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Synopsis

In the design and analysis of engineering devices, it is essentia to have the knowledge of
medium properties, initia and/or boundary conditions that yield the desired information
which could either be stress/strain fields in a machine element or any of one or more
among the velocity, the pressure, the temperature and the heat flux fields in fluid
mechanics and heat transfer problems. Depending upon the situation, with known
information about the stress/strain/vel ocity/pressure/temperature field, unknown medium
properties and/or initial and boundary conditions need to be retrieved. Problems of such
kind fall under the purview of inverse problems. Unlike direct problems whose solutions
proceed with known medium properties and initial and/or boundary conditions and thus
their solution methods are well established, the analysis of inverse problems are
relatively difficult. Inverse problems are ill-posed, and apart from the methods employed

in the direct methods, they invariably require atool for regularization and optimization.

Analyses of inverse problems become essential in the estimation of the medium
properties or boundary conditions. In many heat transfer problems, temperature and/or
heat flux distributions are known from experiments. However, one or more of the
medium properties and/or one or more of the boundary conditions that yield, for example,
the desired temperature distribution, remain unknown.  The number of unknown
parameters to be retrieved depends upon the complexity of the problem. In case of heat
transfer problems involving therma radiation, because of the volumetric nature of
radiation, many combinations of parameters need to be retrieved, and thus owing to an

increased complexity, they require an efficient solution algorithm.
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Heat transfer problems involving volumetric radiation find extensive applications in the
thermal analysis of boilers and furnaces, radiant heaters, insulation systems, phase change
of semitransparent materials, radiation budget in atmospheric science, medium
characterization, etc. Because of the unknown medium properties or the boundary
conditions, many such problems require an inverse analysis, and due to the ill-posed
nature of the problem, the quality of the estimated unknown parameters depends upon the
methods employed in the inverse analysis. From an extensive literature review, it has
been observed that many aspects of the inverse transient heat transfer problems involving

thermal radiation have not been investigated in detail.

In the recent past, the lattice Boltzmann method (LBM) has gained a considerable
momentum in the analysis of a wide range of fluid flow and heat transfer problems.
Recently, its application has aso been extended to study heat transfer problems involving
thermal radiation. However, as far as its usage in the inverse problems is concerned, no
work has been reported so far. The finite volume method (FVM) is an elegant method
for the computation of the volumetric radiation. Unlike other computational methods, it
is less prone to ray effect and is compatible to different solvers that compute other
information in fluid flow and heat transfer problems.  The genetic algorithm (GA) is a
stochastic approach and it works on the evolutionary principle. Unlike deterministic
methods which work on the determination of gradients and analyzes only one solution at
atime, the GA proceeds with a group of solutions and it refines the solution set gradually
in successive iterations. In optimization of a wide range of problems, the GA has

received a considerable attention.  The objective of the present work is to analyze
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different types of combined mode transient conduction and radiation heat transfer
problems, and to study the efficacy of the LBM, the FVM and the GA in the retrieval of
different types of unknown medium properties and/or boundary conditions. The
importance of selecting a right set of optimization parameters is also investigated.
Problems in 1-D and 2-D Cartesian and 1-D cylindrical geometry with varying
complexities are studied. The thesis is organized in 7 chapters. A brief summary of

every chapter is provided in the following pages:

Chapter 1 entitled Introduction provides details on the inverse problems and their
applications. A detailed literature review pertinent to the inverse problems in genera and
heat transfer problems in particular is provided. The optimization methods used in
solving an inverse problem are reviewed. The solution methodology and the competent
methods applied in inverse heat transfer problems are discussed. The need for a
competent and efficient CFD solver for the solution of energy equations and also to
evaluate radiative information is highlighted. The advantage of using the stochastic based
approach such as the GA for the optimization purpose is supported with relevant
explanations. Apart from heat transfer problems, the recent applications of the GA to
other branches are aso studied. Taking a detailed literature survey into account,

objectives of the present work are enumerated at the end of the chapter.

Chapter 2 deals with the formulations involving the LBM - FVM and the LBM-FVM-GA
for the direct and the inverse problems, respectively. In the direct aswell asin theinverse
methods, the energy equation is formulated using the LBM, and the FVM is employed to

compute the radiative information. In the inverse method, the GA is used to minimize the

Xi
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objective function which is formed by squaring the summation of the exact and the
guessed temperature fields. The effect of measurement errors is accounted in the
objective function. In this case, the minimization is done considering the measured
temperature field and the guessed one. Using the error contained in the measured data,
the exact temperature field is evaluated and the increased error is added to the guessed
field. This way, even, errors of higher magnitudes are minimized using the GA. The
optimization and stopping criterion for the inverse algorithm are discussed. The flowchart
is provided to highlight the working principle of the GA in the inverse problem. The
basic foundation for further anaysis is built on the basis of the above mentioned

formul ations.

Chapter 3 deals with the inverse analysis of atransient conduction-radiation problemin a
1-D planar geometry using the LBM-FVM in conjunction with the GA. A set of two
parameters such as (a) the conduction-radiation parameter and the scattering albedo and
(b) the conduction-radiation parameter and the hot boundary emissivity are
simultaneously estimated. The problem is studied for different genetic parameters and
the optimized results are compared. In addition to this, accuracies of the estimated
parameters with iterations/generations, comparisons of exact and reconstructed
temperature fields and comparisons of the CPU times in the direct and inverse methods
are aso reported. In order to show the robustness of the algorithm, effects of
measurement errors on the estimated parameters are studied, and they are compared with
the exact results. The optimization parameters were found to significantly affect the

accuracy of the estimated parameters. They were aso found to affect the convergence

Xii
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rate of the objective function. The set of optimization parameters was found to have a
significant effect. The LBM-FVM in conjunction with the GA was found to provide a

good estimation of unknown parameters.

Chapter 4 extends the usage of the LBM-FVM-GA to an inverse transient conduction-
radiation problem in a 2-D Cartesian enclosure. In this chapter, three parameters such as
the conduction-radiation parameter, the scattering albedo and the hot boundary emissivity
are simultaneously retrieved.  Effects of the GA optimization parameters such as the
cross-over probability, the mutation probability, the population size and the number of
generations on accuracy of results are analyzed and suitable ones are identified. For each
of the GA parameters, the accuracy of the estimated parameters is compared with the
exact ones and the error analysis is carried out. To study the effects on convergence and
computational time, an exclusive test has been carried out by performing an analysis with
a high population size of 500. It has been observed that with a higher population size, the
convergence is achieved fast, but the CPU time becomes considerably high. In addition to
these, effects of the measurement errors on estimated parameters and the required CPU
times are carried out. The study reveals that the CPU times vary in direct proportion to
the generation as well as the population size. In other words, alinear trend is observed in
the variation of the CPU time with the number of generations as well as the population
size. Subject to a proper selection of the genetic parameters, the LBM-FVM-GA

combination was found to provide good estimates of the unknown parameters.

Chapter 5 analyzes three types of conduction-radiation problems containing different

levels of non-linearities and complexities in terms of boundary conditions. The analyses

Xiii
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of inverse problems include consideration of non-Fourier conduction, temperature
dependent thermal conductivity and temperature as well as flux (mixed) boundary
conditions. The non-Fourier heat conduction finds application in the analysis of many
heat transfer problems in which consideration of a finite propagation speed for the
conduction wave front becomes important. However, this consideration increases the
non-linearity of the energy eguation of a conduction-radiation problem. The second
problem considers the effect of temperature dependent thermal conductivity. This effect
becomes significant in high temperature applications such as that involving radiative hest
transfer. In the third problem, we have applied the inverse problem for estimating
boundary condition in addition to the unknown parameters. In this study, the boundary
condition which in itself produces the thermal disturbance in the medium, isestimated in

addition to the unknown parameters.

Problems considered in Chapter 5 are representatives of more realistic situations. The
complete analysis of the GA parameters for estimation of different variables such as the
medium properties, the boundary properties and conditions, and unknown boundary
conditions and CPU times required for the same are presented. Like problems considered
in Chapters 1-4, for the three problems considered in Chapter 5, the effects of various
optimization parameters such as the cross-over probability, the mutation probability, the
population size and the number of generations on estimated parameters are studied. This

chapter further establishes the robustness of the chosen methods - the LBM, the FVM and

Xiv
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GA, in simultaneous estimation of unknown parameters in conduction-radiation problems

having varying levels of complexities.

In Chapter 6, an inverse analysis is carried out to estimate the properties and to
reconstruct the thermal fields involving conduction and radiation problems in a 1-D
concentric cylindrica enclosure. The LBM formulation extended to the cylindrical
geometry is used to solve the energy equation of the conduction problem, and the discrete
transfer method is used for the evaluation of radiative heat flux in the radiation problem.
In case of a conduction problem, radius ratio is estimated, and in case of a radiative
transfer problem, radius ratio and the extinction coefficient are simultaneously estimated.
In both the problems, after the estimation of the unknown parameters, temperature and
heat flux fields are reconstructed. For the cylindrical geometry too, subject to the proper
selection of optimization parameters, a reasonably good estimates of the unknown

parameters are obtained.

Summary of the research work and conclusions are made in Chapter 7. Future scope and

recommendations are also made in this chapter.

XV
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Chapter 1

Introduction

1.1 Overview of Inverse Problems

An essential task in inverse problems that arenofieund in many branches of
engineering is to retrieve some unknown paramedssdciated with a mathematical
formulation supplemented with process data. Conediyt inverse problems could be
described as those problems in which effects aosvkinbut not the cause. For example,
if we know the properties of a star and the inteing atmosphere, we can calculate the
amount of radiation received by the earth from dta. This is referred to as the direct
problem. However, the inverse problem involves dieéermination of properties inside

the star and/or the atmosphere from the measudsativee information.

Direct problems are characterized by three progemiamely existence, uniqueness and
stability of the solution [1]. For an inverse plem, one among the above three
conditions are violated and the problem becomesenaatically ill-posed in the manner
that their solution is highly sensitive to the waion in the input data. Usually, such
problems become numerically unstable when the mmedsdata contains significant
errors and their solution demands regularizatien smoothening of the solution or the

minimization of the error and/or efficient optimizan.
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In the area of heat transfer, the design and cteization of a thermal device requires
knowledge of the medium properties, the initial #mel boundary conditions to which it
remains subjected. In most of the cases, theairatid the boundary conditions along
with the medium properties are known, and the dbjeds to determine distributions of
temperature and/or heat flux. Mathematical analysesuch problems are straight
forward and their solution methods are well esglidd. These problems fall under the
purview of direct problems. However, there arenynaituations in which the initial
condition, the boundary conditions and/or the mediproperties are unknown but
temperature and/or heat flux distributions are kmowrhese distributions are typically
obtained from measurements. On the other handciedlgein the design of radiant
enclosures, there may be also instances where wcybar heat flux/temperature
distribution is desired which may not require angasurement policies. These type of

problems may be grouped under the category of sevproblems|2].

1.2Literature Review on Inverse Problems — Applicatios and its

Solution

Inverse problems [2] find numerous applicationsarence and engineering. In the area
of atmospheric sciences, inverse problems are founthny situations such as parameter
estimation [3, 4], study of remote planets [5] @letiermination of surface properties [6].
Applications of inverse problems further involve tetenination of many useful
parameters such as phase change location in mphorogss [7], heat transfer coefficient

in solidification process [8] and phase front pagtans of thermal storage devices [9].
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Further, inverse problems are studied in the desigcomposite materials [10, 11],
robotics [12] and many manufacturing processeslf3in thermal analysis, the inverse
problems are extensively applied for parameteregion in a variety of fluid flow and

heat transfer problems [20-32].

As described earlier, inverse problems require skime of regularization/ minimization
methodology for their solution. Therefore, in orderobtain an accurate estimation of
unknown parameters, an efficient optimization @ohg with a robust numerical method
is very important for the solution of inverse prabls., Many researchers have
investigated a wide range of inverse heat transfeblems and they have used various
numerical schemes. Reinhardt and Hao [33], Ckeral. [34] and Alifanov and
Nenarokomov [35] have studied inverse heat condngtroblems. From the knowledge
of temperature measurements within the conductoigl,sChenet al. [34] retrieved
temperature and heat flux on a surface. Kalmamrr=theme was used in their inverse
analysis. Alifanov and Nenarokomov [35] used ite@eategularization method which is
based on minimizing the residual function by meah8rst order gradient methods and
spline-approximation of unknown functions. Withokvn transient temperature data of a
plate finned-tube heat exchanger, Huaag al. [36] estimated thermal contact
conductance. They used the conjugate gradient m&t®&M) for the minimization. Li
[37] estimated thermal parameters in a conductamiiation heat transfer problem. From
the measured exit radiation intensities, he useteaative process along with the CGM
in the inverse analysis. Both for exact and noiatadwith good accuracy, he estimated
two parameters viz., single scattering albedo aedoptical thickness. The estimation of

other two parameters viz., the conduction-radiapanameter and phase function were
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not very accurate. Liu [38] and Park and Yoon [B@)e studied inverse radiative
transfer in 1-D Cartesian and 3-D Cartesian gegmetspectively. Liu used the mixed
method (CGM and 1-D search method) and Park andh Yised the CGM to carry out
the inverse analysis. The former estimated the rphiea coefficient and the latter

estimated two parameters viz., the absorption woefit and the scattering coefficient.

The inverse radiative transfer using Karhunen-Lo&aterkin procedure in conjunction
with the CGM has been studied by Park and Yoon.[B@fk and Yoon [41] estimated
the strength of the heat source using the CGM murwtion with the discrete ordinate
method (DOM). An inverse method to determine tinepehdent heat source based on
S4-P; method along with the CGM was employed by Parklsewl[42]. Erturket al. [43]
estimated boundary conditions in a transient radiaénclosure. They used the Monte
Carlo method in conjunction with the CGM to solve tproblem. Shenefedt al. [44]
used the singular value decomposition method amdnibdel reduction method to solve a
linear heat conduction problem. A hybrid methodoiming Laplace transform technique
and finite-difference method with the least-squasebeme to predict the unknown
surface temperature in a 2-D invetssat conductioproblem was employed by Chen
al. [45]. Sarvariet al. [46] performed an inverse radiative analysis iniraagular 2-D
geometry using the discrete transfer method (DTMY @ahe CGM and estimated
unknown heat flux distribution over heater surfacearvariet al. [47] also studied an
inverse problem involving conduction-radiation in2aD irregular enclosure. They
applied the finite-element method (FEM) and the D&Ml determined a set of required

heater inputs. The optimization was achieved thinahg CGM.
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A FEM along with a modified Newton-Raphson methad estimate the boundary
condition in a non-linear heat conduction problemswsed by Yang [48]. Ling al.
[49] estimated heat flux profiles in an inverse theanduction problem using non-
iterative finite element based inverse method. Zingd Tao [50] estimated the boundary
heat flux in a pipe using proper orthogonal decositmn and the inverse problem was
solved by the Fletcher-Reeves CGM. For a 1-D irevdreat conduction problem, a
central difference scheme in time having a reguiagi effect was used by Xiorg al.
[51]. Aninverse conduction—radiation problem shimate emissivity in a 2-D Cartesian
geometry was investigated by Kiehal. [52]. They used the FVM and the hybrid genetic
algorithm (GA) in their inverse problem. An inveragealysis to simultaneously estimate
the effective thermal conductivity, the effectivelvmetric heat capacity as well as the
heat transfer coefficient between a porous mediach @ hot wire was performed by
Znaidia et al. [53]. They used the Lavenberg-Marquardt methoddlve the inverse

problem.

For the design of radiative transfer systems usmgrse analysis, three different
optimization approaches, viz., the conjugate gradieethod, Tikhonov's regularization
and singular value decomposition method were inyatstd by Daun and Howell [54].
Reconstruction of an unknown transient heat souree 3-D radiative transfer problem
from the temperature field was conducted by WartyZabaras [55]. They used Markov
chain Monte Carlo method and Bayesian method iim theerse analysis. Deiveegah

al. [56] compared different methodologies for estimatdf emissivity and gas properties
in a participating media. Deng and Hwang [57] agblneural network in an inverse heat

conduction problem. Franca and Howell [58] perfadmaverse design of radiative
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enclosures for thermal processing of materials. eifTimethodology was based on
truncated singular value decomposition method. Téstymated heat input to a heater
located at the top of a three-dimensional enclosiiat can satisfy a prescribed time-
dependent temperature curve on a surface locatdek dtase of the enclosure. Kim and
Baek [59] performed an inverse analysis in a cyloal enclosure involving conduction
and radiation. They estimated heat flux distribntion the design surface using
Lavenberg-Marquardt method for optimization and BAM&M for the energy equation.
Chenget al. [60] have applied the Tikhonov regularization noethto a 3-D inverse

conduction problem.

