
HEAT AND MASS TRANSFER IN DISPERSION AND POROUS MEDIA

GASIFICATION OF BELARUSIAN OIL SHALES
IN A FILTRATION-COMBUSTION WAVE

K. V. Dobrego, S. A. Zhdanok,
and I. A. Koznacheev

UDC 536.46

The regimes of gasification of Belarusian oil shales have been analyzed based on a generalized volume-aver-
aged filtration-combustion model. The existence of three basic regimes — those of cocurrent and countercur-
rent filtration waves and of low-temperature volume pyrolysis — has been established. Data on the conditions
of their existence have been obtained. The heat content of a producer gas in shale gasification in a stationary
cocurrent filtration-combustion wave with air and oxygen-enriched blast has been evaluated.
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Introduction. Oil (combustible) shales are sedimentary carbonate, silica, or clay rocks containing 15 to 40%
of the organic matter, i.e., kerogen, from which liquid or gaseous hydrocarbon products can be obtained. We know of
oil-shale deposits on all the continents; world shale reserves are estimated at 6.5⋅1013 tons. In Belarus, shales are
mainly concentrated in the Pripyat’ shale basin of area above 20,000 km2, forecast reserves 8.8 billion tons, and real
commercial reserves 3.6 billion tons [1]. The prospects for utilizing Belarusian shales have been investigated in the
1970s [2]; however due to the change in the economic conditions and gradual depletion of traditional fuel and energy
resources these issues become topical again.

Utilization of shales as a direct fuel is limited because of the difficulty of ash removal and ash collection, re-
lated environmental problems, etc. The Estonian and Baltic hydroelectric stations and the Ahtme and Kohtla-Ya
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heat and electric power plants burn Baltic shales. BKZ-75 boilers (Syzran’ thermal electric power plant) have long
burned shales of the Kashpirskoe field with fuel-oil lighting. One of the best shale-processing technologies today is
thermal extraction of shale gum and volatiles on UTT-3000 solid-heat-carrier units of shale output 139 tons ⁄ h. Its ad-
vantage is the possibility of processing low-grade shales [3, 4].

Due to the low calorific value of Belarusian shales (the heat of combustion is approximately 5.8 MJ ⁄ kg) it
seems important to investigate progressive technologies of their gasification, in particular, with the use of nonstationary
filtration combustion (FC) for controlling temperature regimes [5]. The issues of gasification of hydrocarbon raw ma-
terial have been the focus of [6–8]; therefore, the procedure and methods of gasification are not discussed in the pre-
sent work.

There are no experimental data on the FC of Belarusian shales and their gasification in the literature at pre-
sent. The processes of FC and gasification of other fuels with a low content of organic matter have been considered
in [9, 10]. It has been shown that the organic matter can burn out both completely and incompletely.

Realization of countercurrent regimes of propagation of an FC wave requires a fairly calorific fuel, since the
maximum temperature in the system is lower than the adiabatic temperature of combustion of the fuel in this case [5].
Therefore, oxidation of Belarusian shales in a countercurrent wave requires an oxygen blast or the addition of a high-
calorific fuel gas to the blast. On the other hand, the velocity of propagation of a countercurrent wave is much lower,
as a rule, than the velocity of a cocurrent FC wave; consequently, the gasification productivity is lower. Thus, gasifi-
cation in a cocurrent FC wave may be reckoned as a more acceptable process in terms of technology and economics.
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In the present work, we identify possible regimes of FC of a one-dimensional shale bed. For the regime of
cocurrent propagation of an FC wave (gasification), we evaluate the parameter of the greatest practical importance, i.e.,
the calorific value of a producer gas in the case of an air and oxygen-enriched blast. The obtained data are basic for
evaluation of the prospects for utilizing Belarusian shales as a raw material for gas-producing units.

Formulation of the Problem. We consider a heat-insulated cylindrical reactor (length L and a diameter d)
filled with ground oil shales. The radial distribution of the parameters in the reactor is disregarded (one-dimensional
approximation). To evaluate the qualitative features of FC we consider a closed reactor (without shale feeding and ash
waste). In shale gasification in a stationary regime, the shale is continuously fed to the reactor and the ash is collected,
which ensures the establishment of temperature and concentration fields. Firing is carried out by assigning a high-tem-
perature region at the initial instant of time.

