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Abstract In this study, two-dimensional conjugate heat and mass transfer in porous body and drying air during the
drying process were numerically investigated by finite volume (FV) method, which guarantees the conservation of
mass, momentum and the energy during the numerical solution. The full NS-equations (including buoyancy terms),
energy equation and concentration equation are considered for external flow and for porous field coupled energy and
moisture transfer equations are used. The numerically captured curve shows the same behavior of the drying process.
Drying flow velocity shows proportional effect on moisture removal rate with a factor between 1/4 and 1/5 in Reynolds
range of 50 to 1,000. Also, buoyancy forces have an effect on flow streamlines, the distribution of vapor concentration,
moisture profile, and considerably increase drying rate. This increment was investigated in Reynolds number range
of 50 to 1,000, and its minimum value was found in a Reynolds number of 1,000, which was about 15 percent.
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INTRODUCTION

In capillary porous materials, moisture migrates through the body
as a result of capillary forces and gradients of moisture content, tem-
perature and pressure. This movement contributes to other heat trans-
fer mechanisms while the eventual phase changes occurring within
the material act as heat sources or sinks [1].

Drying is fundamentally a problem of simultaneous heat and mass
transfer under transient conditions resulting in a system of coupled
non-linear partial differential equations.

Luikov [2] and later Whitaker [3] defined a coupled system of
partial differential equations for heat and mass transfer in porous
bodies. Although they used different approaches to obtain equa-
tions, their formulations do not differ substantially from each other.
Many numerical works have been executed in this field on basis of
these two theories.

Kallel et al. [1] have developed a one-dimensional model for si-
multaneous heat and moisture transfer in porous materials. Also
Ben Nasrallah and Perre [4]; and Murugesan et al. [5] have used
one-dimensional models in studying heat and mass transfer during
convective drying of porous media.

Ferguson and Lewis [6] studied the drying problem of timber
with a two-dimensional model. Comini and Lewis [7] have used
the finite element method for solution of two-dimensional heat and
mass transfer in porous media.

All of the above listed studies have estimated heat and mass trans-
fer between porous materials and drying fluid by coefficients obtained
from standard correlations based on boundary layer equations, and
more of them assumed an analogy between heat and mass transfer
coefficients. However, since the actual process of drying is a con-
jugate problem, the heat and mass transfer to and from the porous
solid have to be studied along with the flow field.

Dolinskey et al. [8] in a conjugate study of paper drying have

shown that results of solution by conjugate view differ consider-
ably from those of a decoupled system. Also, the analogy between
heat and mass transfer coefficients may not exist in reality, even in
drying of one-dimensional objects.

Masmoudi and Prat [9] found that the mentioned analogy holds
true only for the initial period of unsaturated sand drying; and for
the later part of drying, the heat and mass transfer coefficients at
the interface may not satisfy the analogy, due to the non-uniformity
of moisture and temperature distribution at the interface resulting
from the conjugate nature of transfers.

Oliveira and Haghighi [10] have studied drying of wood as a con-
jugate problem. They have used boundary layer equations for flow
field, and presented temperature and moisture contours during the
process.

Murugesan et al. [11] have applied a two-dimensional model for
brick drying. They used Navier-Stokes equations for flow field in-
cluding buoyancy terms in their conjugate analysis. They concluded
that restricting heat and mass transfer to the top surface of a two-
dimensional porous body will cause considerable errors in the solu-
tion. They also have shown that neglecting buoyant forces in flow
analysis leads to considerable differences in heat and mass transfer
values and lower drying rate, in Reynolds number of 200.

Younsi et al. [12] studied conjugate heat and mass transfer dur-
ing high-temperature heat treatment behavior numerically. They
solved model equations by the commercial package FEMLAB for
the temperature and moisture content. Comparison of their numeri-
cal and experimental results has shown good agreement.