Most recently, stochastic based methods [61-65¢ lgained considerable attention for
inverse heat transfer problems. This is primarilye dto the reason that unlike
deterministic approaches which progressively prevadsingle solution at a time, the
stochastic based approaches are capable to prowitieole solutions after exhaustive
search in the solution space. This increases thleapility of obtaining a solution near

the global optimum solution.

Stochastic based optimization methodologies haee bfaund to be suitable for problems
containing high degree of non-linearities in thettmeanatical formulation. This is unlike

deterministic based methods which fail to providafdence upon the solution, as they
do not involve exhaustive search. The stochasiseth approaches are very efficient
when the measured data contain considerable umtestaor randomness which cause
the solution to move much away from the global mptn. The deterministic based

approaches, on the other hand, may lead to a soluthich is only a local optimum.
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One of the basic limitations of the deterministppeoach is their inability to judge the
quality of the optimal solutions. The working na@uof some stochastic based
methodologies has been derived from the naturetlagyg mimic biological processes.
They simultaneously work with a cluster of feasilkectors which upon exhaustive
search in the solution space yield optimal soltidn due course of the search process,
they eliminate the local solutions which could ledted far away from the global
optimal values. In a nutshell, the stochastic basethods are optimization approaches
capable to handle randomness and uncertaintiesattsst due to high degree of non-

linearity in the mathematical formulation.

Verma and Balaji [61] used the GA for parametemeation in a 1-D planar geometry.
They estimated conduction-radiation parameter,ofpigcal thickness and the boundary
emissivity in a conduction-radiation problem. Theadt problem was solved using the
FVM. Qi et al. [62] have used particle swarm optimization methoé 1-D radiative
transfer problem. They investigated three caseswimch source term, extinction
coefficient, scattering coefficient and absorpticoefficient were evaluated using the
DOM to solve the direct problem. Liu [63] estimatih@ unknown heat source in a 1-D
heat conduction problem by an inverse method ugiagGA. Slota [64] estimated the
heat transfer coefficient in an inverse Stefan [@wb He also used the GA in the inverse
analysis. The usage of Bayesian method for paranestamation has been investigated
by Parthasarathy and Balaji [65]. They estimateztrttal conductivity and convection
heat transfer coefficient in a 2-D unsteady heatlaation problem involving convection

and convection-radiation boundary conditions.
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The analysis of transient conduction-radiation hestsfer problems are encountered in
many physical processes. Depending upon variousrfasuch as the type of geometry
considered, the type of non-linearity involved ahd existence of unconventional heat
transfer modes, the complexity associated withousricombination of solution methods
varies. This can be corroborated in the followingnmer. Typically, 1-D transient
conduction-radiation heat transfer problems areesbivith the assumption of a constant
thermal conductivity [66-68]. Therefore, most dktavailable literature on transient
conduction-radiation heat transfer deal with comistthermal conductivity, and its
variation with temperature is generally neglectédwever, if there is a large temperature
difference within a medium, this assumption is apipropriate. Such variations are
significant for the case of non-metallic materiadsbjected to large temperature
differences. So far, only a few studies have be®ilable in this area [69-71]. However,
it is noticed that an inverse solution involving téffect of variable thermal conductivity
type problems have not been reported in the liweeatFurther, the problem involving
conduction-radiation in a 2-D enclosure [72-76]draes more complex when compared
to the 1-D problem. In addition to the complexitiasconduction, the solution of the
radiative information also becomes difficult dueato increase in the number of discrete
directions. In conclusion, it can be inferred thdatansient inverse solution of either a 1-

D or 2-D Cartesian enclosure has not been presentidrature.

For a conduction problem which follows Fourier'swlaeffects of any thermal
disturbances in the system, in the form of a suddenin the boundary temperature or a
sudden appearance of a heat source at any lodatibve medium, propagate with very

high speed and hence establishes the thermal lohsices instantaneously. This
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assumption is not universally applicable in alligttons, and in those cases, the problem
becomes unconventional and more complex [77-79}. éxample, the validity of the
Fourier's law of heat conduction breaks down whenoensider heat transport through a
processed meat/skin [80-83]. Further, at a very temperature, heat transport by
conduction is not governed by Fourier's law. WIaey material is subjected to a pulse
radiation, at short time levels, a discontinuity thre temperature profile is observed,
which can not be explained through the Fourieng ¢d heat conduction. The governing
conduction equation becomes hyperbolic in natutkaong with the radiative term, the
solution of the problem becomes difficult. Feweldture dealing with the involvement of
non-Fourier conduction are available [84-86]. Hoamr\an inverse analysis dealing with

such unconventional heat transport problems habewit reported till date.

Analysis of conduction-radiation heat transfer iwung cylindrical enclosures [87-92]
find application in many engineering devices sushcambustion chambers, rocket
propulsion systems, fibrous insulations and manyemdhe set of equations that
formulate radiative heat transfer in cylindricabedinates require information along the
azimuthal direction in addition to the polar diieot Thus, the evaluation of radiative
heat transfer in the cylindrical coordinate systemelatively difficult [93-95] than that in
the Cartesian geometry. As far as inverse anaiysscylindrical enclosure is concerned,
from the investigations performed by Kim and BaBR][ we find that in a concentric
cylindrical enclosure, the governing energy equmtorresponds to that in the Cartesian
coordinate. In other words, it can be inferred thair work neglected the area effect and
the energy equation has been applied between thdateral surfaces of the cylinder.

Also, it can be concluded that the analysis of rareiise transient conduction-radiation
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heat transfer problems considering the effect ofabée area has not been reported in the

literature.

Analysis of heat transfer problem with flux boungaondition [96-98] finds applications
in many areas of research such as furnace design,pfotection systems, foam
insulations, solidification/melting of semitransear materials, high temperature porous
insulating materials, glass-fluidized bed, elecdirerchip and power plants, etc. For such
cases, the problem is formulated as a mixed boynctamdition. The mixed boundary
condition typically constitutes the specificatior lbeat flux on one boundary and
temperature on the other boundary. Further, it bseoved that even though a few
literature dealt with such type of direct/well pdseroblems [99,100], the inverse

formulations have not been investigated so far.

A few good number of computational methodologiegehbeen explored to obtain the
radiative information in heat transfer problemsaiwng volumetric radiation. These
methods enable us to evaluate the information abwutradiative transfer in a much
simpler and efficient manner which otherwise becdotecomplicated. They include the
DTM [101-103], the DOM [104], the spherical harmmmethod [105], the Monte-Carlo
method [106] and the FVM [107-111]. Among the aboventioned methods, the FVM
is most robust and is widely used for the compaitatf radiative transfer. This is largely
due to the reason that the FVM is less prone tordlyeeffect. However, any of the
methods mentioned above can be successfully appitedut difficulty. In heat transfer

involving conduction along with radiation, in addit to radiative information, the

10
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evaluation of the energy equation is also requifedumber of computational methods
are available to obtain the solution of the eneegyation. They include the finite

difference method (FDM) [112], the FEM [113] an@ thVM [114].

1.3 Suitability and Selection of Efficient Method ér Direct and Inverse

Heat Transfer Problems

Since an inverse problem can be analyzed as a giralaclem coupled with some kind of
regularization/optimization tool, the solution afch problems necessitates the usage of
an efficient forward problem solution methodologprey with an equally competent
optimization tool. In the following pages, we dissuhe importance and the competent
methodologies used to solve the energy equationgh® heat transfer problems in

general and to obtain the radiative informatiopanticular.

1.3.1 Selection of Direct Method Required in the Imerse Problem

Conduction and convection are the two important esoof heat transfer. In these two
modes, the rate of heat transport is proportioaahe temperature difference. On the
other hand, the radiative heat transfer rate ipgmanal to the difference in the absolute
temperature to the fourth power. Thus, the analgpdighermal radiation becomes
important when the temperature becomes considetaigly. Thermal radiation finds
extensive applications in the design and analysisombustion chambers, furnaces, IC

engines, re-entry vehicles, etc.

11
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The thermal radiation falls under two categories,, surface radiation and gas radiation.
In the former case, the radiative intensity doeisah@ange as it travels from one point to
the other as the intervening medium does not tak guring the radiative energy
exchange process, and thus is a surface phenoméfiam the intervening medium also
takes part in the energy exchange process, it@svkras gas radiation and the emitted
intensity undergoes a change due to processesasuabsorption, emission and scattering
by the medium before it reaches the other boundargther words, it is a volumetric

phenomenon.

In the analysis of radiative transfer through aipgmating medium, the radiatve transport
equation (RTE) is used to analyze the rate of tagiaheat transfer through a
participating medium, which is third order integiifferntial equation. The RTE in
general has seven independent variables such es space coordinates, two direction
coordinates, wavelength and time. Since thermaatiaa travels with the speed of light,
in most of the engineering applications, even tioconduction and convection remain a
transient processes, radiative transport is aama@heous phenomenon. Even with the
temporal dimension, compared to conduction and ectivn, the presence of two extra
dimensions, viz., polar angle and azimuthal angleradiation, brings additional
complexity. The analysis becomes further comptidadnd solution becomes relatively
difficult, when apart from radiation, a problem atves conduction and/or convection.
Thus, efficient methods are required to analyzelinad mode heat transfer problems

involving thermal radiation.

12
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Many numerical methods are available for the compat of radiative information
either in purely a radiative transport problem @oanbined mode problem. Each method
has some strong and weak points. Some of thetinglimansfer methods found in the
literature are the exact analytical method [15f§ diffusion approximation [158], the
zonal method [159], the multi-flux method [160]etiMonte Carlo method [161], the
moment method [162], theyRpproximation [163], the DOM [101], the DTM [101he
FEM [157], the FVM [93, 164-166] and the collapsddnension method [167].
Amongst these methods, the FVM is the most roangtit is less prone to the ray effect.
In addition, the method is fully conservative, tlee radiative energy remains conserved
and in this, the false scattering does not manif@$te method is compatible with other
numerical methods. Because of these featuresi-Wé is a superior method for the
computation of radiative information. Therefore tie present work, the FVM has been

used in most of the cases involving radiative tyeatsfer.

Due to the mesoscopic origin, , the lattice Boltamanethod (LBM) has emerged as an
efficient and attractive numerical computationabltto analyze a wide range of heat
transfer problems [115-127]. The LBM has many ativg®es over conventional CFD

solvers such as the FDM, the FVM and the FEM. Bhigye of interest in the usage of
the LBM is largely attributed to its ability of hdiing the complex geometry in a simpler
and efficient manner, possession of a clear phlysiesgning and the ability of parallel

computational analysis. The LBM has been succhgsfsed to simulate a wide range of
fluid flow and heat transfer problems. These ideluboth single, multiphase and

chemically reacting flows as well as phase changEnpmena in simple and complex

13
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physical systems. However, the application of ti&MLapplication to the problems
involving thermal radiation is very recent [117-111%6]. Besides this, in the field of
inverse problems, its usage has not been explarédrsTherefore, in the present work,
both in the direct and the inverse problem, we fdate the energy equations using the
LBM. In the next section, we discuss some of thnaization methodologies used for

the solution of inverse problems.

1.3.2 Selection of Optimization Method Required irthe Inverse Problem

The optimization methodology can be broadly clasdif under two categories,
deterministic based approaches and stochastic agpes. Prominent deterministic
methods are the conjugate gradient method, the dfefRaphson method and the
Levenberg-Marquardt method. All these methods wwalerative calculation of the
gradient of the function that has to be either mined or maximized. These methods
essentially need an initial feasible point whiclecssively approaches towards the final
solution with the concept of function gradients.h&s been seen that although most of
these methods are useful in attaining a fast cgevere, they suffer from many inherent
drawbacks. In case of the conjugate gradient metmadthe Newton Raphson method,
solutions mainly depend upon the initial guess,, itke global convergence is not
guaranteed from any starting point. They requiee ftimction to be differentiable, and,
they have not been investigated for the problemistware transient in nature. This may
be attributed to the reason that the minimizationthe inverse method for transient

problems needs to be performed at each time levdl the steady-state time level is

14
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attained, which results in a large function sizée TLavenberg-Marquardt algorithm
provides a fairly good solution for a non-lineandétion minimization based on least
squares curve fitting and non-linear programmingwelver, in addition to above
drawbacks, it is expected to become computatiorsdiwer for the problems requiring
minimization of large dimensional functions duehe calculations involved in obtaining
the gradients at each successive time step. Tlhbastic based methods, on the other
hand, fare well as compared to deterministic methentl the probability of obtaining a
solution nearer to a global maximum/minimum is higkhis is because, unlike
deterministic methods, which work with one solutiana time, the stochastic based
approaches work simultaneously and collectivelyhveitgroup of possible solutions. In
successive iterations, the solutions that lie aersibly away from the proximity of the
global optimal domain are eliminated from the octile groups. However, they demand

high CPU times due to exhaustive search perfornyetidm in the solution space.

The concept behind the stochastic method is thewristic approach. They are

evolutionary in nature, i.e., their working is dexd from the nature. Besides GA [128-
133], other optimization methods based upon ewmtatiy scheme/stochastic methods
include simulated annealing [134-138], particle swanethod [29, 139-145], tabu search
[146-152] and ant colony method [153-157]. Howewenong the above methods, two
main methods based upon the stochastic approacthwidve been investigated for
inverse heat transfer problems are the particleravegtimization and the GA. The main

difference between the two is that in the formerlydhe best particle or solution shares

information with other solutions, whereas in thiéedg the whole population or groups of
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solutions successively move towards the optimalisnain. Amongst these two methods,
the usage of the GA has been found more applidable the particle swarm method to
the heat transfer problems involving thermal radrmat Apart from heat transfer
problems, the GA is one of the optimization todlatthas gained considerable attention
in other fields of research also. This is dueht® teason because the GA offers good
flexibility (using crossover operator) to exhaustiv search the parametric solution
space. This may not exist in a systematic frameworlother evolutionary techinques
like simulated annealing, particle swarm, Tabu dearetc. Therefore it will be
advantageous to rapidly identify solutions withosaty parameter dependencies upon one
another. Based upon the above discussion, inrégsept work, in the following pages,

we further justify the preference of the GA.

1.4 Selection of the Genetic Algorithm (GA) as an Opinization Tool for

the Present Work

It is observed from the literature survey that #pplication of the GA has not been
investigated thoroughly for a variety of inversarsient heat transfer problems involving
conduction and thermal radiation. It is also obsdrfrom the literature review that there
exists a necessity to investigate the effects thopation algorithm/GA parameters. The
inverse problems being dependent upon efficientleggation or optimization method, a
simple and convenient implementation of the sanmines an added advantage. The
efficiency of the optimization methodology basedmnigvolutionary approach has been

described previously. Many modern commercial paekagontain different features
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which are useful to solve various kinds of problenms the same line, MATLAB-7

contains optimization toolboxes based upon gradierdeterministic based method as
well as stochastic based tool box involving the GAlternatively, the GA can also be
easily implemented by the method of calling thecfion. This requires an objective
function to be written and the same can be callethé GA function. Further, in the area
of inverse problems, the suitability of a combioatinvolving an efficient set of methods
such as the LBM and the FVM/DTM in conjunction withe GA has not been

investigated. Therefore, below we set the objestifer the present investigation

involving inverse analysis of inverse transientawetion-radiation problems.

1.5 Objectives

From the above discussion, we find that the usagleeoLBM and the GA has not been
explored in the area of heat transfer problemsrthEy in the past studies, the inverse
problems involving conduction and radiation heaingfer have been investigated for
simple cases where transient effects are ignomethseint state, variable thermal
conductivity, non-Fourier laws, area effect in thglindrical geometry and mixed

boundaru conditions It is well known that the irseproblems are mathematically ill-
posed and they pose a tougher challenge when faetiok function is highly non-linear

and the variables to be determined are interdepgnioreover, the usage of the GA is
subjected to a proper selection of the geneticrparars and thus it requires a careful
investigation. Therefore, in the present work, wef@rm an inverse investigation of

different classes of heat transfer problems invagviransient conduction and thermal
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radiation and we also investigate the implicatiohglifferent GA parameters The usage
of the LBM in conjunction with the GA has been istigated for inverse problems. The
FVM or the DTM has been used to obtain the radtainformation. To summarize, the
objectives of the present work are as mentioneoviel

(1) To study the application of the LBM-FVM for the stibn of transient
conduction-radiation heat transfer problems inipgating media under different
conditions and in different geometries.