The basic processes in gasification of a hydrocarbon raw material are schematized in Fig. 1.
For investigation, we use a generalized volume-averaged model [11] within whose framework we make the

following assumptions: a two-phase system (gas–solid phase) is considered; equations for the gas phase are written per
unit volume of the gas phase; the equation of energy transfer in the solid phase is written per unit volume of the en-
tire system; the porosity is constant throughout the reactor volume; the solid-phase density, not the particle size,
changes in pyrolysis; in combustion of carbon, the particle size diminishes until it reaches the smallest size corre-
sponding to that of an ash particle; particles settle instantaneously with decrease in their size; in continuous operation
of the reactor, shale is fed continuously with a constant rate; the influence of the solid-phase motion on the heat ex-
change and hydrodynamics in the gas phase is disregarded.

Basic Equations. The system is described by the equations of continuity, motion, and energy for the gas, the
mass equation for the gas components, and the energy and mass equation for the solid phase
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Fig. 1. Basic processes occurring in gasification of a hydrocarbon raw mate-
rial in the direct-type reactor: 1) raw-material feed; 2) blast feed; 3) escape of
the producer gas; 4) outlet of the ash; 5) drying (300–400 K); 6) pyrolysis
(400–1000 K); 7) gasification (1000–1500 K); 8) combustion (1000–2000 K);
9) cooling of the ash, heating of the gas (400–600 K).
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The gas velocity ug is related to the Darcy filtration velocity Vg by the equality Vg = εug.
We consider three components of the solid phase: kerogen, carbon, and inert ash, for which we write the

mass equations
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The velocity of the bed of solid-phase particles is determined from the equation

∂up
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 . (10)

The rate of heat release in the gas (per unit volume of the gas phase) is

Qg = − ∑ 
i

hiRgi , (11)

where Rgi is the rate of formation of the components in gas-phase reactions. The rate of heat release in the solid
phase (per unit volume of the entire system) is

Qs = − ε ∑ 
i

hiRhi − ε ∑ 
l

hlRhl , (12)

where Rhi and Rhl are the rates of formation of the components in heterogeneous reactions.
The values of the effective coefficients of transfer in the solid phase are computed from the empirical formu-

las given in [5, 11]. The molar heat capacities and enthalpies of the components of the gas mixture are calculated
from the polynomial formulas of the CHEMKIN thermodynamic database [12]. The coefficients of diffusion, viscosity,
and thermal conductivity of the gas mixture are approximated by the corresponding coefficients for nitrogen (in SI
units): Dg = 10−4Tg

 1.75 ⁄ p, μ = 4.4 ⋅10−7Tg
 0.65, λg = 1.4⋅10−2 + 4.8⋅10−5Tg (the characteristic error is 3%).

Chemical-Kinetics Model. We consider nine components of the gas phase: CO, CO2, H2, N2, CH4, H2O,
O2, and H and OH radicals. The initial composition of the shales (the data have been taken from [2]) is as follows:
the organic matter is 18 wt. % and the ash is 82 wt. %. The evaporation of moisture and the yield of constitution
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(pyrogenetic) moisture from the shale are disregarded. A steam, just as solid carbon (coke), is formed in the process
of pyrolysis according to the balance formula

1 kg of kerogen → 820 g C + 56.8 g CO2 + 30.1 g CO + 23 g CH4 + 1.8 g H2 + 8.3 g N2 + 60 g H2O . (13)

The oxidation of carbon is described by the heterogeneous reactions [13]

C + O2 = CO2 , (14)

CO2 + C = 2CO . (15)

The processes in the gas phase are described by the gross model proposed in [14].
The rate of formation of the jth component of the gas phase is expressed by the formula

Rj = ∑ 
k
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i
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l

 Sl
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Summation is over all the chemical reactions involving the jth component of the gas mixture. The rate constant of
each reaction is represented by the Arrhenius formula
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We use temperature Tg for the gas-phase reactions and Ts for the heterogeneous reactions in calculating.
Boundary Conditions and Computational Procedure. The initial temperature distribution is assigned by a

step function:

Tg = T0 ,     Ts = 
⎧
⎨
⎩

Tb ,
T0 ,

     
for  xb.lt < x < xb.r ,

for  x ≥ xb.r and x ≤ xb.lt .

The inlet temperature of the gas is Tg⏐x=0 = T0. Heat exchange of the gas with the porous medium at the boundary

of the computational domain is absent; heat conduction is set equal to zero: 
∂Tg

∂x

⎪
⎪
⎪x=0

 = 
∂Tg

∂x

⎪
⎪
⎪x=L

 = 0. The system ex-

changes heat with the environment by radiation (gray body). The environmental temperature is T0 on the inlet cross

section and Text at exit.

A constant flow rate G and a composition of the blast ci are assigned at entry, whereas a fixed particle size
and partial densities of the solid-phase components are assigned at exit.

