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Abstract—In this study, a new error estimator for coupled transport equations has been developed and

successfully implemented. The error norm, based on the definition of the energy norm for the system of

coupled equations, is evaluated and used in the process of error estimation and calculation of the sizes of

the elements in the adapted mesh. A new adaptive strategy for transient problems was also implemented.

The performance of the proposed methodology is evaluated by applying it to selected examples. The results

showed that the proposed error estimator is suitable for this type of analysis. The adaptive strategy utilized
has proved to be efficient, avoiding unnecessary remeshings.

INTRODUCTION

Coupled problems are very common in the studies of
simultaneous heat and mass transfer in porous media.
Simultaneous heat and mass transfer due to the occur-
rence of temperature and moisture gradients within a
solid body is often encountered in many technological
processes. The determination of temperature and
moisture distributions in porous solids is essential for
equipment and process design, product quality
improvement, and the evaluation of storage and hand-
ling practices. Some examples of simultaneous heat
and mass transfer processes include the drying of
cereal grain, foodstuffs, timber, paper, ceramics, clay
brick, moisture migration in soils, freeze-drying of
biological materials, and chemical vapor transport in
crystal growth.

Considerable work has been done in the past dec-
ades on the development of sophisticated math-
ematical models of the simultaneous heat and mass
transfer in porous bodies [1-4]. Most of these models
are based on systems of coupled nonlinear partial
differential equations where temperature and some
kind of moisture potential are the primary variables.
In most cases, the analytical solution of these equa-
tions cannot be determined and an approximate solu-
tion technique must be used. The finite element
method is a powerful numerical technique capable
of solving such complex problems. This numerical
technique has been successfully used to simulate
coupled transport problems [5-16].

It is well established in the literature that the use of
adaptive techniques can increase the accuracy and
reliability of finite element solutions [17]. The objec-
tive of an adaptive procedure is to enhance the quality

tAuthor to whom correspondence should be addressed.

of the finite element solutions by continuously rede-
fining the mesh and reducing the discretization error
until the solution converges to the desired accuracy.
In recent years, there has been a great deal of research
effort put into the development of efficient adaptive
finite element procedures. Researches in this area are
primarily concerned with the development of reliable
and computationally inexpensive error estimates for
finite element computations. An extensive review on
this subject was presented by Noor and Babuska [18].
These estimates play an important role in the devel-
opment and implementation of an adaptive finite
element procedure.

Up to now most of the work done on a posteriori
error estimates and adaptive procedures is concerned
with linear uncoupled problems. An extensive work
on linear elasticity problems has been published [19-
23]. The adaptive finite element method has also been
applied to nonlinear problems [24-28]. The magnitude
of the error depends on the exact solution of the prob-
lem, since the magnitude is a measure of the ‘distance’
between the approximate and exact solutions.
However, in most real-world applications, the exact
solution is not available and must be estimated. Zien-
kiewicz and Zhu [19] showed that globally smoothed
values of stresses representing a higher-order approxi-
mation of the original stresses obtained from a finite
element analysis could be used instead of the exact
solution to calculate the error. This smoothing pro-
cedure was successfully used by Huang and Lewis
[29] in their adaptive finite element methodology for
steady-state heat transfer problems.

Finite element solutions for transient problems
have also been improved by adaptive techniques. In
an application to wave propagation problems, Lohner
[30] used a modified form of the classic interpolation
estimates used for steady-state computations in an

2809



2810 L. S. OLIVEIRA and K. HAGHIGHI
NOMENCLATURE

C constant oy convective mass transfer
Cm mass capacity coefficient
Cq heat capacity r boundary surface
|E|| exact energy norm o thermo-gradient coefficient
e error vector £ phase conversion factor
el  error in the energy norm n relative error

element size 7 target relative error

mass transfer coefficient A latent heat

heat transfer coefficient 14 refinement variable

mass flux p density

heat flux ¢, ¢, generic transport variables

diffusivity Q domain.

differential operator
constants

number of elements in a mesh

shape function

surface outward normal

number of nodes per element

polynomial degree

temperature

time

moisture potential

Q“‘ﬂ"u§=2§:hh>h&;.5§~w
h
N

v vector of dependent variables
x,y Cartesian coordinates.
Greek symbols
a convective heat transfer coefficient

q

Subscripts and superscripts
initial

area

clement

final

mass

previous value
smoothed

heat

surface

wall

undisturbed fluid.

g g0 Wog ™o pO
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adaptive finite element scheme for transient problems.
Later, he incorporated directional refinement and
body motion in the context of adaptive refinement
[31]. This directional refinement was a combination
of h-refinement and stretching of the elements in the
regions where the gradients were very steep. Error
estimates based on an interpolation theory were used
by Probert er al. [32] in the adaptive procedure to
solve a two-dimensional (2D) transient heat con-
duction problem. Lewis et al. {33], in an extension
of a previous work [29], also applied the adaptive
technique to transient flow problems together with an
adaptive time stepping scheme.