(2) To investigate the application of evolutionaryaithm (GA in the present work)
for different inverse problems in participating neednd to identify critical
optimization parameters for the problems considerehis work.

(3) Subject to proper selection of GA parameters, tabdéish the suitability of the
LBM-FVM-GA in multiparameter retrieval for invers&ansient conduction-
radiation heat transfer problems in different gevime and under different

conditions.

1.6 Organization of the Thesis

This thesis is organized in form of six chaptensthle following pages, we briefly discuss
the organization of the thesis and the problemssidened for the investigation in the

present work.

Chapter 1 summarizes concepts associated to amsengoblem and discusses its
application in the area of science and technolo@lye involvement of thermal radiation

mode of heat transfer and the numerical methodslacedealt with. The methodologies
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adopted in the past and those gaining recent pogufar solving the inverse problems
have also been highlighted to a large extent. Bhecgon of suitable numerical method
to solve the direct problem and the selection ahpetent optimization tool along with

the reason for the same are also explained.

Chapter 2 presents the mathematical formulationslved in the present work and the
procedure followed for obtaining the solution. Tusage of the LBM for the solution of
the energy equation and the application of the F¥M computing the radiative
information is enumerated in this Chapter. The wuaykprocedure of the GA is
discussed. The methodology to solve a direct prokd@d an inverse problem is also
presented. The objective function required for mation is also formulated and the

working procedure of the optimization algorithnalso presented in this chapter.

Chapter 3 deals with the application of the LBM-FMMconjunction with the GA to
transient conduction-radiation heat transfer pnoislein 1-D planar geometry. The
formulation of the objective function using the LBRWM and the minimization of the
same using the GA are studied in detail. An eximeeisgtudy has been conducted to
visualize the impact of optimization parameterstba accuracy of the solution. The
computational time required in the direct methodl ahe inverse method is also

compared. The results are benchmarked with thcsiéable in the literature.

In Chapter 4, the usage of the LBM-FVM-GA has bestended to a 2-D Cartesian

geometry. The formulation of the objective functisrcarried out using the LBM-FVM
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and the minimization of the same is carried outhie similar manner as for the case of
the 1-D problem. Compatible optimization algoritiparameters are identified and tested
for different sets of medium properties such asdmeduction-radiation parameter, the

boundary emissivity and the scattering albedo.

Chapter 5 performs the inverse analysis of threféerdnt problems with varying
complexities, viz., non-Fourier transient conductradiation problem, transient
conduction-radiation problem with variable thermabnductivity and transient
conduction-radiation problem with mixed boundarydition.. Though the problem has
been solved using the same methodology as adaptédapters 3 and 4, the efficacy of
the LBM-FVM and the GA to solve different kinds wbn-linear inverse problems with

variant complexities is of relevance in this chapte

Chapter 6 deals with inverse problems in concentyitndrical media. The energy
equation is modified in the radial direction and thbjective function is constructed. The
LBM-GA and the DTM-GA are respectively used to solthe conduction and the
radiative transfer problem. The effect of varioygimization algorithm parameters on

the quality of estimated unknown variables is atgmrted in this chapter.

A summary of the research work conducted in thesgme study along with the
conclusions drawn from the same are provided inp@mas. This chapter also presents

possible scope for future research direction.
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1.7 Summary

In this chapter, inverse problems along with tregplications have been summarized.
Various methods available for the solution of iseerproblems were reported. The
methods used for the solution of the direct and itheerse heat transfer problem
involving conduction and/or thermal radiation weliscussed. The concept to implement
the LBM to the field of inverse problem involvingahsient heat transfer was justified
and the need for investigating the effects of op#tion parameters was realized.
Various shortcomings in the past studies assocwiddinverse heat transfer analysis
have been outlined to justify the usages of théhou in this work. The choice and need
for an optimization algorithm based on stochasti@wolutionary approach such as the
GA has also been emphasized. Various classes blepns where the computational
investigations have been considered were also qeske Finally, objectives of this study

and the organization of the thesis were presented.
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For mulation of an Inverse Problem

2.1 Introduction

In a heat transfer problem involving thermal raidiat due to the volumetric nature of
radiation, the solution of the energy equation bee® difficult. It has been mentioned in
the previous chapter that in the direct problera,rtiedium properties and the initial and
the boundary conditions are known. Determinatioritifer temperature or heat flux may
be accomplished using either computationally oreexpentally. This is an example of a
direct problem. A direct problem is mathematicallgll-posed. On the other hand, an
inverse problem is mathematically ill-posed, andnitariably requires some kind of
regularization or optimization. Thus, in additiam dn optimization tool, solution of an

inverse problem also requires method(s) neededlve s direct problem.

This chapter deals with the formulations requiredthe solution of an inverse transient
conduction-radiation heat transfer problem. As noer@d in the previous chapter, the
LBM has several advantages over other CFD solvers as the FDM, the FEM and the
FVM, in the present work, the LBM is used to foratel the governing energy equation

and the FVM is used to compute the radiative infatran in both direct and inverse
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methods. In the inverse method, the GA is usednaspéimization tool. The inherent
advantages of the GA as an optimization tool haveady been mentioned in the
previous chapter. In the following pages, first Wweefly describe the mathematical
formulations of the LBM and the FVM in order to selthe direct problem. Next, we
provide the methodology for solving the inverse bpen using the GA as an
optimization tool. In the present chapter, formiglas have been given for 1-D and 2-D

Cartesian geometry.

2.2 Energy Equation

The general form of the energy equation, with ts&uanption of constant thermophysical

properties involving transient conduction-radiatmoblem can be written as [101, 102],

oT
pcpE:kDZT—D[tT]R (2.1)

where p is the density,c is the specific heat at constant pressikeis the thermal

conductivity andqy is the radiative heat flux. In the following sects, we briefly

describe the methodology of the LBM to solve thergg equation (Eqg. (2.1)) and then

we deal with the methodology of the FVM to comptlte divergence of the radiative

heat flux, [1.0.
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2.3 Lattice Boltzmann Method (LBM)

The usage of the LBM has gained considerable mameit science and engineering, in
general, and it has emerged as an efficient nualenn@thod for fluid flow and heat

transfer problems, in particular. Owing to its nm&sw@pic origin, it presents a clear
physical meaning, relatively simple solution prasedespecially for complex geometries
and its adaptability to parallel computational mssing architecture. In the following

pages, we describe the derivation of the lattickzB@ann equation.
2.3.1 Derivation of L attice Boltzmann Equation

Using the single relaxation time, the Boltzmannatmun with Bhatanagar-Gross-Krook
approximation can be written as [115, 116]:

R oot =-2(r- 1) (2.2)

Equation 2.2 can be written in the form of an oady differential equation [115, 116]

D, f +% f :/]1 0 2.3)

where D, =%+C.D is the Lagrangian derivative along the microscotocity vector

c, f = f(xt) is the single-particle distribution function, is the relaxation time due to

collision and f °is the Maxwell-Boltzmann distribution function givéy [115, 116]

£0 :Lex;{— (C'“)ZJ (2.4)

(2rRT)7> 2RT

where R,D, p,u, T are the ideal gas constant, space dimension,tgewmslocity vector

and temperature, respectively.
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The macroscopic variables are the moments of stelalition functionf [115, 116]

p:jfdc, pu:jcf dc, pe:j@fdc (2.5)

where e= Do R% and D, is number of degree of freedom of a particle.

o
Multiplying both sides of Eqg. (2.3) by the integractor ej”dt, Eq. (2.3) takes the

following form [115, 116]

df 5o gl L oglie 2.6)
dt 2 p

Eq. (2.6) can be rewritten as [115, 116]

d(f j’jdtj
e
=1 ¢ Oej%dt (2.7)
dt A

Integrating Eq. (2.7) over timAt, we get [115, 116]

Td( fel AldtJ :%Af( f OtedtJdt 2.8)

0 0

Solution of Eq. (2.8) gives the following expressjd15, 116]
-4t 1 A
[f(r +cat,t +At)=e 7 [f (r,t)]+;e‘A% jeA fO(r +ct',t+t')dt’ (2.9)
0

If Atis infinitesimally small andf °is locally smooth, we can write [115, 116]:

U

£Or +ct',t +t’)=[1—£—'tj f O(r,t)+[§jf °(r +cAt, t + cat)+ o(at?) (2.10)
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Subtracting f (r,t) from both sides of the above equation and negigc¢tie higher order

terms [115, 116]

F(r +catt+At)- f(r,t)=e £ (r,t)- £(r,t)

1 _A%At % _t_r o .
e I(e J(l Ajf (r,t)at (2.11)
+= eA/I( j £o(r +cAt,t + At)dt’
Simplifying Eq. ( 2.11) we get [115, 116]
f(r+cAt,t+At)—f(r,t):(e K 1jf(r t +/1e /j( % £0(r t)jdt
—le_% Af(et’” — f 0(r,t)jdt’ (2.12)
+= e_A/j( Z m (r+cAtt+At)jd
Since,

Te%t'dt':pt'e% —)Ize%}At
0 | N (2.13)
:A[Ate% _ e +;|}

The Eq. (2.12) can be simplified and after simgpdifion it can be rewritten as [115, 116]

F(r +cAt,t +At)- f(r,t)=(e‘% -1)f(r,t)+e‘%fO(r,t)[e% -1}

[ 0
e %[mf% i) (2.14)
ve % £O(r +c§t,t +At)[Ate% e +/q

EqQ. (2.14) can further be simplified and expresse@l15, 116]
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F(r +cAt,t +At)- f(r,t)=(e‘% -1){f(r,t)-f°(r,t)}

) (2.15)
+(1+§t(e K —1jj{f °r +cat,t +At)- £(r, 1)}
Using Taylor series expansion and neglecting thhdriorder terms we get

1+i(e'% —1):1+ i(— Ejzo (2.16)
At At A
Therefore, Eq. (2.14) gets modified to [115, 116]

f(r +cAt,t + At)- f(r,t)=—7{f (r,t)-f (r,t)}
(2.17)

:—l{f(r,t)—fo(f,t)}

r
where r :iis the relaxation time. The Eq. (2.17) represenésdvolution equation of

the distribution functionf with discrete time. Below we provide the usagehaf LBM

formulation for heat transfer problem.

The discrete Boltzmann equation with BGK approxiorafor any directionr,is given
as [115-125],

o (rt) . 1., o .
"9 sami ()= =21 (r0)-10(r0)], i=012.b @19

where f;is the particle distribution function denoting thember of particles at the lattice

noder and timet moving in directioni with velocity & along the lattice linkAr =gAt

connecting the neighbors an(ﬂois the equilibrium particle distribution functiorhe

selection of lattices used in the LBM depends uplom geometry. For e.g., in a 1-D

geometry, we use D1Q2 and D1Q3 lattice, while ;i geometry we use D2Q7 and D2Q9
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lattice. In a 3-D geometry, normally D3Q15 and D3QAttices are used. The alphabet D

represents the dimension and the number followirtp@btes the number of directions

T, r,
Lattice
2B 5 |4
= = ® + ) S <
= —— _
| i n=N+1
Ax 3 Lattice centre and
A " the FVM node
Ax i
FVM control
volume
X

Figure2.1: D1Q2 lattice of the LBM and control volume of the used in a 1-D
planar geometry

through which the particle distribution functiofy propagates, which in the Eq. (2.18) is
represented by . It is to be noted that one particle distributfomction always remains at
rest at the lattice centre, therefo(b,+1) is the number of particle distribution functions in a
lattice. Therefore, for the D2Q9 lattice=8. In Eq. (2.18),r is the relaxation time and it is

dependent upon the type of lattice selected foratadysis. For D1Q2 lattice (Fig. 2.1), the

relaxation timer is expressed as [115-125]

a

7=
G)°

At
Y (2.19)
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Figure 2.2: (a) Arrangement of lattices and control volumesain2-D rectangular
geometry with marching scheme in the FVM for fogqually spaced sample directions
with one in every quadrant (b) coordinate systemdicection in the FVM. (c) D2Q9

lattice.
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where ¢ is the thermal diffusivity and\t is the time-step. For the latticen

consideration, which is D1Q2, the two velocitiggindc,, andtheir correspon

weightsw, and w, are evaluated as (2.21)
o =M%, ¢ =- 1 (2.20)
il AL |
W, =W, = =

The relaxation timer for a D2Q9 lattice (Fig. 2.2), which is used ilD2geometry can
be expressed as [115-125],

_3a O
T_W > (2.22)

The 9 velocitiest, and their corresponding weightg in the D2Q9 lattice (Fig. 2.2) are the

following [115-125],

¢ =(0,0), Cis™= &1,0)0 , Cos= (0 YU 1Cs678 £ 1U (2.23)
4 1 1
Wo = 51W1,2,3,4 :§’W5,6,7,8 :% (2.24)

For any lattice, the weights always satisfy théofeing relation,

ZW' =1 (2.25)
Ax A

In Eq. (2.23), for a square D2Q9 Iattid:ﬂ!,:E —X}[/. Discretization of Eq. (2.18) leads

to the following expression[115-125],
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f(F+CALt+At) =T, (F,t)—%[ f(F,t)- £ (F,t)] (2.26)

EqQ. (2.26) is the LB equation with BGK approximatitnat describes the evolution of the

particle distribution functiorf; and it represents transient heat conduction pneblghe

Eq. (2.26) essentially involves two parts,. catlisii.e. the calculation of new patrticle

distribution functions, f; and propagation which involves streaming of thetigla

distribution functions to the neighboring nodes.

In heat transfer problems, the calculation of theildrium particle distribution function

and the methodology of obtaining the temperatuyes(bnming f, over all directions) the
following relationship holds good [115-125],

i fi<°>(r,t)=Zb:vx4T(r,t)=T(r,t)=Zb: f, (F.t) (2.27)

i=0 i

For a D1Q2 latticepb=2, and for a D2Q9 latticepb=8. To account for the volumetric

radiation, the energy equation in the LBM formuwati Eq. (2.26) is modified to the

following equation[117-119]

Fac = £ (r ) =2 f (7 1)- £O (7 £)]—| B
f.(F+cAtt+at) = f (1) T[fi(r,t) FO(r1)] LpCpJDEqR (2.28)

Equation (2.28) is the equivalent form of the egeeguation (Eq. (2.1)) in the LBM
formulation. It describes a transient conductioiaion problem. It is to be noted that
using the Chapman-Enskog multi-scale expansioniggnequation (Eq. (2.1)) can be

deduced from Eq. (2.28). In Eq. (2.28), since thedweation of the radiative information
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Figure 2.3: Intensity | ! in the directionQ in the center of the elemental sub-solid angle
AQ!

is direction dependent, Fig. (2.3) shows the discamgular directions, the polar angle,
the azimuthal angle and the concept of elementa smgle which are used for the
calculation of the radiative intensity distributiah any location which in turn is used to

evaluate the required radiative information forvawdd the energy equation (Eq. (2.28)).

In the following pages we describe the methodoloighe FVM to calculate the radiative

information [J.gg required to process the energy equation in the I(Biy(2.28)).
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2.4 FiniteVolume Method (FVM)

The methodology of computing the radiative inforimatusing the FVM was initially
formulated by Raithby and Chai [109] and subsedyentwvas modified and proposed by
Chai et al. [165]. As described in the previous Chapter, tMMHFs less prone to the ray
effect and it involves exact integration over bgpfatial control volume and the solid angle in
the angular direction. Because there is no losadiative energy, the FVM methodology is
fully conservative. In a conduction-radiation prefol, the divergence of radiative heat

flux [.g;can be computed using any of the methods sucheasliicrete transfer method

[117, 120], the discrete ordinates method [94, 1®nte Carlo method [101, 106, 160],
spherical harmonics method [101, 102] and the F\BI7f111, 119]. Due to the inherent
advantages of the FVM as mentioned earlier, in ghesent work, the same is used to
compute the radiative information in both directl amverse methods. In the following pages,

we provide formulation of the FVM.

The governing radiative transfer equation (RTE) aihinvolves the radiative energy
balance for the intensity field in an absorbingjténg and scattering medium is given by
the following relation[101, 102],

| (s+ds, Q)1 (S,Q)E%dswdb(s)ds—/(l (s,Q)ds-al, (s,Q)ds

(2.29)
O-S ! ! ]
+(4HJQL”| (s,Q)p(Q - Q)dQ
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where, | is the intensity,s is the location,Q represents directiory is the absorption

coefficient, 1, is the boundary intensityy,is the scattering coefficientpis the phase

function anddQ' is the elemental solid angle.

