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Abstract. Oil shale is an important unconventional energy and has enormous
reserves in the world. However, the high moisture content reduces the
efficiency of oil production in the pyrolysis process. In this paper, experimental and numerical studies were conducted on the drying performance of
single Liu Shu River oil shale particles in superheated steam. A 3-D model
was developed to simulate the heat and mass transfer process inside the
particle, taking into account its property of anisotropy transfer. Generally, it
is concluded that the moisture removal rate increases as the steam temperature increases, while increasing the particle size decreases the moisture
removal rate. In the whole drying process, the decreasing drying rate period
was longer than the constant drying rate period. The anisotropy had an
influence on moisture transfer rather than heat transfer process. The moisture
content profiles and temperature fields inside the particle were determined at
selected times. Several experiments were carried out under the conditions of
different temperatures (463–483 K) and particle sizes (5–9 mm). It was found
that the developed model predictions agreed well with the experimental data.
It is significant to get the microscopic parameters for the investigation of oil
shale drying in superheated steam fluidized bed.
Keywords: oil shale particle drying, superheated steam, heat and mass transfer, anisotropy.

1. Introduction
Crude oil, a limited non-renewable hydrocarbon resource, cannot continue to
meet the ongoing and increasing demands of mankind. Oil shale is globally
recognized as the most potential replacement of unconventional hydrocarbon
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resources. The reserves of oil shale are estimated at about 500 billion tons,
which are widespread in the United States, Russia, China and many other
countries [1]. The annual production of shale oil in China may reach
0.78 million tons [2]. However, porous oil shale, densely inside the wool
stoma, easily absorbs water. In general, the moisture content of Chinese oil
shale is as high as 10–30% (dry basis), but in some areas, such as Maoming
and Liu Shu River, it is even higher than 30% (dry basis). In the pyrolysis
process, the high moisture content will cause the particle break easily, which
results in deteriorating the quality of shale oil and increasing the cost of
energy consumption as well as equipment maintenance. Therefore, it is
significant to efficiently pre-dry wet oil shale particles [3]. In the past several
decades, many studies have been conducted on the drying efficiency of
superheat steam [4, 5]. Also, the superheated steam fluidized bed drying
(SSFBD) has found wide application, e.g., in the food, low-rank coal and
lignite industries [6–9]. Certainly, the drying mechanism of a single particle
is the theoretical basis of SSFBD. Some researchers [10, 11] have modeled
the steam drying process for porous oil shale particles by obeying the
conservation laws.
Based on an assumption about the receding particle core, researchers
[12–14] developed a model of drying a single lignite particle. It is necessary
to predict and analyze the drying performance of porous ceramic particles.
However, the mathematical model of oil shale particle drying cannot always
accurately describe the drying mechanism. Some investigators [15–17]
explained the drying mechanism by the usual boundary layer approximation
which can be described by solving the governing equations during water
evaporation from the particle surface.
In this context, the main objective was to develop a mathematical model
employing the COMSOL Multiphysics for investigating three main drying
periods in the single oil shale particle drying process: the initial condensation-evaporation period, the constant rate drying period and the decreasing
rate drying period. Further, the coefficient of moisture diffusion as a function
of temperature and moisture content was determined. The anisotropy of
effective diffusion, permeability and thermal conductivity of moisture in
different directions was determined as well [18, 19]. The experiments were
carried out under atmospheric pressure at different temperatures (463–
483 K). By modeling, the possible hygroscopicity, as well as formation of
shrinks and cracks during the drying process were ignored. It was found that
the effective diffusivity of moisture was the critical parameter in modeling
SSFBD during the decreasing drying rate stage [20–22].