There are some studies dealing with error esti-
mation and adaptive analysis for coupled problems
available in the literature, but almost all of these
efforts deal with equations that are solved sequentially
and not simultaneously. An application of error esti-
mation and adaptive techniques to systems of sim-
ultaneous coupled differential equations was pre-
sented by Trompert [34]. The numerical technique
used was the finite difference method and error esti-
mators were developed separately for each equation
of the coupled system. Each error estimator presented
different behavior, leading to difficulties in estab-
lishing a simple and efficient refinement strategy. The
development of a single unified error estimator that
includes the coupling effects is crucial for the estab-

lishment of a more accurate and efficient adaptive
procedure.

In this paper, a new, simple, efficient and unified
error estimator for coupled transport problems is pre-
sented. The error norm, based on the definition of
the energy norm for the system of coupled partial
differential equations, was evaluated and used in the
process of error estimation and calculation of the size
of the elements in the adapted mesh. Unlike other
error estimators for systems of coupled equations [34],
this new estimator is based on the system of equations
and not on each transport equation separately. With
that, the problem of having different error behavior
for different equations in the system is overcome. An
adaptive A-refinement procedure was also used in this
study. Two example problems were studied to dem-
onstrate the technique.

THEORETICAL CONSIDERATIONS

This section presents the formulation for error esti-
mation and the general procedure for implementing
the adaptive analysis for coupled transport problems.
Although the concept of energy norm, formulated by
Zienkiewicz and Zhu [19], is used here, the devel-
opment of the error in the energy norm for coupled
transport problems and its implementation is totally
new and unique to this work.
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Coupled transport equations
In a generalized form, the system of coupled trans-
port equations can be written as

oT

ch =Vk, VT+k,,VU) 1)
au

Cmﬁ = V(k, VT+k,,VU) @

where T = T*—T,, is the normalized temperature,
U=U*-U, is the normalized moisture potential,
T* is the temperature, U* is the moisture potential,
T, is the air temperature, U, is the air moisture poten-
tial, k4, k2, kay, k2 are the diffusivities, and ¢, and
¢y, are the heat and mass capacities, respectively.

The generalized boundary conditions are given by

oT ou
C11k11‘é;+012k12’a7+clqth
+eimtnU+j, =0 onl; i=12... (3)
oT oU
¢1ka o +c22ky T +e bt T
+ e U4ju =0 onl; i=12... (4

where k, is the heat transfer coefficient, 4, is the mass
transfer coefficient, n is the surface outward normal,
Jq is a known heat flux, j, is a known mass flux, and
¢ B, j =1, 2, are constants that can be either 0 or 1,
and ¢, and ¢, { = 1, 2, are known constants that will
depend on the model used; I';, i =1, 2..., represent
boundary surfaces.

Error estimation

In Galerkin’s weighted residual method, the depen-
dent variables T and U are approximated by inter-
polating functions in terms of the known nodal values
T;and U;:

TaT= 3 Nx)T0 )

j=1

Ux U

J

I
I =

lI\G(x,y)lfj(t) ©)

where T and U are the approximated values of the
temperature and moisture potential, and the N;'s are
the basis functions.

The error in the finite element solution can be expre-

ssed as
e=[5:g} ™

The pointwise definition of error as given in equa-
tion (7) is difficult to implement and, in general, norms
and semi-norms are used instead [19]. One of the most
common norms is the energy norm. The energy norm
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has proved to be very effective in diffusion problems
[29] and can be written in general form as

le|| = (j e"Le dQ)”2 ®)
Q

where L is the differential operator. For the coupled
system of equations (1) and (2), the differential oper-
ator is defined as

_ VKWV VK,V
L= [Vk21V anv} ®

If equations (7) and (9) are substituted in equation

®):

llell

—J [T-T U-0]
Q
Vk”V Vk12V T‘-T
x [sz]V anV}l:U— ﬁ}dg

—J[T—T U— 0]
Q

Yk V(T = 1)+ Vk VU= 0)] 40
Vi V(T—T) + Vk,, V(U - D)