Eq. (2.29) can be written as [101, 102],

dl(s,Q ) ) )
%:Klb(s)—ﬁl (s,Q)+(Z—;TjQL”| (s,Q)p(Q - Q)dQ (2.30)

where 8 =k + 0, is the extinction coefficient of the medium.
Rewriting Eqg. (2.30) in the differential form ofe¢fRTE for any directiors and for any
solid angleQ about an elemental solid angl® is given by [107, 109, 120]

%:—[a’l +S (2.31)

where Sis the source term which is given by the followetggation[107, 109, 120]

T , \do'
S:K[J ]+ZISTQL”| (Q)e(Q,Q)dQ (2.32)

Resolving Eg. (2.31) (Fig. 2.3) along the Cartesiaardinate directions and integrating
it over the elemental solid-angk®’, we get the following expression [107, 109, 120]

o’

j i - - ' ' '
ol ol _ZDZJ =-B1'AQ} +SIAQ] (2.33)

—D)+—D! +
ox ay 7

If Ais the outward normal to a surface, theh is given the following

D' = [ (A8 Jdo (2.34)
AQ!
where the direction éi:(sinéj cos;zﬂ)f+(sir5j sirzyﬂ)1°+( coéj)lz When A is

pointing towards one of the positive coordinatesclions, Dx",Dyj and D/ are given by

[107, 109, 120]
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¢J+L¢j51_L6j
2 2
D) = IsinJcosr/dQ: I I cog sifodody
a0 p-22 5100 (2.35a)

=cosg sir{AT(piJ[AJi - cos@’ si{g’ )

5400 g 83
2 2
D;':jsinasinqugz: j j sing sikddodg
ae 9 2L 5108 (2.35D)

TN AT oy
=sing’ sw{T(”JJ[AJ -~ cos?’ sinkd’ )

o +A2 5 AS
2 2
D)= [ cosadQ= | [ cod sidddde
AQ) 5 A 5 03 (2.35¢)
2 2

=sind’ cox’ sh(AJj)Aqoj
For npointing towards the negative coordinate directiagigns of ij,Dyj and D) are

opposite to what are obtained from Eq. (2.35). ¢n ®.34),AQ’ is given the following

[107, 109, 120]

¢1+L¢jo'j+6—zi .
P H ! i
AQ = [dQ= [ [ sinddddg= 2sind’ si{&JAcﬂ‘ (2.36)
Jitol wJ_ija'J_ij 2
2 2

Integrating Eq. (2.35) over control volume and gdime concept of the FVM of the CFD,

we get the following[107, 109, 120],

(12211 AuD! +[1-12]AuD] +[1 - 14]AuD)

T-pui]aa) (2.37)
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where A, , A and A.; are the areas of the x-, y- and z- faces of ac®frol volume,
respectively. In Eq. (2.37)| with suffixes E,W,N,S,F and Bdesignate east, west,
north, south, front and back control surface aveiatensities, respectively. On the right-
hand side of Eq. (2.37) =dxxdyxdz is the volume of the cell ant and S} are the

intensities and source terms at the cell ce®nespectively.

In any discrete directionQ’, if a linear relationship among the two cell-sugfac
intensities and cell-centre intensity is assumed, then we can write as[107, 109, 120]
1= L+ (L= N = X0+ (10 ) 1= x0  + (1 1)1 (2:38)
where yis the finite-difference weighting factor and italwe is normally considered to
be 0.5. While marching from the first octant of ©3nclosure, for whictD},D} and
D) are all positive,I} in terms of known cell-surface intensities can vidtten as

below[107, 109, 120]

j il : i . Ny
DXAEW|VJV+ YAVS|SJ+D2’A¥B|EJ;+(VAQI)S$
Ax Ay Xz
j i j
Ax Ay Xz

(2.39)

J
IP

where,

Acw =1 X) A+ XA As =(1- X0 ) A XA A = (- X0) A+ XA (2.40)

are the averaged areas. When any one ofD;heDyi or D/is negative, marching starts

from other corners. In this case, a general exjmess |1 in terms of known intensities

and source term can be written as the following [1I®9, 120],
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D! ~ |D! ~|D! _ N
A le 11 (vae)s)
= X . )([y)j D)j(z (2.41)
XAE+ yAN_'_ zA:JrﬁVAQJ

Xx Xy Xz

where in Eq.(2.41),x,y, and z suffixes overl’ are for the intensities entering the
control volume through x-, y- and z-faces, respetyiand A, A, and A, are given the
following,

A=1-x)A FXACA =(1-x, ) A+ XA, = A =(1-X,) A+ XA, (2.42)
In Eq.(2.42), A with suffixes x,y. and z represent control surface areas through which

intensities enter the control volume, whilk with suffixes x,,y, and z, represent

control surface areas through which intensitiesdee control volume.

Therefore, for a 1-D control volume, the cell-centrtensity is given the following [120],

2Dy, +ShAQ)dx. DI >0
_ 2D/} + BAQ! dx
] = . . .
P 12pi[il+shaoia (2.43)
. . , D}<0O
z\DXJ\wAQde

Whereas, for a 2-D control volume, the intensiéies given by the following [120],

2D A\, + 2D} AL +(vaal)s]

: . ~— 1*quadrant:D} >0, D} >0 (2.44a)
2D} A+ 2D} A, + BVAQ)

i —
1) =

2|D)

2

AlL+2D)A L +(vaal)s]
D)|A +2D)A +pVAQ!

1] , 2 quadrantD) <0, DJ>0  (2.44b)
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2|D)

2

AlL+2D]| Al +(vagT)s]
D, A +2|D}| A, +BVAQ)

13 ,3%quadrantD} <0, DJ<0  (2.44c)

2D A, +2|Dj| Al +(vaal)s]
2D} A, +2|Dj| A, + pvAQ)

IE , 4" quadrant:D} >0, D} <0 (2.44d)

For a linear anisotropic phase functign(Q,Q') =1+acosd cog’ the source ternsat

any locationr can be written as [120]

oT*) (o \5F .
S=k + == 1(0,¢)(1+acosd co®') siddod
[T (2T ) siddodg (245
which in terms of the incident radiatio® and net radiative heat fluggis written as

[120]

- O-S
S= (ZJ[G +ac0sd,| (2.46)

In Eq. (2.46),G and g, computed using the following expressions,

G= T 1 (Q)dQ = 2_[” ]T | (3,¢)sinddddg

¢=00=0

i A5 (2.47)
=Y >1(d. ¢ )2sing’ sir(—jA@j

k=1 1=1 2
where M ;and M, are the number of discrete points considered thescomplete span
of the polar angl§0< d < 77) and azimuthal angl¢0 < < 277) ,respectively. Therefore,

M,;xM, constitute the number of discrete directions incihntensities are considered

at any point. The radiative heat flux is expregsgthe following [120],

39

TH-814_06610305



Chapter 2

ar 2mr
= | 1(Q)cosadQ= [ [ 1(d ¢) cod sidddde
e W (2.48)

I (Jl', )Zsmd' cog) su(Ad‘)

In case of a 1-D planar geometry, radiation is atvally symmetric, thus in this case,

incident radiationG and net heat fluxj; are given by and computed from the following

expressions [120],

G :2775.[ | sinddd = 4ﬂjzll Ising! sm(AZJ ] (2.49)
=0

u

s M ;
Qs = 27T J. | cosd sinddd ZITZ |7 sind! co®’ sir(Aé'j) (2.50)
= =1

while marching from any of the corners, evaluatidrEq. (2.41) requires knowledge of

the boundary intensity. For a diffuse-gray bounfeayl having temperaturel, and

emissivity &, the boundary intensity, is computed from the following[120]

LA ( jZZ (8,4 )sing’ cos! simiag (2.51)

T

In Eg. (2.51), the first and the second terms &gre the emitted and the reflected

components of the boundary intensity, respectively.

Once the intensity distributions are known, rag@tinformation 0., required for the

energy equation is computed from the following[120]

06, = B(1- w)(4770: —GJ (2.52)
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where in Eq. (2.52)w:%is the scattering albedo.

For generalization and ease of computation, thestoamation of the dimensional quantities
is done in non-dimensional forms. For a 2-D geowye#tith non-dimensional distange,

y , temperaturé, conduction-radiation parametér, incident radiatios”, radiative heat

flux W, and timeé defined in the following way

X :L y* :L H:l N:k—’B3 G*:#
Lref I‘ref TW 40_Tref (O-Tre/ j (2 53)
]T .
1) ¢ 2
W, = — |2 =aft
3 (4N j T ¢=ap

Therefore, the energy equation in the LBM form a®ig by Eq. (2.28) and the divergence of

radiative flux given by Eq. (2.52), respectivelgcbme as given below,

i (F +gacs+ad)=1 ( f)‘%ﬁfi(i &)1 (% "zﬂ_%% (259

OWg =4(1- w){é?“ —4G—nj (2.55)

In Eq. (2.54), for 1-D planar geometry, the reléxatime 7~ in the non-dimensional form is

expressed as,

RS Do

(AX* M)z 3 (2.56)

whereas, for a 2-D geometry, the relaxation timein the non-dimensional form can be

expressed as,

T = 32+A_£
] 2 (2.57)
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whereg’ is the non-dimensional velocity.

Below we describe the steps involved for calcutatime temperature field in a transient

conduction-radiation problem using the LBM-FVM & the direct problem.

2.5 Solution M ethodology for the Direct Problem:

TH-814_06610305

According to the geometry (1-D or 2-D), select tgpe of lattice (D1Q2 or

D2Q9).

Divide the computational domain into finite numlodrattices/ control volumes.
It should be noted that the number of lattices &lone more than the number pf
control volumes.

Compute the corresponding relaxation timeysing Eq. 2.19 or Eq. 2.22.
Depending upon the initial temperature conditionaleate the equilibrium
particle distribution function using Eq. 2.27

Subject to the same temperature distribution, ¢aeul.q, using the Eq. 2.52.
For the selected number of discrete directions, ayg®opriate relationships for
computing the intensities (Eq. 2.43 or Eq. 2.44).

Evaluate the new particle distribution functionngsiEq. 2.28 and propagate the
particle distribution functions to neighboring let¢t centers/ nodes of control
volumes.

At the next time step, calculate the new tempeedietd using the Eq. 2.27.
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8. Calculate the equilibrium particle distribution filion corresponding to the new
temperature field.

9. Check the convergence criterion for the attainmansteady state and if so,
terminate the process.

10. Modify the patrticle distribution function locallyof the satisfaction of boundary
condition.

11.1f not converged, go to step 4.

In the direct method, temperatuée distributions are obtained from the given valuéshe
medium properties along with the known initial abdundary conditions. In the inverse
method, for known temperatug distributions, in the present work, simultaneosi$neation

of unknown parameters has been done. It is asstinadhe temperatur€ distributions
provided by the direct method are accurate and dlssemed to be experimental values. In
the inverse method, we minimize the difference leetwthe known temperature distributions
and some initially guessed temperature distribstiosing the GA. In the following pages

we present the working procedure of the GA.

2.6 Principle of Genetic Algorithm

It has been mentioned earlier in Chapter 1 thawibwking principle of the GA is derived
from the nature and is based upon the Darwin’srthebevolution. In other words, the
evolutionary approach of the GA enables the waordividuals to get eliminated from the
population and it ultimately results in a populatizaving better characteristics befitting

the imposed condition. This very similar analogyewhapplied in mathematical mode

43

TH-814_06610305



Chapter 2

gives rise to the GA. The process of the GA is @galis to biological evolution of any
species in which successive generations are catteiborn and raised until they
themselves become ready to reproduce. Thus a nuvhloiferent operators as required
for the evolution of individual in nature are regpd in the GA too. The exchange of
information in the GA occurs by virtue of the genkesa binary coded GA, the genes are
represented using binary digits 0 and 1 and thdferdnt arrangement constitutes

different strings. These strings represent an iddal and the individuals constitute the

Generate Initial Population

Fithess
function

\ 4
> Evaluate Fitness

Termination
Condition?

Best
Individual

Select Parents

Crossover,
Mutation

A\ 4
Generate New Offspring

Figure 2.4: Flowchart of the genetic algorithm.
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population. Figure 2.4 shows the flowchart of thA.Jhe following processes with
necessary operators are involved in the GA and wogether in a sequential order

during the operation of the algorithm:

2.6.1 Generation of Initial Population

The very first step of any GA is to generate a grofiindividuals collectively known as
the population. This population represents a groftigolutions which give different
values of the objective function to be optimizedop&ation undergoes gradual
refinements in successive generations. The geoasatire mathematically analogous to
the iterations. The higher the population size ioge the chance of getting good as well
individuals/solution. This has the advantage ofaobihg a higher proportion of better
individuals/solutions and also, more number of ladividuals to get eliminated in

successive generations of evolution.

2.6.2 Evaluation of Fitness

The next step of the algorithm is to obtain thad#s value of the individuals which in
turn represent the value of the objective functmibe optimized. It should be noted that
the objective function may be a representationost,cefficiency, weight, strength, error
and so on. In our present study, the objectivetfangs represented as the sum of square
of errors between the measured and the exact tatoperfields. The population having
good fitness values is replicated in the next gai@r. Retaining the best individual in
the next generation from the previous generatiatetermined by the elite count operator

and the phenomenon is called elitism. Since thémpywh or minimum value of the

45

TH-814_06610305



Chapter 2

objective function can not be initially determinedadvance, accordingly the appropriate
fitness limit too can not be determined in advarSt®.a theoretical value of fithess needs
to be prescribed and a minimum number of individughose fitness lies closer to the
prescribed limit are replicated in the next generat In our present work, the theoretical

value of the required objective function is zero.

2.6.3 Reproduction, Crossover and M utation

The other individuals which are not retained by #lée count operator undergo
reproduction among themselves. The reproductioo kt®wn as selection is the first
operator and it selects good individuals for matifigere are different types of selection
schemes such as proportionate selection, rankiegtss and tournament selection. In
proportionate selection operator alternatively knaag roulette-wheel selection, a string
in current population is selected with a probapifitoportional to the string’s fitness. In
ranking selection scheme, all strings in a popoiais copied based upon increasing
order of their best fithess or objective functialue and ranked (1 for the best, 2 for the
second best and so on). In tournament selecticensehtwo strings are randomly chosen
and better of the two is selected and if done syatieally, the best string gets two copies

in the mating pool.

Since crossover is required for the reproductioth ttve generation of new offspring, the

same is handled by the crossover probability opeiatthe GA. The crossover can be of
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single point, two point and multipoint dependingpnpghe number of sites chosen. The
main purpose of the crossover operator is to sehesiparameter space. Apart from this,
the search is required to be carried out in suetaaner that the information stored in the
parent string is preserved to the maximum extessipte. In uniform crossover, each bit
from either parent is selected with a probabilitYd. However, minimum information is

preserved between parent and children strings. riteroto preserve some of the
previously found good strings, not all stringshie population participate in the crossover
operation. The crossover probability representsnimaber of individuals taking part in

the crossover and its value lies from 0 to 1.0.&@mple, a crossover probability of 0.5
implies that 50% of the selected individuals wilhdergo crossover operation. A

crossover probability of 1.0 or values closer 1@ i$. not preferred because it is better to
keep some bad individuals too in the populationis & because these bad individuals

can create better offspring in later generations.

The mutation operator maintains the diversity bydamly changing the genes in the
string of the generated offspring. Like the crogsqwobability, the mutation probability
also determines the number of individuals undemgomutation process. In the binary
coded GA, the mutation process makes the digit D, tand vice versa. The difference
between the crossover and the mutation is thabenctossover the exchange of genes
occurs between two randomly selected individuald ah a randomly selected site
whereas in the mutation process, the change oeuitingn the individual. The main

function of the mutation operator is to maintaimedsity in the population.
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2.6.4 Termination Condition

The fitness value is evaluated for the new popaatevolved from the processes
mentioned in step 2 above. The algorithm is teateéid when there is no change of
fitness values from one generation to the next iggiom. A sufficiently good number of
generations are needed to be evaluated for the banmise the fithess value may get
updated at a later stage if the algorithm is teat@d at a premature time. The common
practice of terminating the GA process is to sttidy variation of the objective function
which in turn represents the fitness for a spetifiember of generations. The other, but
most unlikely mode of termination is the attainmemta global maximum or global
minimum of the value of the objective function.the present work, the theoretically set
global minimum value for the objective functionzero. Therefore, the algorithm gets
automatically terminated if at any stage, the vatithe objective function becomes zero

and hence it will fetch out the best individualsotution.

