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A model is presented for drying of a single porous particle with
superheated steam and humid air. Experimental data for spherical
porous ceramic particle reported in the literature were used for the
validation of the model. An inversion temperature at which the evap-
oration rates within superheated steam and humid air are equal was
predicted. The effect of thermophysical properties of the particle
(permeability 10!14 ! 10!17 m2, diameter 3"10!3 ! 10"10!3 m)
and operating variables (gas mass flux 0.26 ! 0.78 kg m!2 s!1,
drying agent temperature 120–200#C) is tested. The inversion tem-
perature is shown to be affected by the thermophysical properties
of the porous particle and of the drying agent.
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INTRODUCTION
Superheated steam drying is an attractive technology

that offers potential advantages such as reduced energy
cost, smaller equipment, reduced emissions, reduced fire
and explosion hazards, and improvements in product qual-
ity.[1–4] It can replace the air drying except for the thermally
sensitive products.

Wenzel and White[5] and Chu et al.[6] were the first to
show experimentally that more intensive evaporation
occurs in superheated steam than in air. Yoshida and
Hyodo[7] demonstrated that superheated steam can provide
an excellent medium for drying food products. Compared
to humid air, superheated steam is cleaner, provides higher
evaporation rate and there is less oxidation in food, thus
reducing the loss in nutritional value during the drying
process. The authors showed experimentally that the
curves of evaporation rate with air and superheated steam
would intersect at a point called the inversion temperature.

Above this temperature, water evaporation rate increases
as the humidity of the air increases with a maximum for
pure superheated steam. The change in drying rate with
the gas flux and the estimation of the inversion temperature
has been the subject of various theoretical and experi-
mental investigations.

Trommelen and Crosby[8] investigated numerically and
experimentally the evaporation of water into dry air,
humid air, and superheated steam. They studied the evap-
oration rate and the inversion temperature in a free stream.
Schwartze and Bröcker[9] presented a comparative table
summarizing previous theoretical and experimental results
giving the inversion temperature between 160 and 260#C,
depending on the fluid flow regime (turbulent or laminar).
They carried out a theoretical study of water evaporation
and introduced refined definitions of the inversion
temperature. The apparent inversion temperature was
defined as the temperature at the beginning of the evapor-
ation area for which the average evaporation rates into two
gas fluxes with different vapor mole fractions are equal.
These new definitions enabled a more precise description
of the inversion temperature phenomenon and explained
the reasons for discrepancies in inversion temperature
values obtained in earlier studies. Costa and Neto da
Silva[10] studied the evaporation of water from a wet film
into a gaseous stream of dry air, moist air, and superheated
steam. They demonstrated that the numerical values of the
local and effective inversion temperature were strongly
dependent on the local heat and mass transfer and thus
on the correlations used to calculate it. They proposed
analytical expressions for the inversion temperature.

The usual models to describe the inversion temperature
consider a wet planar surface that releases free water into a
stream of humid air or superheated steam. In spite of the
simplicity of these assumptions, there are differences
between the inversion temperature values reported in the
literature.[9,10] For a porous particle, the determination of
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the inversion temperature is even more complex than for a
planar wet surface because of the porous structure and
geometry. In the literature, few papers investigated the
inversion temperature based on the heat and mass transfer
during the drying of a porous particle. In their numerical
study, Chen et al.[11] assumed that the removal of water
proceeds with the formation of a wet-dry interface and a
receding front with time. For coal particles, they studied
the effects of gas mass flux, particle radius and
permeability on the inversion temperature. The coal inver-
sion temperature was shown to have a minimum as gas
mass flux and particle size increase. With the increase of
coal permeability, the inversion temperature decreases.
Suvarnakuta et al.[12] presented a comparative study of
low-pressure superheated steam and vacuum drying of
molecular sieve beads porous particle. They investigated
the effect of the operating pressure on the inversion
temperature. They also showed the difference between the
inversion temperature calculated from the constant rate
period and the falling rate period. Shibata[13] investigated
the drying process of porous sintered glass beads, baked
clay, and cemented glass balloons in both steam and air
under low pressure. The author showed the influence of
pressure on the normalized drying rate and critical
moisture content for the two cases. However, the inversion
temperature of these products was not mentioned in his
study.