—juT—ﬂwhwr—n
Q

+(T—T)Vk,,V(U-T)
+(U=0)WVky V(T—T)

+ (U~ ﬁ)VkZZV(U-— [7)] dQ. (10)

If we apply Green'’s theorem to equation (10), the
error in the energy norm for the coupled transport
problem described by equations (1) and (2) can be
written as

lle]l? =J k,,(VT—VT)ZdQ+f ky, (VU=VU)? dQ
Q

[¢]

+J (k12 +ka ) (VT-VTY(VU-VU)dQ
Q

The error in each element is then calculated as fol-
lows:

an
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llells =j e (VT=VT) +k,,(VU-VO)?
Ac

+(kys +ky Y (VT—-VT)VU—VT)] d4

f-nf (-2
(220 es

[ -0l (E-5)
-]

where A, is the area of the element, and S, is the length

of the side of the element on the boundary.
In a similar fashion the exact energy norm can be

(12)

defined as
12
lEl = (J vTLde> (13)
Q
where
v= [5] (14)

represents the exact solutions of temperature and
moisture potential, and L is the differential operator as
defined in equation (9). Following the same procedure
that led to equation (11), one can obtain for | E] :

IEN* = J (e (VT)? +ky5(VU)?
Q

(ki k) (VT (VD)) dQ
or oUu
-L T(k“ n +ky, on )dr

oT ou
J; <k21 n +k220 )dr

A practical representation of the error in terms of
a relative error is

(1s)

_ el

1Bl (16)

The exact solutions of the dependent variables (tem-
perature and moisture potential) and their gradients
are usually not available for this type of problem.
For the temperature and moisture gradients, a global
‘smoothed’ value taken as a higher-order approxi-
mation of the value given by the finite element solution
can be used instead [29]. The smoothed continuous
values of the temperature and moisture gradients in
each element, 0T°/0x; and 0U°®/0x;, are evaluated in
the following way :

L. S. OLIVEIRA and K. HAGHIGHI

,-_,_Zl ’ax (17
¢7Us mQUP
=L N (18)

X; Jj=1

where ne is the number of nodes per element, N, are
the shape functions used in the finite element analysis,
0TP/0x,and dUP/0x; are the unknown smoothed nodal
values obtained by imposing the following con-

straints :
oTr*  oT
T
JN(ax ax')dﬂ_o

ous oU
T .
f N < = ax,.)dQ 0

in which 8T/0x; and 8U/0x; are the gradient values
obtained from the original finite element analysis.
Application of equations (19) and (20) to all the
elements in the domain leads to the following systems
of equations

(19)

(20)

oT® aT
T T
LN Ndxdy{ax'} JN o dxdy (21)
oU oUu
T T
LN Ndxdy{a ,}_JN o (22

where 07?/dx; and dUP/dx; are the smoothed gradi-
ents. Systems (21) and (22) are solved to find the
globally smoothed values of the temperature and
moisture gradients.

An approximation for the exact value of the depen-
dent variable in the boundary integrals was developed
by Franca and Haghighi [35]. This approximation is
taken as a higher-order approximation than the finite
element solution. A similar approach was adopted in
this study. The values of T and U on the boundary
are taken as the solution of the system of equations
given by boundary conditions (3) and (4) :

oT ou .
Cighg T+ 1 U = ‘(Cllklla_n+clzk12-+fq>

on
(23)
oT ou .
Coghg T+ Combta U = — <c2,k21 n +¢32K22 Wn + )
(24)

where 0T/0n and 0U/0n are the smoothed temperature
and moisture gradients given by the solution of the
system of equations (21) and (22).

In the case of the integrals containing the finite
element solution gradients, the boundary conditions
(3) and (4) are used to give
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¢k, g +ciokas —a—g = — (1M T+ it U+Jjg)
(25)
and
ca1ky: Z—f+cnkn i—f = —(C2ghy T+ o Ut ji)-
(26)

The solution of system of equations (23) and (24),
and equations (25) and (26) are substituted in equa-
tion (12) in the calculation of the error in cach elensent.
Similarly, the solution of system of equations (23) and
(24) are substituted in equation (15) for the evaluation
of the exact energy norm.

