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Abstract. In the present work we deal with the analysis, formulation and solution of an inverse heat and mass transfer problem in a
one-dimensional porous medium. The direct problem is formulated with Luikov’s equations which are solved using the finite
difference method. The inverse problem is formulated implicitly and is solved using the Levenberg-Marquardt method. A preliminary
sensitivity analysis is performed and the relevant model parameters are then estimated.
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1. Introduction

The analysis of the simultaneous heat and mass transfer phenomena in porous media has several relevant
applications in different areas such as mechanical, biomedical and environmental engineering. Just to mention a few
examples (Mikhailov and Ozisik, 1984): (i) modeling of the wicks of heat pipes; (ii) analysis of drying process of
structural concrete parts; (iii) drying of human blood plasma; and (iv) pollutant migration in soil.

Just to mention a few works on the subject, Dolinskiy et al. (1991) developed a model for the conjugate
problem of heat and mass transfer between a heat transfer agent and a material that is continuously pulled through it,
and Dietl et al. (1998) developed models for both the direct and inverse problems to predict the drying behavior of
capillary porous, hygroscopic materials, and compared the results with experimental data.

Luikov (1966, 1975) observed experimentally that the moisture migration in a drying process is governed by
the temperature gradient. Then using concepts from irreversible processes thermodynamics he was able to derive the
now called Luikov equations, used for the mathematical modeling of the phenomena of simultaneous heat and mass
transfer in porous media. Some analytical solutions are available in the literature (Mikhailov, 1975, Brown, 1989).
Hybrid Methods have also been used. Mikhailov and Ozisik (1984) used the integral transform method, and Cotta
(1993) developed and used the generalized transform integral technique. Thum et al. (1998) used the GITT and the
Laplace transform for the solution of the resulting ordinary differential equations for the Luikov’s problem in two-
dimensional media.

In the direct problem the solution of two coupled partial differential equations with the proper boundary and
initial conditions leads to the determination of both temperature and moisture distributions within the porous medium.
Orlande (2002) and Dantas et al. (2002, 2003) have addressed the inverse problem of parameter estimation in heat and
mass transfer in a porous medium. The direct problem is modeled with the Luikov’s equations which are solved using
the GITT, generalized integral transform method (Cotta, 1993). An implicit formulation is used for the inverse problem,
and it is solved using the Levenberg-Marquardt method.

Silva Neto and co-workers (Lugon et al., 2002, 2002a) have addressed independently the same problem using
also Luikov’s equations for the mathematical formulation of the direct problem and the solution of the inverse problem,
but in their work the solution of the direct problem is obtained with the finite difference method, instead of the
generalized integral transform technique. Another difference is also the time frame used for the analysis of the direct

and inverse problems. Dantas et al. (2002, 2003) considered a dimensionless time up to 7 =120, while Silva Neto and
co-workers considered times up to 7 =1, which for samples of porous media we are interested in, with 50 mm
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thickness, represents 1 hour of real time experiment. For such samples the preliminary sensitivity analysis performed
indicates that most of the relevant phenomena is observed within that time frame.

Huang and Yeh (2002) investigated the same problem. They have also used a finite difference approximation
for the solution of the direct problem, and the inverse problem was solved using Alifanov’s iterative regularization

method (Alifanov et al, 1995). These authors have also considered the final time of observation 7 =1.

In the present work we go a step further on the work done by Lugon et al. (2002, 2002a). The direct problem is
mathematically formulated with Luikov’s equations which are solved using the finite difference method. The inverse
problem is formulated implicitly (Silva Neto, 2002), as an optimization problem, and is solved using the deterministic
gradient based (Silva Neto and Soeiro, 2001, 2003) Levenberg-Marquardt method (Silva Neto and Moura Neto, 1999).
Here we look into the estimation of the phase change criterion, and Luikov, Possnov and Kossovitch dimensionless
numbers. Besides the mathematical formulation of both the direct and inverse problems, test case results are presented.