In spite of the abundant literature on ceramic drying,
there is little information on the inversion temperature of
porous ceramic particle. Tatemoto et al.[14] reported an
inversion temperature value of 160#C for a porous ceramic
plate dried with superheated steam and hot air, without
mentioning the effect of the external (drying fluid velocity)
and internal (particle diameter and permeability) para-
meters on the inversion temperature.

The calculation of the inversion temperature is of major
importance for the design of a drying process. Although
superheated steam is chosen as drying agent for its safety
and energy efficiency properties, larger heat transfer rates
with respect to conventional air drying can only be
achieved for temperatures higher than the inversion
temperature.

The objective of the present study is to predict numeri-
cally the inversion temperature using a model of heat and
mass transfer in a porous particle during superheated
steam and humid air drying. Unlike previous models, we
have used the volume averaging[15–17] and a dichotomy
method to calculate the evaporation rate. The model is
then validated with the experimental data of a single
porous ceramic drying.[18,19] Hence, the influence of exter-
nal and internal parameters on the inversion temperature is
also investigated.

A comparison between our model and that of Chen
et al.[11] for coal inversion temperature is presented.

FORMULATION
The spherical porous particle is made of an inert and rigid

solid matrix containing a liquid phase and a gaseous phase.
Hence, the particle is a discontinuous medium. The theoreti-
cal formulation of heat and mass transfer in the porous
particle is obtained by a change of scale.[15–17] At micro-
scopic scale, the size of the representative volume V is small
with respect to the pore sizes. At macroscopic scale the size
of the representative volume is large with respect to the pore
sizes. The change of scale allows converting the real discon-
tinuous medium to an equivalent fictional continuous one.

Governing Equation of Heat and Mass Transfer
The macroscopic differential equations are obtained by

taking the average of the microscopic equations over the
averaging volume and using closing assumptions. Several
simplifying assumptions are made in order to obtain a
closed set of macroscopic governing equations:

$ the particle is from the macroscopic point of view
homogeneous and isotropic

$ local thermal equilibrium is assumed
$ compression work and viscous dissipation are

neglected
$ the dispersion and tortuosity terms are modeled as

diffusion fluxes.

The initial temperature of the particle is equal to the
saturation steam temperature and evaporation takes place
at the surface and inside the particle. The vapor is driven
out by a pressure gradient to the surface. We assume that
the air, initially present in the particle, is completely removed
when the sphere is heated to the saturation temperature.

The system of equations developed by Whitaker is the
following:[15–17]

$ Mass conservation equation in the liquid phase:
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$ Mass conservation equation in the gas phase:
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For an arbitrary a-phase scalar or tensor variable
Wa, we note:
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The superficial and intrinsic averages are related
by:

hWai ¼ eahWaia ð5Þ

where ea ¼ Va=V is the a phase volume fraction, or
porosity.

$ Darcy’s law:
$ The generalized Darcy’s law is actually the only

tool that can describe multi-phase stream in
porous media.[20] The average velocities of the
liquid phase Ul and of the gas phase Ug are
obtained using relative permeability as following:

$ Liquid phase:

hUli ¼ !
KKr1

ll
rhPlil ! qlg
# $

ð6Þ

with:

Pc ¼ hPgig ! hPlil ð7Þ

Gas phase:

hUgi ¼ !
KKrg

lg

rhPgig ! hqgi
g%
gÞ ð8Þ

where hPlil and hPgig are the intrinsic average pressures of
the liquid phase and the gas phase, respectively. K is the
intrinsic permeability and Krg and Krl are the relative
permeability of the gas phase and the liquid phase, respect-
ively. Pressures in the liquid and gaseous phases are related
to the capillary pressure Pc considered as a characteristic
property of the porous medium.