Adaptive procedure

The approximate efrors in each element can be

evaluated by using the smoothed temperature and

moisture gradients ﬁn equations (12). The total error

is then related to the individual element contributions

by

- M

el = Z] llell?. 27

The requirement for an optimum mesh is that all

the elements of t'te¢ mesh must have approximately

equal error dissribution [19, 29]. If we distribute || E||?

equally ovsr all the elements, the average error per
element can be estimated as

2
le|2 = nilEl .

M

(28)

If A is a pre-specified limit for the percentage error,
then the error in each element is bounded by
AlE(?

leld < ——

M 29

where M is the total number of elements in the mesh.
If we define a new variable ¢ as

_lell

$=1el.

we can then establish a criterion for mesh refinement
and derefinement. Whenever € > 1 the mesh will be
refined ; otherwise, the mesh will be coarsened. The
predicted size of the new element can be calculated
from the current element size :

he = hE'P 3D

where 4, is the predicted new element size, /¢ is the
current element size and p is the polynomial order of
the shape functions.

(30)

IMPLEMENTATION

A finite element code was developed for the solution
of coupled transport problems and implemented on a
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Sun 2 SPARCstation. A subroutihe for error esti-
mation and evaluation of the size of the new mesh
is included in the code. The program, including the
adaptive remeshing, 1s fully automatic and the user is
only required to build the initial coarse mesh. The
software INTELMESH® developed by Kang and
Haghighi {36] was wfor for the mesh generation. It
generates the nodes in the problem domain using the
concept of wave propagation. The mesh generator
allows the user to specify the size of the elements
around the critical points.

The present implementation of the adaptive strat-
egy for transient coupled problems works in the fol-
lowing way : for each N advances in time (N is an user
defined constant), after the finite element analysis is
performed, the overall solution error is evaluated from
equation (16). If n is greater than a pre-specified limit,
then the sizes of the elements in the new adapted mesh
are computed from equation (31). The refinement pro-
cess is carried out by using the centroid of each
element of the original mesh as a critical point in the
adapted mesh generation process. The evaluated size
of each element will be the size of the new mesh around
each critical point, and the grading of the mesh is
controlled by the wave propagation rate in the mesh
generation process. The interpolation of the nodal
information from one mesh to another is carried out
using the same shape functions used in the finite
element approximation of the variables. The adaptive
strategy used in this study is described in detail in
Oliveira et al. [37]. The adaptive time stepping meth-
odology developed by Gresho ez al. [38], and modified
by Bixler [39] was implemented. The formulation for
time step size prediction takes into account both tem-
perature and moisture potential rates of change as
well as the mesh size.

To illustrate the numerical performance of the pro-
posed formulation, two example problems were selec-
ted and successfully implemented. The error in the
finite element solution for transient coupled transport
problems was estimated, and its variation in time is
presented. There are no analytical solutions available
for both examples. The numerical results obtained in
this study were compared to other numerical solutions
available in the literature. All finite element models for
the analyses consisted of linear triangular elements.

Example 1. For this example, a generic system of
two coupled differential equations was adopted and
solved. The equations used have the following format :

o, ocC

017=K11V2¢1+K12V2¢2+L15 (32)
F) oC
62%2K21V2¢1+K22V2¢2 +L2“a; (33)

where ¢, and ¢, are the dependent variables, ¢, and
¢, are the capacities, K,,, K,,, K,; and K,, are the
conductivities, L, and L, are constants, and C is a
property of the medium. The equations format
resembles the transport equations used to describe
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Tabie 1. Coellicients of the equations in Example 1

Property Value Property Value
Ky 1x 107! L, 0.0
K. 2x 103 L, 1.0
K, 2x107° [ 1.0
K, 5% 1072 ¢, 1.0

C 1x1072

heat and mass transfer in saturated soils, where gravi-
tational effects are taken into account [9]. The values
for the coefficients involved are presented in Table 1.
The schematic diagram of the problem with imposed
initial and boundary conditions is shown in Fig. 1(a).

The initial coarse mesh was arbitrarily generated
and is shown in Fig. 1(b). NON and NOE stand for
the number of nodes and the number of elements,
respectively. The first adapted mesh is generated after
the first advance in time and is presented in Fig. 1(c).
The mesh is more refined close to the inclined surface,
where the geometrical and boundary conditions

¢1 =250, g =150

01 =250, ¢ =150

61, =100
¢z, =60.0

77,
(a)

NON =19 -NOE =22

®)
NON =62 - NOE = 100

©

Fig. 1. (a) Schematic diagram of Example 1, (b) initial mesh
and (c¢) adapted mesh for ¢; = 1.0.