2. Mathematical formulation and the solution of the Direct Problem
In accordance with the schematic representation shown in Fig. 1, consider the problem of simultaneously heat

and mass transfer in a one-dimensional porous media in which heat is supplied to the left surface of the porous media, at
the same time that dry air flows over the right surface.
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Figure 1 — Drying process schematic representation
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The mathematical formul.ation of the direct heat and mass transfer problem considered, in the dimensionless
form, is given by (Mikhailov and Ozisik, 1984, Cotta, 1993)

00,(x,z) 0%6, 9%,
= - , 0<X«<l1, 7>0 1
ar Y P (o
2 2
aez(X’T):Luaaj—LuPnaag, 0<X<l, 7>0 (1b)
a7 oX oX
subject to the initial conditions
6,(x,0)=0, 0<Xx<1 (2a)
0,(x,0=0, 0<Xx<lI (2b)
and to the boundary conditions
06,(0,7)
——=-0, 7>0 3
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are defined as
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and a represents the thermal diffusivity of the porous medium, a,, the moisture diffusivity of the porous media, ¢ the
specific heat of the porous medium, % the heat transfer coefficient between the porous medium and the air, #,, the mass
transfer coefficient between the porous medium and the air, k the thermal conductivity, k,, the moisture conductivity, /
the width of the medium, g the thermal flux supplied at the porous medium left side, r the latent heat of evaporation, T}
the initial uniform temperature of the porous medium, 7 the dry air initial temperature, u, the initial moisture content,
u the equilibrium temperature with the air, x the coordinate axis, £ the phase change criterion (i.e., £= 1, vapor, £€=0,
liquid) and ¢ is the thermogradient coefficient.

When the geometry, the initial and boundary conditions, and the medium properties are known, the system of
equations (1-3) can be solved yielding the temperature and moisture distribution in the media.  In this work the finite
difference method is used to solve the system (1-3).

2.1 Direct Problem Solution

The solution of a partial differential equation (PDE) in a given domain implies in the determination of the
values for the dependent variable in each point of the region. For the implementation of a finite difference
approximation the physical domain is discretized, being then represented through a computational grid (see Fig. 2).

The derivatives in the differential equations and in the boundary conditions are then approximated through
finite differences resulting in a system of linear algebraic equations for the temperature 6, and for the moisture 6, at
the nodal points.
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Figure 2 — Physical domain and computational grid



Using a forward difference approximation for the first derivative in time in Eq. (1a) and a centered difference
approximation for the second derivative in space for both &, and &, one obtains from Eq. (1a)

_aArgl(Xi—l’ ,+1) (AX2+20(AT)9 (XI’TJ+1) CKATQ( Xis ]+1):
= AX6,(X .7, )= BAcO, (X 7, )+ 280, (X, 7, ) - AAT,(X 7 @

At node i = 0 (see Fig. 2), Egs. (3"-b) are approximated in Eq. (4) resulting in

(Ax> +20A7),(X,,7,,)- 20076, (X, 7,,, )= 2000AXQ + AX %6,(X . 7, ) -
~2BATAXPn Q+2 A6, (X, j 1 )-2A70,(X 7., )

Using the same procedure for node i = M, Eqs (3c-d) are approximated and also substituted in Eq. (4)
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Using forward difference in time and centered difference in space Eq. (1b) is approximated by
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At node i = 0, using again the developed approximations for Egs. (3a-b) and substituting in Eq. (7) results

(ax> +2LuA7)p, (X7, )- 247 Lub (Xl,Tj+l)= 2A7 Lu Pn QAX +AX6,(X,,7,)-
~ At Lu Pl26,(X,,7,,,)+20AX —26,(X,,7,,, )| ®)

At node i = M, substituting in Eq. (7) the developed approximations for Eqs. (3a-b) leads to
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Equations (4-9) form a complete set that allows the determination of the temperature and moisture content at
the grid nodes represented in Fig. 3. We are using an implicit finite difference formulation.

2.2 Validation of the Direct Problem solution

In order to validate the results obtained with the solution of the direct problem implemented with the FDM,
they were compared with the results presented by Cotta (1993). The parameters used were: Lu = 0.4, Pn = 0.6, €=0.2,
Ko =35.0, Bi,,=Bi,=2.5and 0 =0.9.