In the majority of the previous conjugate studies, the buoyancy
effects have been simply ignored in flow field analysis, except the
study performed by Murugesan et al. [11]. The solution method used
in [11] is a finite volume approach and is related to an unsteady prob-
lem. In this article we have tried to use a much more conservative
method for calculation of energy and momentum fluxes. Regard-
ing the weak capability of the finite element methods (specially in
their flux averaging steps), the motivation of the current work con-
cerns solving the same two-dimensional conjugate problem with a
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finite volume approach which fundamentally guarantees the energy
and the mass fluxes to be conserved during the solution and the dis-
cretization procedures. However, using the same mesh and conse-
quently the same cells, the entire solution domain highlights the
ability of the finite volume approach on using unstructured grids. On
the other hand, the solution is extended to a higher Reynolds num-
bers (1,000) despite a Reynolds number of 200 reported by Muru-
gensan et al. [11], to give a wider range study of the buoyancy ef-
fects not only on temperature and the moisture content, but also on
flow patterns during the drying process.

MODELING

1. Problem Statement
The problem model, including corresponding boundary condi-

tions, is shown in Fig. 1. The problem considers a sample of rectan-
gular brick exposed to convective airflow. The brick is assumed to
be saturated with water initially. The governing moisture removal
from brick to air exceeds in the causing of concentration gradient
between air in the vicinity of the body and free stream air. Flow is
incompressible and thermophysical properties are taken to be con-
stant. The initial moisture content of the brick is 0.13 kg/kg of dry
solid, and the solid temperature is set to 293 K and the drying air
has a 50% relative humidity. At Reynolds 200 the air velocity is
0.02 m/s. The thermal conductivity of the brick is 1.8 W/mK, and
the thermal capacity is set to 1,200 J/kgK. The brick density is set
to 1,800 kg/m3.

Non-isothermal diffusion coefficient of porous body in vapor
phase, Dtv=1(10) 12

Non-isothermal diffusion coefficient of porous body in liquid
phase, Dtl=1(10) 12

Iso-thermal diffusion Coefficient of porous body in vapor phase,
Dmv=1(10) 12

Iso-thermal diffusion Coefficient of porous body in liquid phase,
Dml=1(10) 8

Enthalpy of Evaporation (Initial value), Hfg=2,454 Kj/KgK
Mass diffusion coefficient of vapor in air, Diff=0.256(10) 4

Fluid thermal conductivity, Kf=0.02568
Porous body thermal conductivity, Ks=1.8
Buoyancy coefficient of temperature, =3.4129(10) 3 1/K
Buoyancy coefficient of Concentration, '=0.0173

2. Governing Equations for Solid (Brick)
The equations for porous solid phase as obtained by Kallel et al.

[1], on the basis of continuum approach, were applied for numeri-
cal solution:

Energy equation

(1)

Where

Moisture conservation equation

(2)

3. Governing Equations for Flow Field

Continuity

(3)

Momentum equation (2D Navier-Stokes)

(4)

(5)

Energy equation

(6)

Vapor concentration equation

(7)

4. Boundary and Initial Conditions
Initially, the porous material is assumed to be at uniform mois-

ture content (saturation value), and temperature (equal to air tem-
perature).

T(x, y, 0)=T0; M(x, y, 0)=M0

The boundary conditions at the interface of solid and fluid are [13,14]

No slip condition
u=0; v=0

Continuity of temperature
Tf=Ts

Continuity of concentration
C=C(T, M)s

Heat balance
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Fig. 1. Geometry of computational field.
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(8)

Species flux balance

(9)

Boundary conditions for flow field are

Inlet boundary condition
u=U , v=0, T=T , C=C

Far stream boundary condition (upper boundary)
u=U , T=T , C=C

Outflow boundary condition

Also bottom surface of solid is taken adiabatic.

GRID DEPENDENCY

A structured mesh was used for computational work. Mesh clus-
tering around body is illustrated in Fig. 2.

To clarify effect of mesh refinement on numerical solution, three
meshes with different precision were used in numerical analysis:

Mesh. 1, with 69120 total nodes.
Mesh. 2, with 108000 total nodes.
Mesh. 3, with 155520 total nodes.
As shown in Fig. 3, the value of moisture content in the leading

edge (minimum value of moisture content) obtained by numerical
solution with mesh 1 and mesh 2 in 9 hours has maximum differ-
ence of 1.28 percent, while for mesh 2 and mesh 3 the maximum
difference is 0.66 percent. So mesh 2 seems to be optimum in ac-
curacy and run-time, and therefore we decided to continue the com-
putational work.