L. S. OLIVEIRA and K. HAGHIGHI

effects are more accentuated. The specified target error
was 7 = 0.15.

The contour plots for the dependent variables ¢,
and ¢, are presented in Figs. 2(a) and (b), respectively.
Both distributions agree with the expected behavior.
The influence of the boundary conditions along the
inclined surface is clearly seen as it forces the contour
lines to shift downwards in the lower part of the
domain. Figure 3(a) shows the time step size variation
with time. The time step size increases at the begin-
ning, reaches a maximum, then decreases monot-
bnously, staying almost constant until the final time
is reached. The time step size decreases in response to
a decrease in the element size after the first adaptive
remeshing. The analysis was completed after 257 time
steps. The error variation with time is presented in
Fig. 3(b). The estimated error decreases very fast at
the beginning, approaching a constant value for the
remaining time at a much slower rate. No more than
one remeshing was necessary, singe the error reached
the specified tolerance at the begitining of the process.

Example 2. The second example studied was that of
a rectangular timber slab under convective drying
[Flg 4(a)] Due to the symmey;ry of the prob]em, a
quarter of the timber slab wag ysed for the finite
element analysis. Symmetry conditions (i.e. zero heat
and mass fluxes) were assumed wjong sides AB and
BC, and convective boundary conditions were
assumed along sides CD and DA. Luikov’s equations
for coupled heat and mass transfer in porous body
were adopted and solved. If the total prussure is
assumed constant throughout the porous body, I ui-
kov’s basic conservation equations are

*
peq 5% = VIlky +6Aknd )T *+e2kn VU] (34)

p =
*

au
pen—— = VIknd VI* +ky VU] (35)

where 6" = d/cp,.
The initial and boundary conditions for equations

(34) and (35) are
T#=T,

Ur=1U, (36)

aT* QU™

" an @7

=0 on TIszandIyc

or*
k= o 2T~ T.o) + (1~ ), (U~ U,) = 0

on IcpandIp,  (38)
ou* | ,0T*
kmﬁ ""Jmﬂ"km':S EI_ +‘xu(U— Uoo) =0
on [epandIps. (39)

Equations (34) and (35), and boundary conditions
(38) and (39) were nondimensionalized following the
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Fig. 2. (a) ¢, and (b) ¢, distribution for ¢ = 1.0.

lines of Thomas e: al. [8]. The discretization of the
nondimensionalized form of equations (34) and (35)
was based on the application of the Galerkin weighted
residual method [40]. The boundary condition and
thermophysical properties data are listed in Table 2.
The analysis was performed for two different drying
times, f; =20 min and % = 100 h. The initial con-
ditions were T, = 10°C and U, = 100°M for both
analyses.

0.0014
At 0.0008 - L\—\
0.0002
T T T
0 05 1
Time

(a)

For ¢; = 20 min, the initial coarse mesh, arbitrarily
defined by the user, is shown in Fig. 4(b). The first
adaptive remeshing was imposed to occur after the
first advance in time and the adapted mesh is presented
in Fig. 4(c). The adapted mesh is more refined near
the upper and right surfaces where the convection
takes place, i.e where both temperature and moisture
potential gradients are steeper. The prescribed target
error was j = 0.15.

0.6
N 034
0
T T 1
0 05 1
Time
(b)

Fig. 3. (a) Time step size variation and (b) error variation in time for # = 1.0.
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(b
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©

Fig. 4. (a) Schematic diagram of Example 2, (b) initial mesh and (c) adapted mesh for #; = 20 min.

The time step size variation with time is presented in
Fig. 5(a). The time step size increases at the beginning,
reaches a peak and then suddenly drops. This sudden
drop is attributed to a delayed response to the adapt-
ive refinement that occurred after the first advance in
time. After the drop, the time step size goes on increas-
ing and stabilizes until the final time is reached. The
savings in the time step size were of about 25% of its
initial value (A¢t; = 2 s). The analysis was completed
in 489 time steps.

The results of the analysis for temperature variation

in the lower left corner of the slab (x =0, y = 0) are
shown in Fig. 5(b) where they also compared to the
results of Thomas et al. [8] and Irudayaraj et al. [40].
The predicted temperature lies between the pre-
dictions of the other two models. The moisture poten-
tial variation in the same coordinates (x =0, y = 0)
was not significant for £, = 20 min.