In Figs. 3 and 4 it can be observed that the results for the direct problem are in good agreement with those
obtained by Cotta (1993), Lobo et al. (1987) and Mikhailov and Ozisik (1984).
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Figure 3 — Dimensionless temperature distribution Lu = 0.4, Pn = 0.6, £= 0.2, Ko = 5.0, Bi,,= Bi,= 2.5 and 0 = 0.9.
(The results shown in the figure on the left were extracted from the book by Cotta, 1993).
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Figure 4 — Dimensionless moisture distribution Lu = 0.4, Pn = 0.6, €= 0.2, Ko = 5.0, Bi,,= Bi,=2.5 and Q = 0.9.
(The results shown in the figure on the left were extracted from the book by Cotta, 1993).

3. Preliminary sensitivity analysis

The sensitivity analysis plays a major role in several aspects related to the formulation and solution of an
inverse problem, i.e. from the first steps on the preparation of an experimental apparatus (Beck and Arnold, 1977,
Taktak et al., 1993, Emery et al., 1993), in the study of the effects of the model parameters on the state variable that can
be measured (Dowding et al., 1999), and finally in the solution of the inverse problem itself (Tseng et al., 1995).

In all cases it is required the computation of the sensitivity coefficients. These coefficients are defined as

wv(x,z) .
SC. (X, 7)=——"-—>, =12,---,N 10

where V is the state variable, P;, is a particular unknown of the problem and N is the total number of unknowns.

In the present work the state variable is the temperature &, and the unknowns are: P;=Lu, P,=Pn, P;=¢, P,=Ko,
P5=Bim and P(,:Biq'

There are several ways to calculate the sensitivity coefficients. Blackwell et al. (1999) derived the sensitivity
equations for heat conduction problems by differentiating the energy equation with respect to the parameter of interest,
and then solved the resulting sensitivity equations numerically. Meric (1998) investigated a shape optimization



problem, and used the adjoint variable method for the sensitivity analysis. Here we use a finite difference approximation
for Eq. (10).

As a general guideline the sensitivity of the state variable to the parameter we want to estimate must be high
enough to allow an estimative within reasonable confidence bounds. Moreover, when two or more parameters are
simultaneously estimated, their effects on the state variable must be independent (uncorrelated). Therefore, when
represented graphically the sensitivity coefficients should not have the same shape. If they do it means that two or more
different parameters affect the state variable in the same way, being difficult to distinguish their influences separately
which yields to poor estimations.

So far we have done only a preliminary computation and analysis of the sensitivity coefficients for the model

parameters P;, j = 1,2,...6, on the state variable §;(X,t), with 0 < X <1 and 0<7<7 > Where 7, = 1. The results

of such preliminary analysis on the sensitivity coefficients SC P (X ,T ), for j=1,2,...,6, are represented in Figs. 5-10 as
J

a function of the dimensionless spatial coordinate X and dimensionless time 7 .

In Figs. 5-7 we observe a high sensitivity to Lu, Po and €, mainly if the temperature sensor is located at X = 1.
The sensitivity to Ko is represented in Fig. 8, and is smaller than those presented before, but still may allow a good
estimation for such parameter. The sensitivities to Bi,, and Bi, are represented in Figs. 9 and 10, respectively. These
sensitivities are much smaller than those for the other parameters, what makes the estimation difficult, and besides that
they present the same shape, probably yielding to unreliable estimates if one attempts to perform a simultaneous
estimation of such parameters.
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4. Mathematical formulation and solution of the Inverse Problem
4.1 Inverse Problem Formulation

In accordance with the sensitivity analysis presented in the previous section we will focus on the estimation of
Lu, Pn, Ko and €. For that purpose it is considered that transient temperature measurements taken in different locations
of the medium are available.

Since the number of experimental data, M, is larger than the number of unknowns to be estimated, N=4, the
inverse problem is implicitly formulated (Silva Neto, 2002) as a finite dimensional optimization problem where we seek
for the minimization of the functional of squared residues

M >
s=Xlb.®-x] =F"F (an
i=1

where Y; represents the dimensionless temperature measured in the porous media, 6;; (P ) the calculated temperature, M

is the number of experimental data available, P is the vector of unknowns and F;= 6, ,(ﬁ ) -Y,i=1,2,..,M.



4.2 Inverse problem solution

For the solution of the simultaneous heat and mass transfer inverse problem under analysis it was used the
Levenberg-Marquardt method (Silva Neto and Moura Neto, 1999).
In order to minimize the functional S we first write

ds d (=, = —

T=T( ’F)=0 - J'F=0 (12)
dP dP

where J is the Jacobian matrix, with the elements Jps =891p/aR, being p=1,2,.., M, and s = 1, 2,..., N.