2.7 Formulation of Inver se Problem

In transient conduction-radiation heat transfer bfgm, from the direct method, the
temperatured distributions are obtained from the knowledge &fdimm properties, initial

condition and the boundary conditions. For the exirvalue of the unknown parameters,

with given initial and boundary conditions, Iég, p=212,.....N be the known temperature at

the west boundary of thg™ control volume. For the same initial and boundamyditions, in
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the inverse problem, the objective is to estimdte torrect values of the unknown

parameters for the known temperatugg field. Initially a guessed value of unknown
parameters is taken and then the guessed tempgefaldd, is calculated. Sincd, is
based on guess values of unknown parameters, tot \%aluegp and the estimated value

g,will not be the same. To minimize the differencetvieen §p andg,, an objective

function J as given in the following equation is defined.

J :i(ép—ap)2 (2.58)

p=1

Similarly for a 2-D geometry the above equatiomdified as below;
J ZZZ(ép,q _ap,q) (2.59)

In the above equationé'p,q is the exact temperature afil, is based on some guessed values

of the unknown parameters at any lattice cer(tprq) of a lattice in the LBM or a node of

the control volume in the FVM (Fig. 2.1 and 2.2 a).

The accuracy of the estimated parameters depenkdswm@ccurately the temperature field is

measured. IfE is the error in the measurement of temperadjyg,., profile, then

6,

measured

=0 +E (2.60)
wherefis the exact temperature. With,_,., defined as above in Eq. (2.60), if the

measured temperature field contains ertd, in Eq. (2.58 and 2.599=6, .- It
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should be noted that a measurement errde ef 2.0, means that if the exact temperature
is 500 K and the reference temperature is 400 &) the measured temperature is 1,300
K with an error of 800 K. Therefore, the objectiftanction with the inclusion of the

measurement error takes the following form:

1=[6+E)-6f (2.61)
Rearranging the above equation (Eg. 2.61) we wolbta following:

3=lg- (o5 ) (2.62)
It is clear from the expression Eq. (2.62) thatfanimizing the objective function, the
optimization algorithm must be robust enough teetalre of increased uncertainties due

to measurement errors. Below we mention the stepshied in solving the inverse

problem.

2.8 Solution M ethodology to Solve Inver se Problem

1. Obtain any temperature field from the direct mettaacall the time levels
including the steady state. It is this field cop@sding to which unknown
parameters need to be obtained.

2. Induce perturbations on the above temperature. figd@refore, this becomes
the measured temperature field or experimental atzad time levels.

3. Start with a guessed temperature field. This valirespond to some arbitrary

values of the parameters to be determined.
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START
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GET THE TEMPERATURE

PERTURBATIONS, IF
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ASSUME GUESSED
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Figure 2.5: Solution methodology to solve the inverse problem.
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4. Mininimize/ Regularize/ Optimize the objective ftion as given by Eq. 2.58
and 2.59.

5. Define the desired value of the objective funcitiveck if the objective
function value changes in successive iteratiotsdfobjective function value
remains nearly constant for sufficient finite numbéiterations terminate the
algorithm.

6. Get the values of the unknown parameters.

7. If the objective function value keeps changing.cdid the old values and
assume other values of parameters and go to step 2.

8. A flowchart for solving an inverse problem is givierFig. 2.5.

2.9 Summary

The present chapter comprehensively dealt with det@pnathematical formulation of a
conduction-radiation problem. It started with theedt problem involving the LBM and

the FVM methods respectively to solve the energyaggn and the equation of obtaining
the radiative information. Then, the formulation tife inverse problem and the
construction of the objective function were desedifor both 1-D and 2-D Cartesian
geometries. The methodology of the GA for the omation and the working nature
were discussed. In the next chapter, we studwpipdication of the inverse method to a

transient conduction-radiation problem in a 1-Dnplamedium.
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CHAPTERS3

Parameter Retrieval in a 1-D Transent Conduction-Radiation

Problem

3.1 Introduction

This chapter deals with the estimation of thermophysical properties in a 1-D transient
conduction-radiation problem. This type of problems finds applications in atmospheric
science, insulation systems, welding processes, phase change phenomena, etc. [3, 7, 70].
Generally, these problems are transient in nature, and for estimating multiple parameters,
their inverse analyses involve varying levels of complexities. Their solutions are
generally not unique, as the same output can be obtained with more than one set of
estimated parameters. This effect puts a limitation to the number of unknown parameters
to be estimated in the inverse method. However, physical insights could guide the inverse
formulation for feasible parameter estimation. The analyses of inverse conduction-
radiation problems are done by some kind of regularization or optimization of either

temperature distribution or radiative intensity distribution.

In the present chapter, simultaneous estimation of a combination of two parameters such
as the conduction-radiation parameter, the boundary emissivity and the scattering albedo
is done. The temperature field is cal culated from the direct method using the LBM-FVM
in which the LBM is used to solve the energy equation and the FVM is used to compute

the radiative information. This temperature field is taken as the exact or experimental
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values and random perturbations are imposed on the same. In the inverse method, the GA
is used to minimize the objective function, which is represented by the summation of the
sgquare of errors between the exact and the guessed or the measured temperature field.
The quality of the estimated parameters is studied for the effects of the optimization
algorithm/GA parameters such as the crossover probability, the mutation probability and
the numbers of generations. In order to establish the correctness of the estimated
parameters in the inverse method using the LBM-FVM-GA, temperature fields are
evaluated on the basis of the estimated parameters and compared with that obtained from
the direct method. Further, a comparison of the CPU times involved in the direct method
and the inverse method is also done. Detailed formulations for the analysis of a transient
conduction-radiation problem in the direct and inverse methods have been presented in
Chapter 2. In the following pages, we briefly provide the relevant formulations used for

the inverse analysis of a 1-D transient conduction-radiation heat transfer problem.

3.2 Formulation

Consider a homogenous conducting-radiating planar participating medium as shown in

Fig. 2.1. Initialy, the system is at temperature T. and for timet >0, the west boundary
is maintained at temperatureT,, (>T.). The west and the east boundaries are diffuse-gray
with emissivities &, and&., respectively. B, wand N are the extinction coefficient, the

scattering albedo and the conduction-radiation parameter, respectively. The variations of
the medium and the boundary properties with time are considered negligible. For the

problem under consideration, the governing energy equation can be written as,
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oT 0 oT oq
C —=—_—_"|-k— |- R .
Por ot 6x( axj (GXJ 1)
The corresponding equation in the LBM-FVM formulation is given by the following

f(rreantea) = (x-S0 (00101000 @y

where the divergence of radiative heat fl ux% IS expressed as
X

ilo M oT?
— = fB(1-w)| 4T -G 3.3
paadl )( - ] (33)
With non-dimensional distancex , temperatured, conduction-radiation parameter N,

incident radiation G, radiative heat flux W, and time & defined in the following way,

* X T kﬁ * q 2
=— @f=— N-= = R = t
X X ( ]JT“ <=ap

T, 40T} (JT / j W (3.4

in non-dimensional form, Egs.(3.2) and (3.3) take the following form

Adw, 0%y

(X +qagevng)= 17 (x,6) -2 £(%.6)-0(x.¢) |- (39
OWe _ i Y pe G
> =401 w)(e 4ﬂj (3.6)

For known values of medium properties, using the above formulations, we obtain the
temperature & distributions in the medium using the direct method as explained in the
previous chapter. For the correct values of the set of parameters, in this study, first the
exact temperature field is obtained by solving the energy equation of the transient

conduction-radiation problem using the LBM in which the radiative information is
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computed using the FVM. The temperature field which is obtained from the direct
method serves as an exact result or experimental values to be used in the inverse analysis
and to account for the noise/measurement error, perturbations are also imposed on this

temperature field. Therefore, the temperature field becomes a measured temperature

field. In order to minimize the difference between the exact temperature §p and the

guessed temperature &, field, we define an objective function J as given below,

J :i(gp _BD)Z (3.7)

p=1

In the present work, based upon the population size, the guessed temperature 6, field is

generated randomly. Henceforth, the initial value of the objective function will be
significantly high in comparison with the theoretical minimum value (zero). Further, to

visualize the efficacy and robustness of the inverse methodology, we incorporate some
measurement error to the exact temperature §p field, so as to evaluate the contribution of

measurement error towards retrieved parameters.  Also, the concept of measurement
error would be also beneficial to provide larger insights upon the sensitivity of retrieved
parameters on temperature distribution profiles. If E is the error in the measurement,

the measured temperature 8, ..., IS given by the following,

6,

measured

=0+E (3.8)
In order to minimize the objective function (Eq. (3.7)), in the present work, we have used

the GA. Theworking procedure of the GA has been outlined in Chapter 2.
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3.3 Resultsand Discussion

In the following pages, we present the results based on the inverse anaysis of a transient
conduction-radiation heat transfer problem in a planar medium. In this analysis, we have
simultaneously estimated a combination of two properties of the medium such as the
scattering albedo w, the boundary emissivity &£ and the conduction-radiation parameter

N. In both the direct method and the inverse method, non-dimensiona time step

A& =1.0x10" was considered, and the steady-state condition was assumed to have been

achieved when the maximum variation in temperature H:Tl at any location between
w

two consecutive time levels did not exceed1.0x10°. The initia temperature of the

system was taken to be 4. = I—E =0.5 and for time¢ >0, the west boundary was raised to

w

atemperatured,, =1.0=26.. In the LBM and the FVM, a maximum of 100 equal size

lattices/control volumes and in the FVM, 10 equaly spaced directions were found
sufficient for grid and ray independent solutions. Below we study the effect of the

optimization algorithm/ GA parameters on the quality of the estimated results.
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Table 3.1: Combination of genetic parameters and measurement errors for different runs
used in the inverse method.

RUN Cr ossover M utati_o_n M easur ement
Probability Probability Error E
1 0.20 0.30 0.0
2 0.40 0.60 0.5
3 0.60 0.80 1.0
4 0.20 0.30 15
5 0.40 0.60 2.0
6 0.60 0.80 0.0
7 0.20 0.30 0.5
8 0.40 0.60 1.0
9 0.60 0.80 15
10 0.80 0.60 2.0

3.3.1 Effect of the GA Parameters

To realize the importance of the genetic parameters, in the present study, in the GA, study
was made for three different combinations of crossover and mutation probabilities. For
the present investigation, the population size was taken to be 50. For runs 1-10, Table 3.1
shows different combinations of crossover and mutation probabilities along with
measurement errors. In the present work, we have studied three different values of the
crossover probabilities, viz.,, 0.20, 0.40 and 0.60. The three values of the mutation
probability considered were 0.30, 0.60 and 0.80. The measurement errors E introduced

was in therange 0.0 to 2.0.

In Figs. 3.1 and 3.2, for runs 1-10 given in Table 3.1, we study the variations of the best
fitness against the number of generations. In Figs. 3.1a-c, results are shown for three

different combinations of the conduction-radiation parameter N and the scattering
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abedow. InFigs. 3.2a-c, the same are given for three different combinationsof N and
west boundary emissivity &, . It is observed from Figs. 3.1 and 3.2 that beyond 200
generations, no significant change in the best fitness take place, and thus this was taken
as one of the stopping criterion. It is to be noted that while presenting the comparisonsin
Figs. 3.1 and 3.2, for simplicity we have divided the values of the best fitness at each
generation by 10%. It is also observed that, in some cases, no significant change in the
best fitness was observed even below 200 generations. Based on these eval uations, it was
concluded that 200 generations were sufficient for a population size of 50, and solution

near to the global minimum was achieved.

To demonstrate the workability of the LBM-FVM-GA combination in the inverse
method, for 10 different runs with crossover and mutation probabilities along with
measurement errors as given in Table 3.1, in Table 3.2, we compare the exact and the

estimated results for three different combinations of the conduction-radiation parameter
N and the scattering albedo w, viz., (N,w) = (0.01, 0.1), (0.01, 0.5) and (1.0, 0.1). In
Table 3.2, we also compare results for three different combinations of the conduction-

radiation parameter N and the emissivity of the west boundary g, , viz., (N,ew) =
(0.01, 0.1), (0.01, 0.5 and (0.01, 0.9). For (N,w) combinations, we considered
extinction  coefficient =10 andg, =&, =10, while for (N,g,)

combinations, 5=1.0, & =1.0 and w=0.0 wereconsidered. From Table 3.2, it is
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CHAPTER 4

Parameter Retrieval in a 2-D Transent Conduction-Radiation

Problem

4.1 Introduction

In this chapter, an inverse analysis has been tmmetrieve unknown parameters in a
transient conduction-radiation heat transfer pnoble a 2-D rectangular enclosure.
Many long enclosures can be mathematically appratéch as 2-D rectangular
enclosures. The changes in thermal field aredanty along two coordinate directions,

viz., height and width. Hence, the analysis ohsgeometry is done as a 2-D problem.

In the present work, an inverse analysis has beae for a 2-D transient conduction-
radiation problem. In the direct method, the atide information has been computed
using the FVM and the LBM has been used to soleeetiergy equation. In the inverse
method, the temperature field obtained in the dimethod has been used for the
simultaneous retrieval of three unknown parameteis, the scattering albedo, the
boundary emissivity and the conduction-radiatiomapzeter. Effects of measurement
errors in the measured temperature field have beeounted. In the inverse analysis, the
energy equation has been solved using the LBM iiclwthe FVM has been used to

provide the radiative information, and the optintiga has been done using the GA. A
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detailed study has been done to investigate trectsffof the GA parameters, viz., the
crossover probability, the mutation probabilitye thopulation size and the number of

generations. CPU times in the direct and the ireversthods have also been compared.

4.2 Formulation

A 2-D rectangular enclosure (Fig. 4.1) containing absorbing, emitting and scattering
medium is considered. The boundaries of the encdose diffuse gray. Initially, the system
is at a uniform temperatufg =T,, =T, =T5 =T,. For timet >0, the south boundary is
maintained at temperaturg>T,. For the problem under consideration, the energjation

is written as,

oT _ (0°T  9°T
5 N 5o @D

In the LBM with the BGK approximation, the correspiing form of the governing

energy equation (Eq. (4.1)) gets modified to tHe¥ang,

f(F+CALt+AL) = f (r,t)—%[ f(rt)- 1O (r,t)]—(%JD T, (4.2)

where, r represents position of the lattice node in the Zddmetry. For a general

conduction-radiation problem, development of EqR)Y4has been described in Chapter 2.

For the present problem, we have used the D2Q6édatt
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Figure 4.1: Distribution of the lattices in the LBM and the ¢ volumes in the
FVM for the 2-D geometry.

For generalization of Eq. (4.2), the non-dimensi@aion has been done in the
following manner

_ e o 3 A&
! ‘r_aﬁt’r_HJr? (4.3)

- _ kB . G
O N © m
In non-dimensional form, Eq. (4.2) is written as

i (F +gagé+ng)= 1 (7 ,5)—?—{[1‘} (F.e)-1 (F ,5)}—(%% Wg (4.4)

In the above equation, the divergence of non-dimoeas radiative heat flux expressed as

O0Wg = 4(1- w){e“—f—ﬂ} (4.5)
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In the present work, the radiative informatiai% has been computed using the FVM.

Using the above formulations, the temperatérdield at different time levelsf can be

obtained using the direct method in which the epemguation has been solved by the

LBM and the radiative information has been compuigidg the FVM.

In the inverse method, simultaneous estimatiorhtée parameters, viz., the scattering
albedow, the south boundary emissivity and the conduction-radiation parametér

has been done. In this case, the objective fundiobe minimized using the GA is

represented by the following equation

N+1N+1 2

3= 3 (6,4-6,4) (4.6)

P q

where the subscripts andq (Fig. 4.1) are the indices for the lattice centré¢he LBM

and the node in the FVM. With the inclusion of measnent erroréE), the measured

temperature profile §,_.,., =@+E) and the exact one are minimized in the same

manner as discussed in Chapter 3. In the followpages, we provide results of the
inverse analysis in which three parameters sucthe@xonduction-radiation parameter,
the scattering albedo and the boundary emissiviéysamultaneously retrieved and the

extinction coefficient was fixed.

4.3 Resultsand Discussion

In heat transfer problems involving transient castaiun-radiation, the thermophysical

properties of the participating media such as tbedaction-radiation parameter, the
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scattering albedo, the emissvity, etc., influenoe lbcal temperature distributions. As
observed earlier in the investigation of a 1-D plamedia that the temperatures are
generally higher for lower values of the conductiadiation parameter, scattering albedo
and higher values of the boundary emissivity. lis tase too, we perform an inverse
analysis for the case of a 2-D Cartesian geometdy aéso study the influence of the

thermophysical properties on the temperature field.