2. Numerical modeling
A 3-D model was developed to decribe the heat and mass transfer process of
a single oil shale particle in superheated steam. In the present work, the
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model of effective diffusivity includes the Darcy law of liquid moisture,
moisture diffusion in the vapor phase, and diffusion of bound moisture.
2.1. Governing equations
For a single oil shale particle the developed 3-D model is considered as an
anisotropic medium whose effective diffusivity in different directions is
different.
In the study, the following assumptions are made:
(1) The inner temperature at a given location is shared by all phases at any
time.
(2) Particle deformation in the drying process is ignored.
(3) The oil shale particle is in local thermodynamic equilibrium.
(4) Radiation heat transport under given condition is ignored.
In the initial condensation-evaporation period, the condensation temporarily occurs on the particle surface, and then the condensed water
evaporates into the superheated steam when pure steam is in contact with the
particle surface of relatively low temperature. Heat is transferred from the
particle surface to the interior of particle by convection and condensation.
The energy balance for the non-isothermal spherical particle can be
written as [23]:
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is the effective thermal conductivity vertical to the bedding plane
y
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are the effective thermal conductivities parallel to
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the bedding plane direction; T is the particle temperature.
The wet oil shale particle can be assumed as a spherical droplet. The rate
of evaporation or condensation per unit droplet surface area was governed by
the modified Hertz-Knudsen equation:
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where r is the radius of the liquid water boundary inside particle; Rg is the
universal gas constant.
In the constant and decreasing drying rate periods, the moisture transfer
inside the particle is expressed in the same form as the diffusion equation:
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where eff
is the effective diffusivity of moisture vertical to the bedding
y
z
and eff
are the effective diffusivities of moisture
plane direction; eff
parallel to the bedding plane direction.
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Apparently, the predicted temperature field in the decreasing drying rate
period can be used as the initial temperature field. The model of internal heat
conduction can be described by Equation (1).
2.2. Boundary determination of superheated steam drying

During the first drying period, the condensation-evaporation phenomenon
occurs at the boundary, bringing and taking away heat, respectively. According to the balance of heat flux, it can be described by:
x
eff

T
dr
y T
z T
 eff
 eff
 hT (T  T )   w H vap ,
x
y
z
dt

(4)

where hT is the heat transfer coefficient; H vap is the latent heat of
evaporation.
During the next drying period, in the case of pure superheated steam as
the drying medium, there is no convective transport of vapor due to the
concentration gradient from the particle surface to the surrounding. The
external mass transfer must be taken into consideration [24]:
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where T * can be computed from Equation (8).
The energy conservation equation at the boundary is expressed by:
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For the mass conservation equation, the boundary condition at the drying
surface is determined by the local vapor pressure and the external pressure.
The local vapor pressure is equal to its equilibrium pressure [25]:

Pv ,eq =aw ( X , T ) Psat T   P ,

(7)

where the saturation pressure of the vapor phase [26] is obtained by
Equation (8), according to the Arrhenius law which considers the activation
energy Ea as an adjustable parameter:

Psat T   610 exp 17.269  (T  273) / (237.5  T  273)  .

(8)

In the present work, it is assumed that the activation energy is constant.
The coefficient D0 increases with decreasing particle diameter [27, 28]. It is
difficult to give a physical explanation for the moisture diffusion inside the
particle following a model in the Knudsen diffusion when the particle
diameter increases [29]. Also, it is necessary to understand the fracture
mechanics inside the oil shale particle to have a good complement to
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developing the mass transfer model. The moisture diffusion in the particle
can be expressed as follows [30]:
 E
Deff  D0 exp   a
 R g Ta



 exp(( ATa  B ) M ).



(9)

The related parameters are given in Table 1.
Table 1. The effective diffusion coefficient
Particle number
1, 4
2, 5
3, 6

Particle size, mm
9
7
5

Ea, kJ/mol
89
89
89

D0, m2/s
1 × 10–6
6 × 10–7
4 × 10–7

A, K–1
0.05
0.05
0.05

B
0.2
0.2
0.2

2.3. Numerical solution

The main drying parameters are given in Table 2. The finite element software COMSOL Multiphysics is used to solve the equations to study the
drying process of a single oil shale particle in superheated steam. From
Table 2 it can be seen that the mass transfer coefficients for the Liu Shu
River oil shale in two directions are different.
Table 2. Main drying parameters
Parameter
Moisture diffusion, m2·s–1
Thermal conductivity, W·m–1·K–1

Initial temperature, K
Porosity
Oil shale density, kg·m–3
Oil shale specific heat, J/(kg·K)
Latent heat, J/kg
Heat transfer coefficient, W·m–2·K–1