Observe that the elements of the Jacobin matrix correspond to the sensitivity coefficient presented in the previous
section.
Using a Taylor’s expansion and keeping only the terms up to the first order,

F(P+AP)= F(P)+ AP (13)
Introducing the above expansion in Eq. (11) results
J"JAP =-J"F(P) (14)

In the Levenberg-Marquardt method it is added to the diagonal of matrix J "J a damping A" factor to help to
achieve convergence (Marquardt, 1963).
Equation (13) is written in a more convenient form to be used in the iterative procedure,

AP" :—[(J”)TJ" +/1”IVF(J”)TF(13”) (15)

where [ is the identity matrix and 7 is the iteration counter

. . . . 0, . . .
The iterative procedure starts with an estimate for the unknown parameters, P, being new estimates obtained

with P"™" = P" + AP", while the corrections AP" are calculated with Eq. (15). This iterative procedure is continued
until a convergence criteria such as

N

<g, n=12,--- N (16)

is satisfied, where &€ is a small number, e.g. 107,
The elements of the Jacobian matrix, as well as the right side term of Eq. (14), are calculated at each iteration
using the solution of the problem with the estimates for the unknowns obtained in the previous iteration.

4.2 Confidence bounds

The confidence bounds for the estimates P are calculated using the procedure developed by Gallant (1987).
Using the notation employed by Huang and Ozisik (1990).

s
26 26,
oP oP"

0;=0 diag 17

where 91 is the vector containing the elements 61,' ,i=1,2,....,M , and o is the standard deviation of the measurement

errors. Assuming a normal distribution for the experimenta!. errors, and 99% of confidence, the confidence bounds for
the estimates P, s = 1, 2,..., N, are calculated by (Flach and Ozisik, 1989)

[P, —2,5760,,P +2,5760,]. j=12..N (18)



5. Numerical results and discussion
5.1 Synthetic data
As real data was not available we have generated synthetic data with

Y =0 +eo 19)

meas; lgmcti
where e is a random number and O is the standard deviation of measurement errors.
5.2 Validation of the Inverse Problem solution

In order to perform the validation of the methodology we have solved the inverse problem with noiseless data,
i.e. 0 =0 in Eq. (19). All four parameters of interest were simultaneously estimated, and the following reference test

case was considered: Lu=0.4, Pn=0.6, Ko=5.0, €=0.2. The other parameters that are included in the model but were not
estimated were fixed at Q=0.9, Bi;=2.5 and Bi,=2.5.
Trying to use data for which sensitivity is the highest we have considered just one temperature sensor located

at X=1 acquiring data starting at 7, = 0.6 at every interval A= 0.01, up to the final time of observation T r= 1.0.

All parameters were estimated simultaneously, requiring around 30 minutes of CPU time on a Pentium II 266
MHz processor.

5.3 Estimation with noisy data

Two different test cases were performed using synthetic data with 3% of noise. In the first one Ko was
estimated separately. The other parameters were kept in their reference values. Five different runs were performed using
different sets of experimental data. In Fig. 11 are presented the estimates for the five runs with the corresponding
confidence bounds. Each run required up to 10 minutes of CPU time on the same processor described before.

In Fig. 12 are presented the results obtained in the second test case estimating simultaneously Lu and Pn. In the
third case the change phase criterion € was estimated separately and the results are shown in Fig. 13.
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Figure 12 — Simultaneous estimation of Lu and Pn in different runs.
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Figure 13 — Estimation of € in different runs.

6. Conclusions

The Levenberg-Marquardt was successfully applied for the solution of a simultaneous heat and mass transfer
inverse problem. Focus was given for the observation times up to 7 ;= 1, while other works in the literature look at

longer times. This is a on going project in its preliminary stages, and a deeper investigation of the sensitivity
coefficients is required because some deviation from published works was observed.

In fact our main goal is the combination of stochastic with deterministic methods for the solution of inverse
heat and mass transfer problems, as used by Silva Neto and Soeiro (2001, 2003) in the solution of inverse problems of
heat transfer by radiation and conduction. The implementation of the Levenberg-Marquardt algorithm was the first step
in that direction, and the next step is the implementation of a genetic algorithm, which is already being performed.
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