Figure 5(c) shows the estimated error variation. The
error decreases monotonously after the first adaptive
refinement reaching a final value of # = 0.084 at
;=20 min. Since the error kept decreasing and

Table 2. Boundary condition data and thermophysical properties for Example 2

Property Value Unit Property Value Unit
k, 0.35 Wm'K! p 500.0 kgm™
Cq 1284.0 Jkg'K™! € 0.3
Cn 0.003 kgkg'°M™! A 0.25%10" Jkg!
kn 1.5x107° kgms °M™! o 0.02 °C-!
0 225 Wm2K~! T, 60.0 °C
o, 1.67x107°%  kgm=2s°M™! U, 100.0 ‘M
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25
24
At (Sec)
2.1
2
1 | | |
| " e 900 1200
Time (sec)
(a)
60 - - - Thomas et al. [8]
--«-Irudayaraj et al. [40] ””—-_“—-
40 -  -—This study ‘ o
R
Pt
0
T I | | l
0 5 10 I .
Time (min)
(b)
0.6
0.5+
0.4
" 0.3
0.2
0.1+ \g
0
T | | | |
0 5 10 T .
Time (min)
©

Fig. 5. (a) Time step size variation, (b) temperature variation
at x =0 and y = 0 and (c) error variation for Example 2,
t; = 20 min.

reached the target error (7 = 0.15) early, no more
adaptive refinements were needed.

In order to demonstrate the influence of the moist-
ure potential variation on the solution error, an analy-
sis for #; = 100 h was performed. The initial coarse
mesh used is the same used in the previous analysis
(t; = 20 min) and is presented in Fig. 4(b). Figure 6(a)
shows the first adapted mesh, after the first time step.
Again, the mesh is more refined close to the surfaces
where convection takes place. This mesh is less refined
than the one obtained in the previous analysis because
the target error in this case was higher (7 = 0.20).

Figure 6(b) shows the time step size variation. The
time step size increases at the beginning, reaches a
peak and then have a sudden drop in response to the
adaptive refinement. After the drop, the time step size
goes on decreasing until the final time is reached.

The predicted mioisture potential variation in the
lower left corner of the slab is presented in Fig. 6(c).
The results are compared to the results of Thomas et
al. [8] and Irudayaraj et al. [40]. The predicted moist-
ure potential rate of change is slower than in the other
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NON = 115 - NOE = 194

14 T
At
(min)
0.7 : : ,
0 2000 4000 6000
Time (min)
®)
100 -
80
U (°M) 60
- - - Thomas et al. [8]
04 e Irudayaraj et al. [40]
—— 'This study
20
T T T T 1 |
0 20 40 60 80 100
Time (hrs)
©)
0.6
0.5 -]
0.4
n 0.3
0.2 -
0.1 4
T T T T I 1
0 20 40 6 80 100
Time (hrs)
GY)

Fig. 6. (a) Adapted mesh, (b) time step size variation, (c)
moisture potential variation at x = 0 and y = 0 and (d) error
variation for Example 2, #; = 100 h.

two models at the beginning and then at about half
way to the final time there is no significant difference
among the three. The temperature in the slab achieves
a steady-state in the early minutes of the drying pro-
cess and there is no significant variation from then on.

The estimated error variation presents an inter-
esting behavior in this case [Fig. 6(d)]. The error
decreases very fast after the adaptive remeshing,
reaches a minimum and then goes up, reaches a local
maximum and then decreases monotonously
approaching a constant value. The peak in the error
curve is caused by an increase in the denominator of
equation (16) when the contribution of the boundary
integrals to the energy norm are most significant. Both
temperature and moisture gradients are very high at
and close to the boundaries at the beginning. Since
the error reached the prescribed error early, no more
adaptive remeshings were needed.
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CONCLUSIONS

A new, simple and efficient unified error estimator
for coupled transport problems was proposed and
successfully implemented. This error estimator is very
generic and can be applied to any system of coupled
transport differential equations. For example, if the
total pressure is not constant throughout the porous
body, an equation for pressure would have to be
added to Luikov’s model. The formulation for error
evaluation would remain the same. The only differ-
ence is that the error vector would contain the pressure
error in it. Both the proposed error estimator and
adaptive strategy utilized have proved to be very
efficient. The desired accuracy was always attained
and the adapted meshes agreed with the expected
physical behavior, i.e. the meshes were more refined
in regions where steeper gradients were expected.
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