Nusselt number
Time step, s

Parallel to the
bedding plane direction
Deff
 p  0.4474

Vertical to the
bedding plane direction
(1/5) × Deff

V  0.4128

T0  298

ε = 0.3
 P  1897  865  X

CP  842  3.97  T  2.2371102  T 2  1.101104  T 3
H vap  3168  2.4364  T
hT  Nug / d

Nu  2  0.66 Re0.52 Pr 0.33
0.1

3. Experimental section
The oil shale sample for the study was obtained from the Liu Shu River area,
China. Table 3 presents the initial moisture content of oil shale and the
experimental drying conditions. The sample was manufactured into spherical
particles of different sizes. The procedure was repeated at least three times to
obtain a representative average. The experiments were carried out to
demonstrate the effect of steam temperature and particle size on the drying
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characteristics under certain conditions. A schematic diagram of the experimental system is shown in Figure 1. A self-designed superheated steam
generator equipped with process variables controllers was employed. The
constant mass flow rate (mw = 0.000501 kg/s) was obtained by adjusting the
heating power of the steam generator through the voltage regulator. Steam
pressure was maintained at atmospheric pressure. The steam generated from
the heating jacket was heated to a specified temperature, and then became
superheated steam. The oil shale particle hanging in a thin wire was dried by
the superheated steam flowing through the drying tube. The exhaust gas was
discharged from the outlet. The real-time electronic balance recorded the
weight of a single particle in the drying process every 10 s.
Table 3. Experimental drying conditions
Temperature of
steam, K
463
463
463
483
483
483

Particle
number
1
2
3
4
5
6

Particle
diameter, mm
9
7
5
9
75

Initial moisture content
M0, % (dry basis)
23.51
33.42
25.19
26.67
22.23
23.23

Fig. 1. Schematic diagram of the experimental system.
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4. Results and discussion
4.1. Numerical identification of the effective diffusion coefficient of
moisture

The effective diffusion coefficient of moisture is described by the
mathematical model related to moisture content and particle temperature. It
was indicated that there was a certain relationship between void fraction
and anisotropic moisture diffusion by comparing theory with experiments
[31, 32]. Figure 2a–b plots the effective moisture diffusivity variations in the
(a)

(b)

Fig. 2. Variation of effective moisture diffusivity in the radial direction at different
steam temperatures: (a) T = 483 K; (b) T = 463 K.
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radial direction in the 9 mm particle at a steam temperature of T = 483 K and
T = 463 K, respectively. (Cut line 1 is vertical to the bedding plane direction
while Cut line 2 is parallel to the bedding plane direction). It can be observed
from Figure 2 that the effective diffusivity increases as the moisture content
decreases (time increase) and temperature increases. It may be attributed to
vapor generation at a higher rate. Figure 3 shows that the particle diameter
greatly affects the rate of moisture transfer. It can be explained by the fact
that a smaller particle has a larger specific surface area and a higher rate of
moisture transfer. The moisture is transferred along the shorter path to the
surface in a shorter time.
(a)

(b)

Fig. 3. Variation of effective moisture diffusivity in the radial direction for different
particle sizes at a steam temperature of 463 K: (a) d = 7 mm; (b) d = 5 mm.
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Figure 4 shows that the anisotropy has an obvious influence on moisture
transfer, which increases first and then decreases because the particle
moisture content in the final stage of drying is too low. Figure 5 plots
particle moisture profiles at 10 s, 50 s, 100 s and 150 s at a steam temperature of 463 K and particle size of 7 mm. The blue and red interfaces are
the dry-wet interfaces which are observed in many experiments. It is
indicated that the developed drying model of single particles can be adapted
to the oil shale drying process.
Figure 6 shows the change in particle temperature in the radial direction
at a steam temperature of 463 K and particle size of 7 mm at 50 s. It can be
seen that particle temperature has no anisotropic property. Figure 7 plots
particle temperature profiles at different times like 10 s, 50 s, 100 s and 150 s
under the same conditions. The temperature of the oil shale particle changes
quickly due to the occurrence of the condensation reaction in the initial
drying stage. A lot of heat is generated when the vapor phase transition takes
place. The particle temperature exhibits a uniform upward trend until the
moisture content of the particles reaches the equilibrium.
As can be seen from Figures 8–10, there takes place a short steam
condensation process when the particle temperature in the initial, preheating
stage quickly rises. But the drying model matches the variation of moisture
content well because the steam temperature drops below the temperature of
dew point by contacting particles with relatively low temperature, and the
particle temperature rises quickly by acquiring a lot of heat due to the phase
transition. The moisture contents obtained by modeling agree well with the
experimental data. It is verified that the mathematical model can describe the
drying performance of a single porous oil shale particle. Figure 8 shows that
there is a wide discrepancy between the experiment and simulation with