Simulation is carried out using a modified 2DBurner program [15] developed at the Heat and Mass Transfer
Institute of the National Academy of Sciences of Belarus. The problem is solved on a uniform grid. We use the algo-
rithm optimized for this system of rigorous nonlinear differential equations. On obtaining all data on the ith time layer
the diffusion equation for the components (3) is discretized by the implicit scheme simultaneously with the chemical
kinetic equations and are integrated by the Newton method. Thereafter Eqs. (5) and (6) are simultaneously integrated
by the same method. From Eqs. (1) and (2), we derive a Poisson-type equation for pressure on the ith + 1 time layer
(modified analog of the MAK method [16]), which is solved by the conjugate-gradient method or by the method of
fast Fourier transformation [17, 18]. The velocity field is calculated in terms of the pressure field. In [19], we have
verified the above model and algorithm; the verification was based on a comparison of the calculated and experimental
temperatures in the reactor of oxidation of a lean mixture at the nonstationary stage of its startup.

Nonstationary Regimes of FC of Shales. Oil shales are of a low heat content, just as brown coal whose
gasification regimes have qualitatively been described in [9]. A distinctive feature of the gasification of shales com-
pared to the gasification of brown coal is the absence of the regime of slow low-temperature volume gasification,
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which is due to the high energy of activation of carbon oxidation (at temperatures of the order of 700 K or lower, we
have a slow low-temperature pyrolysis, not the reactions of carbon oxidation).

We consider the qualitative features of FC in a closed reactor for the following standard values of the pa-
rameters:

Reactor length 0.5 m
Reactor-tube diameter 0.5 m
Firing region 0 < x < 0.1 m
Initial temperature of the system (except for the firing region) 400 K
Temperature of the environment and the blast 400 K
Firing temperature 1000 K
Composition of the blast:

O2 20 vol. %
N2 80 vol. %

Flow rate of the blast (under normal conditions) 10 m3 ⁄ h
Specific flow rate of the blast (under normal conditions) 50.92 m3 ⁄ (m2⋅h)
Specific mass flow rate of the blast 65.5 kg ⁄ (m2⋅h)
Initial density of the solid-phase substance 1640 kg ⁄ m3

Porosity of the shale fill 10%
Initial size of raw-material particles 0.02 m
Thermal conductivity of the shale bed 0.8 W ⁄ (m⋅K)
Heat capacity of the shale substance 1000 J ⁄ (kg⋅K)
Emissivity factor of the walls 0.45
A cocurrent gasification wave is formed at firing temperatures higher than 800 K in both firing ⁄ heating

throughout the gasifier volume and firing near the gasifier inlet. Figure 2 gives the typical profiles of temperatures of
the gas Tg and solid Ts phases, partial densities of the initial fuel substance ρr and carbon ρC in the solid phase, par-
ticle size dp and weight fraction of CO in the gas phase cCO for this regime.

A countercurrent gasification wave is formed under the same conditions in firing near the gasifier outlet. The
typical profiles for this regime are shown in Fig. 3. One of the humps of the carbon density in Fig. 3b is related to

Fig. 2. Cocurrent gasification wave. The profiles of: a) temperatures of the gas
Tg (1) and solid Ts (2) phases, b) partial densities in the solid phase of kero-
gen ρr (1) and carbon ρC (2), c) particle size dp, and d) weight fraction of
carbon monoxide cCO. Tg and Ts, K; ρr and ρC, kg ⁄ m3; dp, m.

203



the region of primary heating in firing, since the process of oxidation began at the left-hand boundary of the hot re-
gion (and next propagated to the left) and the entire oxygen was expended before the traversal of this high-temperature
region by the gas. The second small hump is in the region of the combustion front and corresponds to the carbon that
has been produced from kerogen and has not managed to oxidize. The peak of the CO concentration in Fig. 3d is re-
lated to the fast kinetics of oxidation at the maximum temperature and to the shift of equilibrium in the CO–CO2 sys-
tem toward CO.

A distinctive feature of this regime is that a cocurrent carbon-reburning wave in whose propagation carbon is
reburned virtually completely is formed at the gasifier inlet on transmission of the countercurrent wave.

Thus, as in the case of the gasification of lean coal beds, the regime of gasification in the cocurrent combus-
tion wave is characterized by the oxidation of the entire carbon of the solid phase, and only part of the carbon is oxi-
dized in the countercurrent-wave regime.