In the following pages, we present results of thauftaneous estimation of three
parameters, viz., the scattering albedahe conduction-radiation paramekér and the

south boundary emissivigg by the inverse method using the LBM-FVM-GA. To

establish the correctness of the estimated vathesgentreline temperature distributions
at different time levels obtained by the direct noet and the inverse method have been
compared. Towards this end, some sample results haen also compared with the
benchmark results available in the literature [42-7Subsequently, effects of the
crossover probability, the mutation probability,etmumber of generations and the
population size on the estimated parameters withveithout measurement errors have
also been investigated. Variation of computatiditak with increasing the number of

generations as well as increasing the populatmsisas also been reported.

In order to study the effect of the population sirethe GA, the population size was
varied from 25 to 100, and beyond 200 generatinasignificant change in the value of
the objective function was observed. Since theegieparameters, such as the crossover

probability, the mutation probability, the poputatisize and the number of generations
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significantly affect the accuracy of the estimgbadlameters, the proper selection of these
parameters is important. The following pages mtevesults which show effects of these
genetic parameters on the accuracy of the estimatiees along with the computational

time.

In the LBM, 21x 21 lattices were used and since in the FVM, the nunaheCVs in
every coordinate direction remains one less, inR¥i®I, this number wa0x 20. In the
FVM, the number of directions wag;xM,=4x8. No significant variation in
temperatured was observed when the numbers of lattices, contmdimes and

directions were further increased. The steadystandition was assumed when the

maximum variation in temperatur@:T— at any location between two consecutive time
]

levels did not exceed.0x10°. The initial temperature of the system was takete

6.=64,=6,=6,=05 and for time >0, the south boundary was raised to a

temperaturé; =1.0= 6. = B, = &, .
4.3.1 Retrieval of Parameterswithout M easurement Error

To investigate the workability of the LBM-FVM-GA aotbination, 6 sets of different
parameteréw, N, &,)=(0.8,0.03,0.9,(0.3,0.01,0.1, (0.0,0.01,0.5, (0.0,1.0,1.0,
(0.0,0.1,1.0 and (0.0,0.01,1.0 were estimated. For each of the 6 cases, fivereift

runs were taken. The objective function was mingdion the basis of SS temperature

field only. In this case, parameters were estimatetsidering that the measured
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Table4.1: Comparison of exact and estimated values of paesar (w, N , &) =
(0.8, 0.03, 0.9), (0.3, 0.5, 0.1), (0.0, 0.01, 0(9)O, 1.0, 1.0), (0.0, 0.1, 1.0) and (0.0, 0.01,

1.0).
Exact values Inverse Analysis results
Runs w N & w N &
1 0.7657 0.0353 0.7915
2 08 | 0.03 09 0.7024 0.0252 0.9209
3 0.8699 0.0338 0.8835
4 0.7910 0.0243 0.8812
5 0.8094 0.0277 0.9303
Average 0.7876 0.0292 0.8814
1 0.3662 0.0093 0.1319
2 0.2533 0.0115 0.0877
3 0.3 | 0.01 0.1 0.2447 0.0142 0.0971
4 0.3119 0.0088 0.1080
5 0.3125 0.0104 0.0912
Average 0.2977 0.0108 0.1031
1 0.0005 0.0114 0.6024
2 0.0118 0.0168 0.4739
3 00 | 001 0.5 0.0021 0.0095 0.4595
4 0.0007 0.0091 0.5311
5 0.0029 0.0108 0.4473
Average 0.0036 0.0115 0.5028
1 0.0066 0.8722 0.8841
2 0.0141 0.7957 0.9336
3 00 | 10 1.0 0.0080 0.9638 0.9972
4 0.0110 0.9442 0.8713
5 0.0053 0.8990 0.9008
Average 0.0090 0.8949 0.9174
1 0.0106 0.0739 0.9074
2 0.0009 0.0910 0.8982
3 00| 01 1.0 0.0077 0.0988 0.9914
4 0.0115 0.1266 0.9458
5 0.0038 0.1018 0.9741
Average 0.0069 0.0984 0.9433
1 0.0087 0.0096 0.8861
2 0.0121 0.0092 0.9736
3 0.0 | 0.01 1.0 0.0038 0.0108 0.9055
4 0.0024 0.0115 0.9972
5 0.0165 0.0133 0.9048
Average 0.0087 0.0108 0.9334
81
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temperature field contained no err(ch‘: = 0.0) and the population size was taken to be 50,

the number of generations was 100, the crossowdrapility was 0.8 and the mutation
probability was 0.03. Results are shown in Tablé. Estimated values of the
parameters have been found to vary with runs.theravords, even if the GA parameters
remain the same, the solution generated is nouenighus, the averages over the 5 runs
have been taken. The corresponding averaged estimatues for different parameters
are also shown in Table 4.1. It is observed thatatieraged estimated values are in good
agreement with the exact ones.

Figs. 4.2-4.3 show the comparisons of the centedemperature distribution at three
different time levels including the steady-stat&)Y$omputed from the estimated values
of the parameters obtained using the inverse metitidthat calculated by the direct
method. In the inverse method, the genetic parametsed are the same as taken for

results in Table 4.1 and the measurement eri®Eif.0. It is seen that, at all time levels,
the centerline temperatu and @ distributions in the medium at different instarfts

are in good agreement. In Figs. 4.2 and 4.3, stetdg times in the direct and the
inverse methods are also shown and they are faubd tomparable. This indicates that
the estimated values of the parameters obtainethdyinverse analysis are in good

agreement with the exact ones and also the tenyperf&lds agree very well with each
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Table 4.2 Comparison of steady-state centerlilﬁ%( :0.5) temperature at three

locations in a black square enclosusgs 0.0,5 = 1.Candsg =1.0.

N 'IF entrel;/ne Wu and Y#.'ZEa?gd Mishraet Direct Inverse
/rs atK Ou [72] [73] al. [74] method method

1.0 0.3 0.733 0.737 0.734 0.739 0.736
0.5 0.630 0.630 0.630 0.632 0.631

0.7 0.560 0.560 0.564 0.566 0.563

0.1 0.3 0.760 0.763 0.759 0.761 0.759
0.5 0.663 0.661 0.663 0.664 0.660

0.7 0.590 0.589 0.594 0.596 0.592

0.01 0.3 0.791 0.807 0.789 0.789 0.786
0.5 0.725 0.726 0.725 0.727 0.725
0.7 0.663 0.653 0.666 0.668 0.664

other. It is also observed from Fig. 4.3 that wé&hreduction in the value of the

conduction-radiation parameted, the SS is achieved fast due to the dominance of

radiation over conduction and thus, the temperatahges are higher.

Table 4.2 compares the centreliﬁe;—:0.5%jtemperature9:_l_l at three different

S
locations viz.%= 0.3, 0.5, and 0.7 obtained from the direct method the inverse

method. These values are compared against thddgiatnd Ou [72], Yuen and Takara
[73] and Mishraet al. [74]. For this comparison, in the inverse methibe, same set of
genetic parameters as used for results in Tablevdslused. It is observed that the results

of the inverse method are in close agreement Wwahdf the direct method.

83

TH-814_06610305



Chapter 4

To illustrate the variation of the objective furmcti with increase in the number of
generations, a comparison has been shown in Figsard 4.5. The analysis has been
done for five different runs taken during the irseeanalysis. It is to be noted that while
making comparison in Figs. 4.4 and 4.5, the fitnemlsie of the objective function is

calculated based on the SS temperature distributios observed from the figures that
for the selected set of GA parameters, in the swemnalysis, the initial values of the

objective function are invariably less than uniffis is due to reason that in the present

case study, the exact field, which is used in the objective function devidess from

the initially guessed fieldd. Therefore, the errors between the initially gudsse

temperature fieldd and the exact temperature fieftl are lesser in magnitude. It is seen
that upto 100 generations, the value of the fitrfasstion converges to a satisfactory
minimum value. Therefore, compared to the initiapplation, after approximately 100
generations, a better population has been develbpdlde GA. This in turn establishes

that the temperature field obtained from the edtchasalues of the parameters and the

exact temperature field are in good agreement with each other.

With 100 generations, Fig. 4.6a presents the vanaif the CPU time (second) with the
population size. In Fig. 4.6b, with populationesiaf 50, the variation of the CPU time
with the number of generations has been shown.lReaauFigs. 4.6a and 4.6b are shown
foraw=0.0,N = 0.01e5 = 1.¢ All runs were taken on Pentium (R) 4, 2.8 GHz8 MB

RAM at 266 MHz. It is observed from Figs. 4.6a &€ that the CPU time is directly
proportional to the number of generations as welthee population size. This is due to

the reason that a gradual refinement of the oljedtinction takes place with increase in
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CHAPTERS

Inverse Analysis of Conduction-Radiation Problems with

Varying Complexities

5.1 Introduction

In the previous chapters, estimation of thermoptatgroperties was done for 1-D and 2-
D transient conduction-radiation heat transfer [@wis involving constant thermal

conductivity, Fourier conduction and constant terapge boundary conditions. In this
chapter, an inverse analysis is carried out for éegmation of unknown parameters
and/or boundary conditions in three different typégransient conduction-radiation heat
transfer problems involving varying level of comytees/ non-linearities. The problems
considered are non-Fourier conduction-radiatiorbl@m, variable thermal conductivity
conduction-radiation problem and conduction-radiati problem involving mixed

boundary conditions. The consideration of non-Feueffect incorporates an additional
non-linearity in the energy equation appearingheform of an extra term. Similarly, the
incorporation of variable thermal conductivity alisoluces an extra non-linearity in the
energy equation. The mixed boundary condition tgpsblem being different than the
previous problems is investigated at the end. Thezethe trend is to gradually shift the

study towards increasing non-lienearities in theseim problems. In many practical/real
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time problems, however, simplifying assumptions ased. In many problems, heat
transfer by conduction is governed by the Fouriéais. In Fourier heat conduction,
effects of any thermal disturbances in the systdmnthvcan either be in the form of a
sudden rise in boundary temperatures or a suddpeasgnce of a heat source at any
location in the medium, propagate with infinite ege and hence establishes
instantaneously. This assumption is not univeysajplicable in all situations. For
example, the validity of the Fourier's law of heainduction breaks down when we
consider heat transport through a processed mematf8@]. Further, at a very low
temperature, heat transport by conduction is nategeed by Fourier's law [77-79].
When any material is subjected to a pulse radiaibshort time levels, a discontinuity in
the temperature profile is observed, which canmogiplained through the Fourier's law

of heat conduction [82].

In many transient conduction-radiation heat trangi®blems, thermal conductivity is
assumed constant. However, this assumption idithf@ the heat transfer analysis of
metals and the applications involving very high penatures in which the effect of
thermal radiation becomes considerably high. Thesassumption of constant thermal
conductivity can not yield correct temperaturedi@nd the effect of variable thermal
conductivity needs to be accounted for. Thirdlyngpn@roblems involve more than one
type of boundary conditions in which the boundarg@e maintained under different
conditions such as in the heating chambers wheaefhe is prescribed at one or more

boundaries and the other boundaries remain subjéztsome finite temperatures.
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In the present chapter, we study three differeasses of transient conduction-radiation
heat transfer problems, viz., non-Fourier, variabtsductivity and mixed boundary
condition type. In non-Fourier transient conductradiation problem, we have
simultaneously estimated two unknown parametets, the extinction coefficient and
the conduction-radiation parameter. In the trmsiconduction-radiation problem
involving variable conductivity, we have simultansty estimated different
combinations of two unknown parameters, viz., tkienetion coefficient, the scattering
albedo and the conduction-radiation parameter. Wewein the inverse analysis of
transient conduction-radiation with mixed boundaondition, we have simultaneously
estimated two unknown boundary conditions, vize thoundary heat flux and the
boundary emissivity. In the following pages, we \pde the formulations for three
problems considered for the inverse analysis, the,transient non-Fourier conduction-
radiation heat transfer problem, the transient actidn-radiation heat transfer problem
with variable thermal conductivity and the transiennduction-radiation heat transfer

problem with mixed boundary condition.

5.2 Formulation of a Non-Fourier Conduction-Radiation Problem

Let us consider a planar participating medium asvshin Fig. 2.1. Its thermophysical

and optical properties are constant. The initiahgerature of the systemTg;. For

timet >0, the west and the east boundaries of the medium namatained at

temperaturd,, (> T, ) and Tz (=T, ), respectively. The boundaries of the medium are
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diffuse gray. The thermophysical and optical prapsrof the conducting-radiating
medium are assumed to be constant. For the prolelar consideration, the governing

energy equation is given by the following equation,

oT __09% _0%

cC — = A
p"at oxX  0X (5.1)

where p is the densityc,, is the specific heaty. is the conductive heat flux argkis

the radiative heat flux. In the present analydiss iassumed that the conduction wave

front g, takes some finite time to establish itself in thedium, and thus the assumption

of the infinite propagation speed of the conductMave as considered in the Fourier heat

conduction will not be applicable for the non-Feurheat conduction. The radiation

wave front g, propagates with the speed of Ii(;aklo8 msl), and thus for the time-

scale considered in the present study, radiataester is an instantaneous process.

With finite propagation speed of the conduction edvont, the non-Fourier heat
conduction equation can be expressed as below g7,

oq oT
r_C + =-k— 5.2
o % o (5.2)

where I’ :%, is the thermal relaxation timey is the thermal diffusivity andC is the

speed of the conduction wave front.
Using Eg. (5.2), the energy equation takes theviohg form [123]

0°T oT 9°T  dq d (dq j
c ) r&+2 |=kZ . -Thr_r| 21 % ,
(o p)( ot atj x> ox {at( 0x 3
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In Eq. (5.3), the divergence of radiative heat f%gti is expressed as the following [123]
X

0 _ (4 oT*
o B(1 a))(477 - Gj (5.4)

where S is the extinction coefficientw is the scattering albedo ar@l is the incident

radiation.

In non-dimensional form, defining tindg distancex’, temperaturé, conductive heat
flux W, radiative heat flux Wy, conduction-radiation parameteN and incident

radiationG in the following way,

Ct X T q
—y & b =— 6:— Y = C
TX X Tt © oty
(5.5)
e = kC G = G
LIJ " JTr:f 4'Cya—-l—rzf an:f/
T
In non-dimensional form, Eq. (5.4) is written ag31
2 2
l 0% +ﬁ:l 06 _i aW*R + li(aifj (5.6)
AdE? 0& AP AN| ox Ad&\ ox
whereA:E.
a
In non-dimensional form Eq. (5.4) is written as312
ow LA(1-w
v =( (ﬂ )J(4n94 -G) (5.7)
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In the present work, we compu%ﬁ using the FVM and the LBM is employed to
X

solve the energy equation.

The formulation of the FVM to compute the inforneatiabout the volumetric radiation

?—F remains the same as explained in Chapter 2, hgaado not discuss the same in
X

this section. Below the LBM formulation for the stbn of the energy equation for a

non-Fourier conduction-radiation problem is prodde

In the LBM, in non-dimensional form, equation désicrg non-Fourier conduction and

radiation heat transfer is given by the followii@3]

£ (X +c 08,6+08)=1 (% ,€) —Ar—fz[f’; (%.6)-£9(x .¢)]

Aéw oW,
4N ) ox

(5.8)
—ZA{yicl*LlJ—(

where f"is the non-dimensional particle distribution funeti ¢ =i_xf is the velocity,

r is the non-dimensional relaxation time arfd(o) is the equilibrium distribution
function. For a planar medium problem under abssition, with D1Q2 latticeb =2

and the non-dimensional relaxation time is computed from the following[119]

o 1 2+A_5
oK) 2 (5.9)
AE

To solve Eq. (5.8), an equilibrium distribution @fion is required, which for the non-

Fourier conduction-radiation problem can be writhsr{119]
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FO=wo+yqw (5.10)
where,
1
w1=w2=y1:y2:§ (5.11)
With known thermophysical properties and the boumpdanditions as mentioned above,
using the LBM-FVM formulations, the non-dimensionaemperatured distributions at

different time levelsé can be obtained from the direct method. With km®wn

temperatured field, simultaneous estimation of two unknown pageters is done in the
inverse method. The methodology of obtaining thenperature 6 distributions,
implementation of the measurement errors and theceglure for formulating the
objective function to be minimized using the GA ens similar to the case involving
conduction-radiation problem with Fourier heat cacttbn described in the previous
chapter, and hence the same are not repeatediméhe. following pages we provide the
results of the non-Fourier conduction-radiationighen. In the inverse analysis, the two
parameters which are retrieved are the conductdration parameter and the extinction

coefficient. The scattering albedo and the boundarissivity are fixed.
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5.3 Results and Discusson on Inverse Non-Fourier Transent

Conduction Radiation Problem

In the following pages, we present results of theeise analysis. The boundaries of the

planar medium (Fig. 2.1) are assumed black. Ihitiathe entire system is at a finite

temperaturé

ref

=T..With this, the non-dimensional initial temperatused(x ,0)= 6.
For timet >0, the west boundary is maintained at a higher teatpesT,, =2T.. In non-

dimensional form, at tim&> 0.0, the east and the west boundaries are at tempesatu
: : : . AX .
6. andqg, =26., respectively. The non-dimensional velocqy:A—f is considered to

be unity. Therefore, the non-dimensional time sfefp=AX is taken for the analysis. In
Table 5.1, we present results of grid and ray iedéepncy tests. For this, at tihe 0.0,
we set the non-dimensional temperatures of the aresthe east boundaries@f=1.0
and 8. = 0.5,respectively. We test the temperatérelistributions at timef =0.60 and at

three different locations vizx' =020 ,04Md 0.80. It is observed from Table 5.1 that

beyond 100 control volumes and 12 rays, there issmmificant change in the
temperatured distributions. Therefore, in the present work, iveee provided the results

considering 100 control volumes and 12 rays.
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Table 5.1: The effect of the number of lattices in the LBM awhtrol volumes in the
FVM and number of discrete directions on tempegatdistribution at three different
locations¢ =0.60, 5=0.5, w=0.8, N=00!and¢, =¢£,=1.0;T,=1.0and T, =0.5.