NUMERICAL SOLUTION

In each time-step, following items should be carried out:
1. Solution of two-dimensional flow field equations (continuity+

NS) by SIMPLE algorithm, with finite volume scheme.
2. Solution of energy equation for fluid by ADI technique with

finite difference scheme. Neumann boundary condition was used
for interface, which was obtained from last time-step derivative val-
ue of solid temperature in Eq. (8).

3. Then energy equation for porous field is solved by ADI tech-
nique with finite difference scheme. Boundary condition at inter-
face is the known value of fluid temperature.

4. Determining concentration distribution for the flow field. The
solution is similar to step 2, but the boundary condition is obtained
from Eq. (9) by explicit moisture content derivative at the interface.

5. Calculation of moisture content distribution for porous body.
The solution is similar to step 3, but the boundary value of the mois-
ture is obtained by the known fluid concentration (from previous
step) value at interface.

Because of using explicit values in the solution procedure, we
have to do internal repetition in each time-step, until internal con-
version is reached for all four variables. After that, solution for next
timestep starts.

RESULTS AND DISCUSSION
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Fig. 3. Value of moisture content in leading edge obtained with
three different meshes.

Fig. 2. Mesh structure over the porous material.

Fig. 4. Drying curve comparison of the present work, and the re-
sults of Murugesan et al. [11].
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1. Validation and General Results
The drying curve of modeled brick in Re=200 is verified by re-

sults of Murugesan et al. [11]. As illustrated in Fig. 4, this compari-
son reveals that samples possessed almost nearly the same trend of
moisture content reduction in the overall drying time of 15 hours.
Nevertheless, the accuracy of above mentioned curves is within 0.6%.

The computational results of moisture content profile for Re=
200 illustrates that drying rate in the region near the leading edge
(which corresponds to maximum concentration gradient in adjacent
air) is more than other regions in a porous body (Fig. 5). Gradually,
drying spreads from that region to centric regions of the body.

Concentration values in air around a porous body are presented
in Fig. 6. Concluding from this fig., the gradient of concentration
in the body surface has shown a strong effect on moisture content
distribution in body (as seen for the leading edge).

Temperature distributions in a porous body and around air in the
course of drying are shown in Fig. 7. It’s evident that the tempera-
ture value of the porous body near the leading edge decreases quick-
ly as a result of higher moisture vaporization from the surface there,

and this temperature drop is transferred to centric regions of the po-
rous body.
2. Different Air Velocities

Numerical solution was executed for different velocities of dry-
ing fluid (different Reynolds number) to clarify the effect of this
parameter. Fig. 8(a) to (c) shows streamlines around the body for
Reynolds numbers of 50, 100 and 200. As shown in this fig, velocity
increment in Re=50 to Re=100, results in more compactness of
streamlines above the body, and then in Re=200 separation occurs,
while a vortex forms on the upper surface.

In Fig. 9, contours of concentration around the body for denoted
numbers of Reynolds are illustrated. It is obvious that a Reynolds
increment results in a significant decrement in thickness of concen-
tration boundary layer on the upper side (specially for leading edge)

Fig. 5. Moisture content distributions (kg moisture/kg dry) during
drying.
(a) t=21/2 hr, (b) t=9 hr, (c) t=151/2 hr

Fig. 7. Temperature distributions in porous body and around.
(a) t=21/2 hr, (b) t=151/2 hr

Fig. 6. Concentration contours in air around a porous body.
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due to changes in streamlines and velocity boundary layer.
For Re=100, moisture contents are less than those obtained for

Re=50, especially for regions nearby the leading edge (Fig. 10(a)
and (b)). This is mainly due to thinner concentration boundary layer
aforementioned. In transition to Re=200 from Re=100 (Fig. 10(b)
and (c)), this matter is satisfied just for the leading edge and left
side of the body (as a result of vortex formation above the body in
Re=200).