In firing, at the center of the gasifier, a cocurrent pyrolysis wave propagating toward the gasifier outlet and a
countercurrent gasification wave propagating to the inlet are formed simultaneously. The typical temperature and par-
tial-density profiles for such a regime are shown in Fig. 4.

An analog of the regime of low-temperature volume gasification [9] is the regime of low-temperature pyrolysis
throughout the gasifier volume. It occurs when the firing temperature is sufficiently high for pyrolysis but insufficient
for oxidation of the gaseous pyrolysis products and carbon. The typical profiles for this regime are shown in Fig. 5.
The evolution of such a regime is reduced to the fact that the pyrolysis slows down and becomes "frozen" due to the
gradual cooling of the reactor because of the heat loss through the walls. Carbon is hardly expended in this case.

Stationary Gasification. To simulate the stationary gasification regime we allow for the continuous removal
of ash. For this purpose we introduce the velocity of displacement of the ash bed; the displacement velocity is selected
so that the position of the gasification front in the system is constant and corresponds to the coordinate x = 0.1 m.

A temperature difference is formed in the reactor in gasification, and the gasification and pyrolysis regions are
spatially separated (Figs. 2 and 3). The mixture of pyrolysis gases and gasification products forms a producer gas. If
we abstract from a detailed composition of the producer gas (number of condensable fractions, etc.), we investigate its
heating power as a function of the time, the flow rate of an air blast, and the concentration of oxygen in the blast.

Let us calculate the time evolution of the specific heat content of the producer gas after firing in the case of
a closed reactor and a reactor with a continuously fed fuel (Fig. 6). The first portion of the curves in Fig. 6 (to 1 sec)
is related to the traversal of the pyrolysis products to the reactor outlet; the time period 1–100 sec corresponds to the
propagation of a pyrolysis wave; the gasification of the carbon residue occurs in the time interval 100–100,000 sec. A

Fig. 3. Countercurrent gasification wave. The notation is the same as that in Fig. 2.
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stationary regime is established in this period of time for the gasifier with continuous raw-material feed and ash re-
moval. With an increased flow rate of the blast (Fig. 6, curve 3), the processes of establishment are more rapid and
the specific heat content of the producer gas increases.

To determine the basic characteristics of the process, i.e., the heat content of the producer gas and the tem-
perature of the solid phase, we calculate the gasification for air and oxygen-enriched blasts (Figs. 7 and 8.)

Quantitatively the heat content of the producer gas is determined by the content of CO and the chemical equi-
librium between CO and CO2 in the zone of the maximum gasification temperature. Therefore, the heat content of the
producer gas is dependent on the production temperature. In turn the temperature of the FC-wave front increases with
blast flow rate [5].

Thus, the maximum attainable gasification parameters are determined by a number of factors of a technical
nature. The specific flow rate of the blast is primarily limited by the pressure difference in the reactor and the energy
consumption by pumping of the blast. Taking into account that the porosity in a complex polydisperse fill can be �0.3
and the bed thickness in production units (the more so in underground-gasification systems) can be a few meters, the
reasonable flow rate of the blast cannot be higher than 0.3–0.5 kg ⁄ (m2⋅sec). On the other hand, it is known from the
theory of FC  stability [20] that the higher the rate of pumping of the gas, the higher the rate of growth of perturba-

Fig. 5. Low-temperature volume pyrolysis. The profiles of: a) temperatures of
the gas Tg (1) and solid Ts (2) phases, b) partial densities in the solid phase
of the initial fuel substance ρr (1) and carbon ρC (2), c) velocity of the parti-
cle bed up, and d) weight fraction of carbon monoxide cCO. Tg and Ts, K; ρr
and ρC, kg ⁄ m3; up, m ⁄ sec.

Fig. 4. Cocurrent and countercurrent waves in firing at the center of the gasi-
fier. The notation is the same as that in Fig. 2.
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tions and the hazard of breaking deformation of the combustion front. Thus, it is not improbable that it will be nec-
essary to impose additional restrictions on the blast flow rate and thereby on the heat content of the producer gas with
the aim of ensuring stable operation of specific technological systems.

The use of the oxygen-enriched blast, as follows from Fig. 8, makes it possible to substantially improve the
quality of the producer gas. However, we must take into account the technical difficulties arising in operation with
oxygen, the corresponding restrictions of accident prevention, and a special time-limit of works. Taking into account

Fig. 6. Variation in the specific heat content of the producer gas with time
after switching on the gas producer. Firing is on the source side of the blast
feed: 1) closed gasifier with no ash dump; 2 and 3) gasifier with ash dump;
1 and 2) the parameters are standard; 3) ϕ = 131 kg ⁄ (m2⋅h), the remaining pa-
rameters are standard. H, MJ ⁄ kg; t, sec.