Assuming the specific heats are constant and using
the mass conservation equation, the energy conservation
equation is
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where hqCpiis the constant pressure heat capacity of the
porous particle.

Mass conservation of water in the porous particle:
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Thermodynamic Relations
$ The partial pressure of vapor is equal to its equilib-

rium pressure:

Pv ¼ PveqðT; SÞ ð11Þ

where S is the saturation.
$ The gaseous phase is assumed to consist of ideal gas.

hPgi ¼
hqgiRhTi

Mg
ð12Þ

Initial Conditions
The initial heating of the material is not included in this

model. It is assumed that the initial temperature and press-
ure of the material are uniform and equal to the saturation
temperature and pressure of the surrounding gas. Hence,
early condensation of steam was not considered in the
simulation.

Boundary Conditions
The number of the possible exchange configurations and

the lack of understanding of the transfer mechanism at the
product surface and surrounding drying agent lead to major
numerical difficulties. Particularly, the mass transfer at the
interface becomes difficult to evaluate when the surface
is covered by a liquid film. We assume that the transfer
of humidity at the surface takes place only in the vapor
phase.

At the particle surface, the continuity of energy and
mass flux allows:

keffrhTiþ DHvhqli
lhUlil

# $
& n ¼ h hTi! T1ð Þ ð13Þ

hqli
lhUlil þ DHvhqvi

vhUviv
# $

& n ¼ Fm ð14Þ

where h is the convective heat transfer coefficient, Fm is the
mass flux, and n is the unit normal vector.

During drying at high temperature with superheated
steam and humid air, the radiative transfer is not negli-
gible. To introduce the radiative flux, we use the classical
linearization of the total flux exchanged according to the
surface temperature. This yields a global combined
exchange coefficient (convection and radiation).

For the mass conservation equation, the natural physi-
cal condition at the drying surface is given by the equality
of the partial vapor pressure and the external pressure.

Pvsurf ¼ awðX;TÞPvsatðTÞ ¼ P1 ð15Þ

where the saturation pressure of the vapor phase is given
by:[21]

PvsatðTÞ ¼ exp 25:5058! 5204:9

T

& '& '
ð16Þ



The natural boundary condition for mass transport is
given by Eq. (15). This condition must be expressed in terms
of mass flux (Eq. (14)). The system is then solved with an iter-
ative method where the value of the mass flux should fulfill
the boundary condition of the partial pressure of the vapor.
It can be noticed that the vapor pressure at the product surface
is a decreasing function of the evaporation mass flux. A full
description of the iterative method is given in Couture.[22]

When superheated steam is the drying medium, mass
transfer resistance at the interface is negligible, and the heat
flux received by convection at the interface between the
porous particle surface from the surrounding steam in the
constant rate period is

Fmax ¼
hðTsurf ! T1Þ

DHv
ð17Þ

where Tsurf is the temperature at the particle surface, T1 is
the steam temperature, and h is the heat transfer coefficient
given by:

h ¼ Nukg

d
ð18Þ

For the convective heat transfer, we used the correlation
proposed by Hager et al.:[18]

Nu ¼ 2þ 0:61Re0:52 Pr0:33 ð19Þ

The constant rate period begins when the surface of the
product reaches the saturation temperature. As long as the
surface remains at the saturation temperature, the drying rate
is constant and controlled by the heat transfer rate at the
interface. When the surface temperature rises above the satu-
ration temperature, the constant rate period is achieved.

The main difference between the formulation of super-
heated steam drying and humid air drying is the expression
of mass flux. Indeed, Eq. (15) is not applicable for humid
air drying because Pvsurf is not equal to Pv1. So in this case,
the boundary condition at the particle external surface is:

Fm ¼
hmM

R

Pvsurf

Tsurf
! Pv1

T1

& '
ð20Þ

where hm is the mass transfer coefficient:

hm ¼
Dm

d
Sh ð21Þ

Pvsurf and Pv1 are the vapor pressure at the particle surface
and the vapor pressure of the drying agent, respectively.
The humid air is assumed to consist of ideal gas.