In Fig. 11 drying curves are shown for various Reynolds num-
bers ranging from 50 to 1,000. Effect of drying fluid velocity on
process speed could be clearly analyzed. For example, the mois-
ture removed after 5 hours of drying process for Re=100 is 15.4%
more than corresponding value of Re=50. This difference is 17.5%

for two Reynolds numbers of 500 and 200.
3. The Effect of Buoyancy

To study the contribution of buoyancy on flow patterns and con-
sequently on the drying process, the computations were performed
with and without buoyancy terms in flow equations (i.e., mixed and
forced convection, respectively). Fig. 12 shows streamlines around
the porous body in Re=200 for both the forced and mixed convec-
tion assumptions. As shown, buoyancy forces clustered the stream-
lines near vertical walls. In Fig. 13 the moisture content (MC) dis-
tribution is shown for 81/4 duration for both cases (Re=200). Obvi-
ously, the mixed convection results show a higher drying perfor-

Fig. 8. Streamlines for different value of Re.
(a) Rey=50, (b) Rey=100, (c) Rey=200

Fig. 9. Concentration contours for different value of Re.
(a) Rey=50, (b) Rey=100, (c) Rey=200
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mance.
A comparison between drying curves of mixed and forced as-

sumptions is shown in Fig. 14. The decrease of (MC) has a lower
rate in forced convection case for a 10 hour period, (e.g., 19.7 per-
cent after 10 hours of drying). Consequently, the forced convection
model underestimates drying rate noticeably in Re=200.

As stated above, the buoyancy force has a great contribution in
drying prediction in Re=200. To investigate effect intensity in var-
ious drying fluid velocities (different Reynolds numbers), drying
curves resulting by mixed and forced convection models in Rey-
nolds numbers 50 and 1,000 (a practical range in drying) are illus-
trated in Fig. 15. Also, Fig. 16 shows average moisture fluxes (dur-
ing initial 5 hours of process) obtained by each of the two models,

Fig. 10. Moisture content contours (kg moisture /kg dry) for dif-
ferent value of Re.
(a) Rey=50, (b) Rey=100, (c) Rey=200

Fig. 11. Drying curves for Re=50 to 100.

Fig. 12. Effect of buoyancy forces on streamlines in Re=200.
(a) forced convection (b) mixed convection

Fig. 13. Moisture profiles obtained by mixed and forced convec-
tion models in Re=200 (t=81/4 hr).
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and so in Table 1 the percentage increase in average moisture flux
by taking buoyancy into account is listed for different Reynolds
numbers. These figures and table imply that despite relative decreas-
ing in drying rate with increasing Reynolds, the effect of buoyancy
on the drying process in the whole Reynolds range of 50 to 1,000

are considerable. So, in the denoted range of Re, which includes
most practical velocities in porous bodies drying (especially clay
products drying), ignoring buoyancy effects in flow analysis will
impose noticeable error into computations. In other words, forced
convection model has not enough accuracy for drying process an-
alysis in the governing range.

CONCLUSION

Using an FV method, which in this article employed pressure-
based conservative algorithms, we performed a two-dimensional
conjugated solution that guarantees the conservation laws despite
the finite element methods.

By studying the drying process in a variety of flow velocities (var-
ious Reynolds number), it is observed that airflow velocity incre-
ment has a proportional effect on drying rate, with a factor between
1/4 and 1/5.

Moisture profiles and drying rate are considerably affected by
buoyancy forces. Moisture removal from a porous body surface
for a mixed convection model is more than forced convection in of
the entire Reynolds range of 50 to 1,000. So, it’s suggested to take
into consideration buoyancy effects in analysis of flow around po-
rous bodies in drying or other similar processes.

NOMENCLATURE

: coefficient of thermal expansion
c : specific heat

Fig. 14. Drying curve for mixed and forced convection models in
Re=200. Fig. 16. Average mass flux during initial 5 hours of drying for mixed

and forced convection models.

Fig. 15. Drying curve for mixed and forced convection models.
(a) Re=50 (b) Re=1,000

Table 1. Effect of buoyancy on average moisture flux for differ-
ent Reynolds numbers

Re Percentage increase in average moisture flux
0,050  26%
0,100  20%
0,200  19%
0,500  16%
1,000  15%
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c* : specific heat of porous medium
C : density of vapor
Dij : diffusion coefficient of moisture
g : acceleration of gravity
h : vapor enthalpy per mass
hfg : vapor enthalpy
hm : mass transfer coefficient
k : thermal conductivity
m : mass
M : moisture per mass of porous medium
P : fluid pressure

: density
t : time
T : temperature
T : ambient temperature
u : components of velocity in y direction
U : uniform velocity of fluid
v : components of velocity in x direction
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