Fig. 7. Characteristics of gasification in the stationary operating regime of a
gas producer vs. specific flow rate of an air blast: a) specific heat content of
the producer gas; b) maximum temperature of the solid phase; c) rate of feed-
ing of shales. The parameters are standard. H, MJ ⁄ kg; Tmax, K; up, μm ⁄ sec; ϕ,
kg ⁄ (m2⋅h).

Fig. 8. Characteristics of gasification in the stationary operating regime of a
gas producer vs. concentration of oxygen in the blast (the volume flow rate of
the blast under normal conditions is standard, the mass flow rate changes in
accordance with the blast density). The notation is the same as that in Fig. 7.
The parameters are standard. H, MJ ⁄ kg; Tmax, K; up, μm ⁄ sec.
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that the concentration of oxygen on membrane enrichers attains �45%, and the cost of concentrated oxygen is fairly
high, the intensification potential of gasification of shale (Fig. 8) can be evaluated by a level of oxygen concentration
in the blast of 45%.

Another problem to be solved in high-temperature gasification of shale is the fusion and sintering of shales
and shale ash, which, undoubtedly, degrade the stability and quality of the process, may lead to a discontinuity of the
FC front, and requires corresponding manipulations with the raw material and the solid product.

Conclusions. We have analyzed the regimes of filtration combustion and gasification of Belarusian oil shales.
We have evaluated the heat content and the temperature parameters of gasification of Belarusian shales in the case of
air and oxygen-enriched blast. The upper limit of the heat content of the producer gas can be estimated as 1–1.5
MJ ⁄ kg in the case of the air blast and as 3–4 MJ ⁄ kg with the oxygen blast. These evaluated parameters can substan-
tially be diminished when the phenomena of instability of the combustion front and gasification appear in a specific
technical unit. Furthermore, the high-temperature gasification of shales requires the solution of the problem of sintering
of shales and shale ash and manipulation with corresponding products.

This work was carried out within the framework of the "E′nergobezopasnost’" State Complex Program of Sci-
entific Research, task 06.

NOTATION

c, weight fraction; cp, specific heat at constant pressure, J ⁄ (kg⋅K); d, diameter, m; D, diffusion coefficient,
m2 ⁄ sec; E, activation energy, K; f, volume density of the filtration-resistance force, N ⁄ m3; G, flow rate of the fed gas,
m3 ⁄ h; g, specific flow rate of the fed gas, m3 ⁄ (m2⋅h); h, specific enthalpy, J ⁄ kg; H, specific heat content of the producer
gas, J ⁄ kg; I, diffusion-flux density, kg ⁄ (m2⋅sec); J, heat-flux density in the gas phase, W ⁄ m2; k0, permeability coeffi-
cient, m2; k1, Forchheimer coefficient, m; K, reaction-rate constant, the dimensions are dependent on the reaction order;
L, length, m; p, pressure, Pa; P, reaction order; Q, volume heat-release rate, W ⁄ m3; R, rate of formation of the compo-
nent per unit volume of the gas phase, kg ⁄ (m3⋅sec); S, specific area of the particle surface, 1 ⁄ m; s, stoichiometric coef-
ficient; t, time, sec; T, temperature, K; u, velocity, m ⁄ sec; Vg, filtration velocity, m ⁄ sec; w, rate of expenditure of the
component per unit volume of the solid phase, kg ⁄ (m3⋅sec); x, coordinate, m; Y, molar concentration, mole ⁄ m3; y, molar
fraction; z, preexponential factor, the dimensions are dependent on the reaction order; α, coefficient of interphase heat
exchange, W ⁄ (m3⋅K); ε, porosity; λ, thermal conductivity, W ⁄ (m⋅K); μ, coefficient of viscosity, Pa⋅sec; ρ, density,
kg ⁄ m3; ϕ, specific mass flow rate of the blast, kg ⁄ (m2⋅h); χ, weight fraction of the carbon yield from the initial fuel
substance of shales; ω, emissivity factor of the wall. Subscripts: a, ash; b, firing (burning); b.lt, left-hand boundary of
the firing region; b.r, right-hand boundary of the firing region; C, carbon; dis, dispersion; eff, effective; ext, environment,
external medium; g, gas phase; h, heterogeneous; i and j, No. of the gas-phase component; k, No. of the reaction; l, No.
of the solid-phase component; max, maximum; p, particle; r, initial fuel substance of shales; s, solid phase; 0, initial.
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