.
[Tokazano, mo B 00JIaCTi MaIKuX pO3MipiB YaCTHHOK HEBPaxXyBaHHS BHYTPILIHBOI TEIUIOMPOBIAHOCTI MPU3BOANUTH
JI0 BifcyTHOCTI 3aiiManHs. OTpuMaHi pe3ysbTaTH MiATBEPUKYIOTh HEOOXITHICTh HEI30TEePMIYHOTO OMHCY UL
KOPEKTHOTO [TPOTHO3YBaHH XapaKTePUCTUK FOPIHHS BYTJICHIEBHX YaCTHHOK 3 po3Mmipamu Ginbiie 200 MKM.

KonrodoBi c1oBa: ByriieneBi YacTHHKY, 3aiiMaHHs, TOPIHHS, 3racaHHs, TEMIIEPaTypHUH IPai€HT, BHYTPIIIHI
TEIJIONPOBIIHICTb, MEPio]] IHAYKIIT, 4ac TOPiHH.
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