To calculate the mass transfer coefficient, we used the
relation presented by Ranz:[23]

Sh ¼ 2þ 0:6Re1=2 Sc1=3 ð22Þ

where Dm is the molecular diffusion coefficient of vapor in
the gas and lg and qg are the dynamic viscosity and the
density of the gas, respectively.

Numerical Resolution
The system of equations is solved by a finite volume

method based on the notion of a control domain[24] with
a nonregular mesh. To insure the convergence, an upwind
scheme is used to evaluate convection terms on faces of the
control domain. The discretization of the conservation
equations leads to a system of algebraic equations. This
system is strongly coupled and is solved numerically by
the iterative method of Gauss Seidel.

RESULTS AND DISCUSSION

Comparison with Experimental Data
The model is validated with experimental data reported

in the literature.[18,19] Hager et al.[18] investigated exper-
imentally the superheated steam drying of a single porous
particle of ceramic. These spheres, with 10 mm of diameter,
were exposed to superheated steam flowing through a
chamber with an inner diameter of 16 mm. The character-
istics of the ceramic porous particle used in the simulation
are listed in Table 1. The particle temperature and the
evaporation rate were measured as a function of time.
Figure 1 shows the comparison of the model results with
the experimental data under different steam temperatures
and gas mass fluxes. The experimental data of Looi
et al.[19] was also used for the validation of the model. In
this report, Looi et al.[19] have investigated the superheated
steam drying of porous ceramic particles under pressure.
The inside diameter and the length of the drying chamber
were approximately 25 and 100 mm, respectively. During
each experiment, they inserted two porous particles
(d ¼ 9.9 mm) in the drying chamber, one of them to mea-
sure the center particle temperature with thermocouple,
and the second particle was placed in a wire basket that
was suspended to a force transducer. During drying, the
particle mass was measured using an industrial load cell.
The properties of the ceramic porous particle used in the
simulation are shown in Table 1. Figure 2 illustrates the
comparison of predicted and experimental data. We notice
that in these figures, the predicted temperature rises faster
than the experimental one. However, the time needed to
reach the drying temperature is equal. The model predic-
tions are clearly in good agreement with the experiments.
The discrepancies between predicted and measured solid
temperature can be attributed to the position of the ther-
mocouples and errors in the measurement.

The model of Hager et al.[18] is based on the thermodyn-
amic approach improved by Moyne et al.[20] They con-
sidered the effect of gravity and pressure gradient. The
phenomenological coefficients intervening in equations



were determined by experiment or theory. This is the disad-
vantage of this model because the determination of these
coefficients is complicated. Looi et al.[19] developed a
model based on a simple receding core. The evaporation

of moisture occurs only on a defined drying front. They
assumed that mass transfer resistance and radiative heat
transfer are negligible. Heat is transferred from the
surrounding superheated steam to the particle surface by

TABLE 1
Properties of the porous ceramic and coal particles used in the simulation. These parameter are

given in the literature[10,17,18,21]

Parameters Ceramic spheres (Fig. 1) Ceramic spheres (Fig. 2) Coal (Figs. 10, 11, 12)

d (mm) 10 9.9 10
qs (kg=m3) 2000 1550 1100
e 0.4 0.41 0.4
Cps (J=kg K) 640 880 1000
ks (W=m K) 1.7 1.3 2.5
K (m2) 2" 10!15 2" 10!15 2" 10!15

Krl S2 S2 S2

Krg (1! S)2 (1! S)2 (1! S)2

Xi (kg=kg) 0.184 0.223 1
ql (kg=m3) 4180 4180 4180

FIG. 1. Comparison of model with experimental data of spherical ceramic porous particle.[17]



convection. Our model is based on the volume averaging
method and, as mentioned above, an iterative process is
used for the calculation of the mass flux, verifying the
boundary condition. Thus, only the knowledge of the
physical properties of the porous medium are needed.
The agreement found between experimental and predicted
results indicates that using the volume averaging method
to describe heat and mass transfer during the drying of a
porous particle is successful.