Control | Number of x/ X =0.20 x/ X=0.40 x/ X =0.80
volumes /| directions LBM-FVM LBM-FVM LBM-FVM
lattices M,

Effect of control volumes/lattices

25 0.8706 0.8434 0.7191
50 y 0.8812 0.8451 0.7164
100 0.8862 0.8465 0.7154
200 0.8886 0.8473 0.7150
Effect of number of directionM ;
6 0.8682 0.8286 0.7041
100 12 0.8862 0.8465 0.7154
24 0.8913 0.8500 0.7174

To check the accuracy of the direct problem invajvthe LBM and the FVM, in Fig.
5.1, we compare the temperat@elistributions with that of Chet al. [85]. In this case,

for timeé >0.0, the non-dimensional temperatures of the west hadetist boundaries
are kept atd, =1.0 and 8. =0.0,respectively. For extinction coefficienf=1.0 and
scattering albedavw=0.50, this comparison has been carried out at two @iffetime
steps, viz.,=0.30 and 0.60. Three different cases for conductialiation parameter,
viz., N=2.5,0.2% and 0.025 have been investigated. It is obsemaad Fig. 5.1 that the

temperatured distributions obtained from the direct method camepvery well with

111

TH-814_06610305



Chapter 5

those given by Chet al. who have solved the same problem using the Mc@ockm

explicit predictor-corrector scheme aRd approximation.

In the following pages, we present the resultstifi@r inverse analysis using the LBM-

FVM in conjunction with the GA. For this analysaét,timeé > 0.0, we maintain the non-
dimensional temperatures of the west and the easindaries at g, =1.0
andg. = 0.5,respectively. In the direct method involving the MBand the FVM, for
extinction coefficienf3=0.50,scattering albed@=0.80 and conduction-radiation
parameter N =0.01we obtain the temperaturé@ distributions at two different time
levels, viz., £=0.30and 0.60. With the temperatue distributions available from the

direct method in the inverse method, we simultasBoastimate two parameters, viz.,

the extinction coefficienf3 and the conduction-radiation paramekér

5.3.1 Effects of GA Parameters for Inverse Non-Fourier Conduction-Radiation
Problem
To demonstrate the workability of the LBM-FVM-GA itne inverse method, for a

population size of 100, in Table 5.2, we study éffects of the crossover probabilRy
and the mutation probabiliy,. For scattering albedo=0.80, this study has been done
for four different cases oP, and P,, viz., (R,,P,)=(0.3,0.03 ( 0.8,0.03(, 0.8,0. and

(0.3,0.3 The exact values of the parameters which were samebusly estimated in the

inverse method arg3=0.50and N =0.01.This investigation is done for four different

measurement errors, viE= 0.0, 0.5, 1.0 and 2.0.
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Figure5.1: Validation of the Direct Problem with Chaal. [85].
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Table 52: Comparison of exact and estimated value of thearpaters for different
combinations of?, and P, (Range:(N,)=(0.0-5.0).

Exact ValugN, 3) E | P | P Estimated Valuén, 3) % Error (N, B)
0.3| 0.03 (0.0111, 0.4777) (11.0, -4.46)
0o | 08| 0.03 (0.0097, 0.5175) (3.0, 3.50)
08| 0.3 (0.0107, 0.5703) (7.0, 14.06)
03| 0.3 (0.0092, 0.4289) (-8.0, -14.22)
0.3| 0.03 (0.0106, 0.5611) (6.0, 12.22)
o5 | 08| 0.03 (0.0103, 0.4794) (3.0, -4.12)
08| 03 (0.0109, 0.5240) (9.0, 4.80)
03| 03 (0.0079, 0.4032) (-21.0, -19.36)
(0.01,0.50) 0.3| 0.03 (0.0119, 0.3982) (19.0, -20.36)
10 |0-8]0.03 (0.0106, 0.4749) (6.0, -5.02)
/08| 03 (0.0111, 0.4148) (11.0, -17.04)
03| 0.3 (0.0075, 0.4207) (-25.0, -15.86)
0.3| 0.03 (0.0142, 0.6311) (42.0, 26.22)
20 |0-8]0.03 (0.0114, 0.5264) (-14.0, 5.28)
~— 108| 0.3 (0.0074, 0.4113) (-26.0, -17.74)
03| 0.3 (0.0153, 0.6193) (53.0, 23.86)

It can be observed that for all measurement ereocspssover probability?, =0.8 and a
mutation probability P, =0.03 yields a minimum error in the estimated value lod t

parameters. This result is in line with that of tAd transient conduction-radiation

problem.

For the good combination of crossover and mutatiabability( P, =0.80;R,, = 0.03, it

is also noticed that at lower measurement er(&s 0.0:1.50 the estimation accuracy

of the unknown parameters, viz., the conductionatath parameter Nand the

extinction coefficientg are almost similar. However, at large measuremeat E = 2.0,
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Figure. 5.2: Effect of different cross over probability and muion probability on the
best fitness (ax = 0.0, (b)E = 0.5, (c)E= 1.0 and (dE = 2.0.

the estimation of the conduction-radiation parameédeis difficult for all values of the

crossover and the mutation probabilities.

115

TH-814_06610305



Chapter 5

For the parameters considered in Table 5.2, tdysthe effects of the crossover

probabilityP. and the mutation probabili§§, on the convergence rate of the best fitness
and their effects on the required number of ger@ratfor the convergence, we present a
comparison in Fig. 5.2. It can be observed thatctbesover probability?, =0.8 and the
mutation probabilityP,=0.03 provide a minimum value of the best fitness as waned

to other combinations of the crossover and the nautgprobabilities. In the previous
paragraph it has been observed that the crossoubalplity P. =0.8 and the mutation
probability P,=0.03 yield the estimated values of the parameters \\atst error.

Therefore, in the present two-parameter estimgbiablem, the minimum the value of

the objective function, the better is the accuratthe estimated parameters. Further, it
can be noticed that in case(8f,P,)=(0.8,0.03 the attainment of the convergence is
faster. This is due to the reason that the soludrotne populations are tuned towards the
optimality domain in the earlier generations its@ifd further refinements do not occur in

the successive generations. However, for all coatlwins of P. and P, it is also

observed that there is no significant change invém@ation of the best fitness between
60-100 generations. Thus, in the present workattaysis has been done for a maximum

of 100 generations.
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From Table 5.2 and Fig. 5.2, it has been observeti(f,, P, )=(0.8,0.03 provide the

estimated values with least errors and for the ecgence, they also require less number

of generations. Thus wit(P,, P,)=(0.8,0.03 in Table 5.3, we study the effect of the

population size on the accuracy of the estimatddegaof the parameters. For this
comparison, three different population sizes, \@5,,50 and 100 have been investigated.
For all values of the measurement errors, it isns#et the estimation accuracy
deteriorates for small population numbers and &s gbpulation size increases, the
accuracy also improves. This result is in accordamith the inverse analysis in the 2-D

geometry (Chapter 4) and a similar justificatiodsagood in this case too.

Table 5.3: Comparison of the exact and the estimated valdietheo parameters for
different population size, (RangeN, 8) =(0.0-5.0)

Exact Value E Population Estimated ValueN, 8 % Error
N, S size N, S5
25 (0.0072, 0.6681) (-27.0, 33.62)
0.0 50 (0.0118, 0.4459) (18.0, -10.82)
100 (0.0097, 0.5175) (3.0, 3.50)
25 (0.0146, 0.7408) (46.0, 48.16)
0.5 50 (0.0071, 0.5657) (-29.0, 13.14)
100 (0.0103, 0.4794) (3.0, -4.12)
(0.01,0.50) 25 (0.0046, 0.3470) (-54.0, -30.6)
1.0 50 (0.0068, 0.6019) (-32.0, 20.38)
100 (0.0106, 0.4749) (6.0, -5.02)
25 (0.0031, 0.3605) (-69.0,-27.90)
2.0 50 (0.0135, 0.3513) (35.0, -29.74)
100 (0.0114, 0.5264) (-14.0, 5.28)
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Figure5.3: Effect of different population sizes on the béstess (af = 0.0, (b)E = 0.5,
(c)E=1.0 and (dE = 2.0.

In Fig. 5.3, we compare the effect of the populatsize on the variation of best fitness

with the number of generations required for the vemgence. In this case too,

(PP

c’’'m

)=(0.8,0.03 is taken. It is observed from Fig. 5.3 that fdmabasurement errors
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the attainment of convergence is faster for a higlopulation size. It is also observed
that the converged values are low for a populatiaa of 100. Thus, in the present study,
a higher value of the population size providesttebeesult for the estimated parameters.
This can be explained in the following manner. Aaipopulation number means that in
the population, few individuals are present. Hentes probability of obtaining an
individual of desired fitness at a particular gextien is also less. So, the number of
generations required for the convergence is modetla presence of fitter individuals is
also less and hence the estimation accuracy redOecethe other hand, the presence of
more individuals in the population contains moreividuals with better fitness and

hence require less generations to attain the cgawuee.

5.3.2 Comparison of Reconstructed and Exact Temperature Fields

To demonstrate the accuracy of the estimated pEessobtained in the inverse method,
in Fig. 5.4 we compare the temperatéralistributions computed using the direct method
and the inverse method. This comparison corresptmdsneasurement errir2.0. For
the selected values of the crossover probaliflitgnd the mutation probabili§, which

in the present study are 0.80 and 0.03, respegtivelis sufficient to compare the
temperature@ distribution corresponding tB= 2.0. This is because the cdse 2.0
contains a maximum error in the estimated valuesoaspared to other sets Bf It is
observed that the temperatufledistributions computed using the direct method toed

inverse method are in excellent agreement with eduwér.

119

TH-814_06610305



Chapter 5

f——T——T——T71T 71—
LBM-FVM ]
09oF o LBM-FVM-GA .
e i
5 0.8; =
® I
[) L
o |
5 07F .
= L £=0.3,0.6
:
TR R N NS S
0.55 0.2 0.4 0.6 0.8 1
Distance, x/X

Figure 5.4: Comparison of exact and estimated temperature ilgsoffor
measurement errd = 2.0.

5.3.3 Comparison of Computational Time

The comparison of CPU times involved in the direawthod as well as the inverse
method is presented in Table 5.4. This comparisamrresponds to time
&£=0.60andv= 0.8( and for four different cases of measurement erxozs, E=0.0, 0.5,
1.0 and 2.0. All runs were carried out on 2.8 GEAPU (Pentium (R) 4 with 248 MB

RAM).

Table5.4: Comparison of the CPU(s) times required in thé/EBVM and the LBM-
FVM-GA for {=0.60;w=0.8,& =¢,=1.0,6 =1.0and 6,=0.5.

CPU time (s) Ratio of CPU times
(LBM-FVM-GA j
(N.B) E |LBM-FVM | LBM-FVM-GA LBM-FVM
00| 0766 1033 1348.56
050| 0.766 1159 1513.05
(0.01, 0.50)
10| 0766 1261 1646.21
20| 0766 1408 1838.12
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It is seen that the inverse method requires CP approximately 1300-1800 times than

that required by the direct method.

5.3.4 Variation of Estimated Parameters

To demonstrate the variation of the estimated patars with generations, in Fig. 5.5, we
present a comparison for the simultaneous estimatb the conduction-radiation
parameterN and the extinction coefficiens,. The comparison has been done for the
case without measurement eror0.0. For this comparison, the population size
considered is 100 and the crossover and the matatiobabilities are 0.80 and 0.03,

respectively. For this study, the boundary emisisiziconsidered ag = &, =1and the

2 I T T T I T T T I T T T I T T T I T T T
I B Exact
- == === N Exact
L5 A B Estimated ]
L L] N Estimated
[ §
[eal} 1 ; -
Z’ |
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Generations
Figure 5.5. Comparison of estimated and the exact values efptirameters with
generations. (Rang¢N, 3) =(0.0- 5.0)
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scattering albed@v=0.80. It is observed from the figure that the initialues of the two
unknown parameters, viz., the conduction-radiatgamameterN and the extinction

coefficient,f are the same and between 70-80 generations, otle aery well with

their corresponding exact values. In the followmpages, we carry out an inverse analysis
for a transient conduction-radiation heat transfgoblem with variable thermal

conductivity.

5.4 Formulation of an Inverse Transient Conduction-Radiation Problem

with Variable Thermal Conductivity

For investigating an inverse problem considering thffect of variable thermal
conductivity, we assume the thermal conductivityveyy according to the following

relationship:
k=ky+y/(T-T,) (5.12)
where y/ is the variation of thermal conductivity. For theblem under consideration,

the governing energy equation is given by
oT 0 oT 0q
C —=——_|-k— |- KR .
Por 6x( 6xj ( 6xj (®.13)

Substitution ofk from Eq. (5.12) in Eq. (5.13) gives the followingpeession

oT 02T a7\ (dq
Cc =k +y(T-T )= +y| 1| -| 2R 5.14
Y P ot [o V( W)]axz V(@Xj [aXJ ( )
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In non-dimensional form, Eq. (5.14) is rewritten a

ﬁ:(yr y(6 1)}(’ 62’+1(5_€j _ 1 0% (5.15)
o0& N ox~  N\ox AN 0x

where,)' is the coefficient of variation of thermal conduity in non-dimensional form
and it is given by,

T, N
—an
3

(5.16)
Other non-dimensional terms in Eq. (5.15) are dlyadescribed in the previous chapters
and hence they are not repeated here. The FVM fation to obtain the radiative

information remains the same as described in Ch2med the same are not discussed in

this section.

Due to temperature dependence of the thermal ctindycthe modified dimensional

form of the relaxation time in the lattice Boltznmaequation takes the following form,

b
—ﬁ+§ :w E

= +
of 2 el 2 (5.17)
=TT
pe,lcl” pe,lq| 2

T

For generalization, we carry out non-dimensionélirain the following manner,

. T q YT, N
=aft, X =px,0=— W, =—R_ y="W
_ kB - G (5.18)

40T}’ JTVV
Vi
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The non-dimensional form of the relaxation timeha LBM gets modified to the
following,

r= 1 + 4 (H‘QN)JrA_é

(Ax* jz (Ax* jz 2 (5.19)
A& A&

Therefore, for the problem under consideration nive-dimensional form of the energy

equation in the LBM is given by the following eqaat,

£ (X +cag,e+08)= 1 (% f)-AT—fa[fi(f2 €)- £ (% fﬂ‘%% (5.20)

The determination of temperature distributi@nsthe construction of the objective
function and the solution of the inverse problem earried out in the same manner as
done in the previous chapters. In the followinggsgve present the results based on the
investigations carried out for the present probleim. the present problem we
simultaneously estimate any two parameters sut¢heasonduction-radiation parameter,
the extinction coefficient and the scattering atheHor the case corresponding to the
estimation of conduction-radiation parameter amdektinction coefficient, the scattering
albedo and the emissivity are fixed. In the siimétaus estimation of the conduction-
radiation parameter and the scattering albedo, dhessivity and the extinction
coefficient are fixed. Whereas, for the estimatainthe extinction coefficient and the

scattering albeo, the conduction-radiation paranaetd the emissivity are fixed.
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5.5 Results and Discussion on Inverse Problem involving Variable

Thermal Conductivity

In the following pages, we provide results of thgerse analysis for the simultaneous

retrieval of parameters. Initially, the entiretgys is at a temperatur@(x*,o):o.s. For

time & >0,the east boundary is kept at the same initial tempm(HE :0.5) and the

west boundary is maintained at a higher tempera@je26.=1.0.In the energy
equation, the non-dimensional time st&$=0.0001 was considered. The steady-state
Table 5.5: Effect of number of lattices/control volumes iretldirect method (LBM-

FVM) and number of directions in the FVM on the igdon of steady state (SS)
temperaturé; £.=¢, =1.0, =1.0,w= 0.5N = 0.01y=0.50.