Fig. 4. Variation of particle moisture content in the radial direction at a steam temperature of 463 K and particle size of 7 mm at 50 s.
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Fig. 5. Particle moisture profiles at different times: (a) t = 10 s; (b) t = 50 s; (c) t =
100 s; (d) t = 150 s.

Fig. 6. Variation of particle temperature in the radial direction at 50 s.
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a large deviation at 250 s. It may be caused by a higher differential temperature stress and moisture difference between the particle surface and the
interior of the larger particle. At the same time, the high drying rate leads to
a short constant rate drying stage occurring at 373 K at atmospheric pressure.
From Figure 11 it is seen that the drying rate increases as the size of a
particle with a larger specific surface area decreases. Decreasing particle size
is helpful to improve the drying rate in the drying process.

(a)

(b)

(c)

(d)

Fig. 7. Particle temperature distribution at T = 483 K and different times: (a) t =
10 s; (b) t = 50 s; (c) t = 100 s; (d) t = 150 s.
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(a)

(b)

Fig. 8. Average moisture content and temperature (0, 0, 4.5 mm) profiles within a
particle of 9 mm at different steam temperatures: (a) T = 463 K; (b) T = 483 K. (The
abbreviation used: MR – moisture rate.)
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(a)

(b)

Fig. 9. Average moisture fraction and temperature (0, 0, 3.5 mm) profiles within a
particle of 7 mm at different steam temperatures: (a) T = 463 K; (b) T = 483 K. (The
abbreviation used: MR – moisture rate.)
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(a)

(b)

Fig. 10. Average moisture fraction and temperature (0, 0, 2.5 mm) profiles within a
particle of 5 mm at different steam temperatures: (a) T = 463 K; (b) T = 483 K. (The
abbreviation used: MR – moisture rate.)
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Fig. 11. The effect of particle size on moisture content at a steam temperature of
483 K. (The abbreviation used: MR – moisture rate.)

5. Conclusions
A drying model was developed to simulate the drying behavior of single oil
shale particles in superheated steam. The precise temperature and moisture
fields could be predicted. The experiments were carried out at different
steam temperatures and with particles of different sizes.
The main conclusions drawn are as follows:
1. The anisotropy influences moisture transfer rather than heat transfer.
2. The drying time is reduced by increasing the steam temperature and
decreasing the particle size.
3. In the whole drying process, there is neither distinct condensation process
nor constant drying rate period. In addition, the oil shale drying is
characterized by a long decreasing drying rate period.
4. The numerical modeling results agreed well with the experimental data. It
is verified that the mathematical model can describe the drying performance inside the oil shale particle.
5. It is meaningful to determine the effective moisture diffusivity which is a
critical parameter in modeling superheated steam fluidized bed drying in
the third stage of the process.

Nomenclature
Cp = specific heat, J/(kg·K)
D = diffusivity, m2/s
dp = particle diameter, mm
Mw = molecular weight of water, kg/mol

Simulation Investigation of Single Oil Shale Particles Drying in Superheated Steam …

247

P = pressure, Pa
R = universal gas constant, J/(K·mol)
T = temperature, K
m = constant mass flow rate, kg/s
M = dry-basis moisture content, kg/kg
H vap = latent heat of vaporization, J/kg
Ea = activation energy, kJ/mol
F = mass flux, kg·s–1·m–2
r = radius of the liquid water boundary inside particle, mm
X = wet-basis moisture content, kg/kg
Greek letters
λ = thermal conductivity, W·m–1·K–1
ε = porosity
μ = dynamic viscosity, kg·m–1·s–1
ρ = density, kg·m–3
τ = drying time, s
Subscripts and superscripts
0 = standard state
eff = effective
g = gas mixture
w = liquid water
p = solid particle
sat = saturated state
v = water vapor
center = center of particles
sur = surface of particles
 = ambient
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