Sensitivity Analysis
The sensitivity analysis indicated that variations in

certain parameters have significant effects on the drying
time. Knowledge of the parameters that have significant
impact on drying behavior is useful in designing drying
operations.

Figure 3 illustrates the effect of particle diameter on the
drying process. We noted that particle diameter exerts a
significant influence on the drying behavior. Larger
particles require a much longer time to reach the gas
temperature due to the fact that more energy is needed to heat
them up. We also note that for the same drying temperatures
and steam velocities, the predicted moisture content decreases
much more rapidly when the diameter decreases. This is due
to the fact that the Reynolds number and thus the heat
transfer coefficient increases with smaller particles. Figure 4
illustrates how changes in the temperature of the drying
medium affect the drying curve. At lower temperatures, the
moisture content decreases more slowly. As the temperature
increases, the medium reaches the drying temperature more
quickly. This is because the higher temperature gradient in
the medium resulted in a higher heat flux.[25]

The gas mass flux is related to the gas velocity via the
gas density. As we would expect, when we increase the gas
mass flux, for the same drying temperature, the Reynolds

number increases and consequently the convective heat
transfer coefficient increases (Fig. 5) leading to a reduction
of the drying time. Figure 6 shows the effect of
permeability on the drying behavior of the single particle
of ceramic, varying between 10!17 and 10!14 m2. It does
not influence the value of the heat flux in the constant
drying rate period but it affects the shape of falling rate
phase. However, the time required to reach the equilibrium
moisture content increases as the permeability decreases.

FIG. 3. Effect of particle diameter during superheated steam drying:
Tg ¼ 423 K and mg ¼ 0.78 kgm!2s!1.

FIG. 2. Comparison of model with experimental data of spherical
ceramic porous particle.[18]



In the range of variables considered, steam temperature
exerts the most significant effect on the drying behavior.

The model can be used to determine the inversion
temperature. Figure 7 shows that the mass fluxes during
superheated steam drying and humid air drying intersect
at a point, the so-called inversion temperature, at which
the mass fluxes of the two drying processes are equal.
The inversion temperature of porous ceramic particle is
about 152#C. This value is lower than the reported value

of Tatemoto et al.[14] (160#C) for ceramic plate drying.
They defined the inversion temperature as the temperature
at which the drying times for the superheated steam and
hot air drying processes are equal. The drying time was also
defined as the time when the drying rate becomes zero.
They assumed that convective gas transfer in the sample
is considered by using Blake-Kozeny equation.[14]

The effects of various operating parameters on the
inversion temperature for the drying of porous ceramic
spheres were investigated using the mathematical model

FIG. 4. Effect of gas temperature during superheated steam drying:
mg ¼ 0.26 kgm!2s!1 and d ¼ 10 mm.

FIG. 5. Effect of gas mass flux during superheated steam drying:
Tg ¼ 423 K and d ¼ 10 mm.



developed in the previous section. Figure 8 shows the influ-
ence of the gas mass flux and the particle diameter on the
inversion temperature for the drying of a porous spherical
ceramic particle. The inversion temperature is calculated
during the constant rate period. We note the existence of
a minimum as the gas mass flux and particle diameter
increase. Chen et al.[11] reported the same behavior during
coal drying. As shown in Fig. 6, permeability does not
affect the value of mass flux in the constant rate period.

Therefore, to investigate the effect of permeability, the
inversion temperature is calculated only during the falling
rate period. Figure 9 illustrates the effect of permeability
on the inversion temperature. An increase in ceramic
particle permeability leads to a decrease of the inversion
temperature. In fact, an increase in permeability leads to
a decrease in the drying time and an increase in the evapor-
ation rate which leads to a decrease of the inversion
temperature.

Next, we compare our model with that of Chen et al.[11]

for the coal inversion temperature. For this purpose, the
same coal properties were used (Table 1). Figures 10, 11,

FIG. 8. Influence of gas mass flux and particle diameter on the inver-
sion temperature.

FIG. 6. Effect of permeability during superheated steam drying:
Tg ¼ 423 K, mg ¼ 0.1 kgm!2s!1, and d ¼ 2 mm.

FIG. 7. Inversion temperature (Tinv ¼ 425 K): the intersection of the
two curves.



and 12 show the results of the two models. The effect of the
gas mass flux, particle radius, and permeability on the coal
inversion temperature is illustrated. The same behavior
between both models is observed; however, our results give
slightly smaller values of the inversion temperature com-
pared to Chen et al. The difference can be attributed to
the fact that these authors used a front model, which
assumes that the removal of water proceeds with the
formation of a wet-dry interface and a receding front with
time. Moreover, the condensation phase was considered
since the initial temperature is smaller than the saturated
temperature. Iyota et al.[26] studied the effect of conden-
sation during the initial stage of superheated steam drying.
They demonstrated that this phenomenon influences the
drying process and the quality of the dried solid.

CONCLUSION
Single porous particle model describing heat and mass

transfer has been developed to investigate the drying with
superheated steam and humid air. The model is validated
with literature experimental data of spherical porous
ceramic particle. A good agreement is found between the
simulation and experimental results. The extension of this
model allows predicting an inversion temperature at which
the evaporation rates into both superheated steam and
humid air are equal. A value of about 152#C is obtained.
The influence of external and internal parameters on the
drying kinetics and on the inversion temperature is also
investigated. As expected, the inversion temperature for
the drying of porous particles depends on the physical

FIG. 9. Influence of the permeability on the inversion temperature.

FIG. 10. Influence of gas mass flux on the coal inversion temperature.

FIG. 11. Influence of particle radius on the coal inversion temperature.

FIG. 12. Influence of permeability on the coal inversion temperature.



properties of the porous medium like permeability and
particle diameter and on the external operating parameters
like the gas mass flux. Calculations illustrate that this
temperature exhibits a minimum relative to the gas mass
flux and particle diameter, and it decreases with the
increase of the ceramic permeability. These results are in
good agreement with similar calculations of the inversion
temperature for coal drying.

NOMENCLATURE
aw (Water activity)
Cp Constant pressure specific heat (J kg!1K!1)
Dm Molecular diffusion coefficient (m2 s!1)
d Particle diameter (m)
Fm Mass flux (kg m!2s!1)
g Acceleration due to gravity (m s!2)
DH Latent heat of vaporization (J kg!1)
h Heat transfer coefficient (W m!2K!1)
hm Mass transfer coefficient (m s!1)
K Intrinsic permeability (m2)
Krg Gas relative permeability
Krl Liquid relative permeability
Krv Vapor relative permeability
M Molecular weight (kg mol!1)
_mm Evaporation rate (kg m!3s!1)

mg Gas mass flux (kg m!2s!1)
n Unit normal vector
P Pressure (Pa)
Pveq Vapor equilibrium pressure (Pa)
Pvsat Vapor saturation pressure (Pa)
Pvsurf Vapor pressure at particle surface (Pa)
T Temperature (#C)
t Time (s)
R Universal gas constant (Jmol!1K!1)
RH Relative humidity
r Particle radius (m)
S Saturation
U Velocity (m s!1)
Vg Gas velocity (m s!1)
X Moisture content (dry basis) (kg=kg)

Greek Symbols
e Porosity
ei Volume fraction
k Thermal conductivity (W m!1K!1)
l Dynamic viscosity (Pa s)
q Density (kg m!3)

Superscripts
g Gas phase
l Liquid phase
v Vapor

Subscripts
eq Equilibrium

g Gas phase
I Initial surf
l Liquid phase
m Mass
max Maximum
s Solid phase
sat Saturation
surf Surface
v Vapor
v Vaporization
veq Vapor at equilibrium
1 Gas agent

Dimensionless Groups
Nu Nusselt number
Pr Prandtl number, Pr ¼ lgCpg=kg

Re Reynolds number, Re ¼ qgUgd=lg

Sc Schmidt number, Sc ¼ lg=Dmqg

Sh Sherwood number
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