Control | Number of Non-dimensional location
volumes| directions : = L
lattices M, x =0.20 x =0.40 X =0.80
Effect of control volumes/lattices
25 12 0.9019 0.8247 0.6439
50 12 0.8928 0.8401 0.6937
100 12 0.8905 0.8550 0.7392
200 12 0.8900 0.8596 0.7486
Effect of number of direction 5
100 6 0.8377 0.8036 0.7023
100 12 0.8905 0.8550 0.7392
100 24 0.9045 0.8643 0.7429
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(SS) conditions were assumed to have been attaumesh the temperature difference

between two consecutive time levels at each latiérger did not exceed0x10°

In Table 5.5, we study the effect of lattices/cohttolumes and number of rays on the SS
temperature @ distribution. For this, both the boundaries arsuased black. The

comparison corresponds to the extinction coeffigienl.O, the scattering albedo
w=0.5, the conduction-radiation parametér= 0.01 and the coefficient of variation of
thermal conductivity y=0.5. It is observed from Table 5.5 that beyond 100 rbnt

volumes and 12 rays, there is no significant changde temperaturé@ distributions.
Therefore, in the present work, we have providesl ésults considering 100 control
volumes and 12 rays. It is to be noted that inltB&, the number of lattices remains

one more than the number of control volumes.

For checking the accuracy of the direct method,Fig. 5.6, we compare the SS
temperatured distributions with that given in reference [69h€l cold/east boundary is
assumed to be black and the emissivity of the tesiflesoundary,, = 0.5. For extinction
coefficient £=0.1, the scattering albedw=0.5 and the conduction-radiation parameter

N = 0.5, this comparison has been shown for thrdaesaof thermal conductivity

parametery=-1.0,— 0.50 and 0.( It is observed from Fig. 5.6 that the SS tempeeatu

distributions obtained from the direct method corepaery well with those given in the

literature where FDM [69] involving implicit schenamd the DTM were used [69].
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Figure5.6: Comparison of the temperatufedistributions at different locations for
different variable thermal conductivity paramejewith Talukdar and Mishra [69]

In the following pages, we present results forittverse analysis using the LBM-FVM in

conjunction with the GA. For this analysis, at ti&fne0.0, we maintain the non-
dimensional temperatures of the west and the eashdaries atg, =1.0 and
6. =0.5respectively. For the set of parameters consideretlable 5.5, with the SS

temperatured distributions available from the direct methodthe inverse method, we

simultaneously estimate two parameters, \(iZ,N), (w,N) and(3,w).

5.5.1 Effects of GA Parameters

To demonstrate the workability of the LBM-FVM-GA ithe inverse method, for a

population size of 100, in Table 5.6, we study ¢ffect of the crossover probabiligy

and the mutation probabili®, on the accuracy of the simultaneous estimatiothef
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extinction coefficient3 and the conduction-radiation parametér For measurement

errorskE in the range 0-2, the effect has been studietiforcases of, andP,, viz.,

(a) lower value of the crossover probabi(i/=0.30) with a higher value of the

mutation

probability P, =0.30)

and

(b)

higher value

the crossover

probability( P, =0.80) with a much lower value of the mutation probapi{®,=0.03 . It

is observed from Table 5.6 that for the presentlysta higher value of the crossover

probability( P, =0.80) with a much lower value of the mutation probap{i®,=0.03) is

desirable. Thus, in the present work, we select #e0.80 andP,= 0.0 for

simultaneous estimation of other sets of parameterg 5,N), (w,N) and( B, w).

Table-5.6: Effect of crossover and mutation probabilitiestio& simultaneous retrieval of

TH-814_06610305

parameters a population size of 100s.=¢,=1.0,y=0.50 (Range:
(N,B)=(0.0-5.0 (N w)=(0- 56 L(B&)=( © 58))
ExactVallQ (P.P,) E Estimated Values % Error
0.0 (0.0124,1.1935) (24.0, 19.35)
(0.3,03 1.0  (0.0067, 0.7938) (-33.0, 20.62)
(N,B)=(0.01,1.9 2.0  (0.0157, 1.3259) (57.0, 32.59)
w=0.50 0.0  (0.0105, 1.0581) (5.0, 5.81)
(0.8,0.03 1.0  (0.0011,0.9011) (11.0, -9.89)
2.0 (0.0082, 0.8584) (-18.0, -14.16)
_ 0.0  (0.0097, 0.5481) (-3.0, 9.62)
N, w)=(0.01,0.
(N.«) _( 3 (0.8,0.03 1.0  (0.0081, 0.6039) (-19.0, 20.78)
p=10 2.0 (0.0128, 0.3673) (28.0, -26.54)
(’3, a)):(]__o,o_a (0.8,0.03 0.0 (0.9673, 0.4705) (-3.27, -5.90)
N=0.01 1.0  (0.8903,0.5806)  (-10.97, 16.12)
' 2.0  (1.2932, 0.3890) (29.32, -22.2)
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Figure 5.7: Comparison of the effect of crossover probabiftyand mutation probability
P, on the variation of the best fitness and numbergeherations for different

measurement  errors, (& E=0.0 (b) E=1.0 and (c) E=2.0;
N =0.014=1.06= 1.0y= 0.50ard= 0.t (Estimated valuesN andg).
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From Table 5.6, it is also seen that Wik 0.80 andP, = 0.0, the estimated values of
the set of paramete8,N), (w,N) andB,w) are in good agreement with the exact
ones. It is also noticed from the table that in $iraultaneous estimation c(ﬂ\l,/?) as

well as( N, w), at higher measurement errqi =1.0,2.0 estimation of the conduction-
radiation parametéd is more difficult than the extinction coefficienf and the
scattering albed@a. However, for the case of without measuremigat=0.0) both sets

of estimated parameters possess reasonably goodaegowith respect to their exact
values.
For parameters considered in Table 5.6, to study effects of the crossover

probabilityP. and the mutation probabili§§, on the convergence rate of the best fitness

and their effects on the number of generationsirequor the convergence, we present a
comparison in Fig. 5.7. For simultaneous estimatibiie extinction coefficieny3 and

the conduction-radiation parametbl, the comparison has been done for the three
different measurement errors, viEx 0.0, 1.0 and 2.0 It can be observed that for all

measurement errorE, a crossover probability?. =0.8 and a mutation probability
P,=0.03 provide a minimum value of the best fitness as maned to the other

combination of the  crossover  probability P, and the  mutation

probabilityP, i.e(P.=0.30R,= 0.3) Further, it can be noticed that in case

c’’'m

of(P,P,)=(0.8,0.03 the attainment of the convergence is faster. Hewefor other

combination of B and P, i.e(P.=0.30P, = 0.3) it is also observed that there is no

significant change in the variation of the bestdgs beyond 100 generations. Thus in the
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Figure 5.8: Comparison of the variation of the best fitnesd anmber of generations for
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present work, the analysis has been done for ammamiof 100 generations. In Fig. 5.8,
we present the variation of the best fithness with humber of generations for the
simultaneous retrieval of the conduction-radiatgamameteN and the scattering albedo
w. The study has been done for three measurementsér00.0, 1.0 and 2.0t is

observed that the value of the best fitness ineseasth measurement errors for a fixed
number of generations (100 for the present stutlyg.also noticed that the convergence
rate is faster for the case involving least measerd error, i.e.E= 0.0. This can be

explained in the following manner. When the inifpulation contains large error, the

probability that the GA needs large number of getens for tuning the population

towards the minimum value becomes more. On therottand, with the least

measurement error, the probability that the pomratontains more number of fit

individuals is high. Thus, the convergence ratasser and less number of generations is

Table 5.7. Effect of the population size on the estimatiousacy of simultaneous
retrieval of parametersg. =¢, =1.0,y= 0.50

(Range:(N,3)=(0.0-5.0 (N w)=( 0- 5,6 L(Bw)=( & 50))

Exact Values SPiggulatmn E Estimated Values % Error
0.0 (0.0161, 1.3617 (61.0, 36.17)
25 1.0 (0.0022, 1.4321 (-78.0, 43.21)
(N,8)=(0.01,1.9 2.0 (0.0014, 0.4803 (-86.0, -51.97)
=050 0.0 (0.0105, 1.0581 (5.0, 5.81)
100 1.0 (0.0011, 0.9011 (11.0, -9.89)
2.0 (0.0082, 0.8584 (-18.0, -14.16)
0.0 (0.0097, 0.5481 (-3.0, 9.62)
(N,w)=(0.01,0.50 100 1.0 (0.0081, 0.6039 (-19.0, 20.78)
B=1.0 2.0 (0.0128, 0.3673 (28.0, -26.54)
(,0)=(1.0,0.50 0.0 (0.9673, 0.4705 (-3.27, -5.90)
3 100 1.0 (0.8903, 0.5806 (-10.97, 16.12)
N=0.01 2.0 (1.2932, 0.3890 (29.32, -22.2)
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required. For the parameters considered in Tablewke present the variation of the best
fitness with number of generations for the simwtaums retrieval of the extinction
coefficient f and the scattering albedw in Fig. 5.9. It is observed that for all
measurement errois, the variation is similar to the one observed ig. 5.8. Thus, a
similar justification can be provided for the presease also.

To study the effect of population size on the aacyrof the estimated parameters in the
inverse method, we present a comparison in TallePor simultaneous estimation of the
extinction coefficient and the conduction-radiation parameéderthe study has been
made for two different population sizes of 25 a0@.1For different measurement errors
E, the crossover probabilig and the mutation probabili§, have been taken as 0.80
and 0.03, respectively because this combinatioreaspto perform better as observed
from Table 5.6 and Figs. 5.7-5.9. It is observednf Table 5.7 that a higher population
size gives a more accurate value of the retrievadrpeter. This is because, the higher
the population size, the higher the probability adiftaining better individuals in the
population. The estimated values of the other Epaameters viz., the scattering albedo
w with the conduction-radiation paramet; and the extinction coefficienf with the
scattering albedav agree well with that of exact ones for a populatsize of 100 as

observed from Table 5.7.

To study the effect of the population size on thdation of the best fithess with number
of generations, we present a comparison in Fi@.5=&r this comparison, the same set of

parameters as assumed in Table 5.7 is taken.oltserved from Fig. 5.10 that for a
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higher population size, the attainment of the cogeece is faster i.e., it requires less
number of generations for the convergence. Howeves,also noticed that the value of
the best fitness is considerably less for a grgqadpulation size. This establishes the fact
that, if more number of good individuals are preseithe population, then the estimation
accuracy also improves. It is also noticed from Bidg0 that for all measurement errors,
there is no change in the value of the best fitleg®nd 100 generations. For different

measurement errois= 0.0, 1.0 and 2.0 the variation of the best §gwith the number

of generations for a population size of 100 &R, P,)=(0.80,0.03 in case of the

simultaneous estimation of the scattering albed@long with the conduction-radiation

parameterN and for the simultaneous estimation of the eximctoefficient 8 and the

scattering albedav has already been shown in Figs. 5.8 and 5.9 régplc Thus, the

details of the same are not repeated here.

5.5.2 Comparison of Reconstructed and Exact Temperature Fields

To demonstrate the accuracy of the estimated paeasnebtained in the inverse method,
in Fig. 5.11, we compare the temperat@edistributions computed using the direct
method and the inverse method. This comparisoresponds to a measurement eier

2.0. For the selected values of the crossover pililyaP. and the mutation
probabilityP,, which in the present study are 0.80 and 0.03 etsfely, it is sufficient to

compare the temperatu@ distribution corresponding tB= 2.0. This is because the

caseE= 2.0 contains a maximum error in the estimatedesbs compared to other sets
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Figure 5.11: Comparison of the temperatug distributions obtained from the direct
method and the inverse method with a measuremeot, Er=2.0for (a) y=0.0 (b)

y=0.5 (c) y=-0.5 and (d) y=-1.0;
£=1.0,=1.0w= 0.5y= 0.50anmd = 0.((Estimated values aiandw).

of E= 2.0. It is observed that the temperatéralistributions computed using the direct

method and the inverse method are in excelleneageat with each other.
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Table 5.8: Comparison of CPU times required in the direct drainverse method for

population size of 100 and(P,P,)=(0.80,0.03 for SS temperatui;

w=0.50&.=¢, =1.0y= 0.5(

Estimated _CPU time (s) Ratio of
Exact values values | E Direct Inverse  cpu times
method Method
_ (0.0105, 1.0581) 0.0 14799 1513.03
(N’ﬂ) (0'01’1'() (0.0011, 0.9011)1.0 9.781 15012 1534.81
(0.0082, 0.8584) 2.0 15758 1611.08

5.5.3 Comparison of Computational Time

To study the effect of the CPU time involved in thieect method and the inverse
method, we present a comparison in Table 5.8. Bngparison has been done for three
different measurement errors, Vvigs 0.0, 1.0 and 2.0. All runs were carried out dh 2
GHz CPU (Pentium (R) 4 with 248 MB RAM). It is eent from the Table 5.8 that the
inverse method requires CPU time which is approt@tgamore than 1500 times than
that required in the direct method. This is duthoreason that in the inverse method, the
GA starts with a random generation of the initiapplation. The values of the estimated
parameters corresponding to this initial populatit@viates greatly with respect to the
actual ones. Thus, to attain the converged soluti@algorithm has to undergo a series
of generations and for a particular generationthen GA loop, there are a number of
processes involved. Therefore, in the inverse niktthe CPU time is considerably larger

than the direct method.
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5.5.4 Variation of Estimated Parameters

In Fig. 5.12, we present the variation of estimapstameters with the number of
generations for different sets of combination ofapaeters considered in Table 5.7. This
study has been carried out for the cBse0.0 andy =0.5. It is observed that the initial

values of the estimated parameters are considecdisigt from the exact ones and they

undergo gradual refinements in successive genagatio

5.6 Formulation of an Inverse Transient Conduction-Radiation Problem

with Mixed Boundary Condition

In this section, the application of the LBM is exted to the mixed boundary condition
problem where the hot boundary is provided withoastant heat flux and the other
boundary is kept at constant temperature. Fig. Shb8vs the 1-D planar medium with its
west boundary subjected to a prescribed heat flasergy balance over the half-lattice

on the west boundary is also shown.

In this chapter, simultaneous estimation of twoapaaters such as the hot boundary heat
flux and the emissivity has been done using the EBXM in conjunction with the GA.

In this case too, the FVM is used for the compatatf the radiative information and the
LBM is employed to solve the energy equation. la itiverse analysis, the GA has been
used as the optimization tool. In the following pagwe provide a brief formulation of

the solution of mixed boundary condition problemieitis followed by the formulation
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Figure5.13: 1-D planar medium with D1Q?2 lattice subjected tatifeix at its west
boundary. The initial and boundary conditions&é® : Te = Ty = 0.5,6>0 : Te = 0.5,
Yw~=0.4, and 1.0

of the inverse problem. This is followed by reswtsl discussions and conclusions are
made at the end. Consider a planar homogenougipating medium (Fig. 5.13) in
which the east boundary is subjected to a constamperature and the west boundary is

provided with a constant heat flux. Below we bgefliscuss the procedure for the

treatment of the mixed boundary condition type peob

In implementation of the boundary condition in tM, the conservation of energy is
applied to the half size boundary lattice. Thissmmation of energy over timét to the
half size lattice at the west boundary yields tiWwing,

T
ot

pcpi}*] “

0

t+At
a_dtjdx: J. (qin—qout)dt (5.21)
t
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where q,, is the prescribed heat flux at the west boundad/ @, =q. +0; is the flux
leaving the half size boundary lattice. Using Fetisi law for g. and after discretization

of terms in Eq. (5.21), we get the following eqaoati

- 5 AX _t+At TJk _T]l:_l
PCy (Ti -, )7_ .!. (9, —0r) -k T A dt (5.22)
where, k and k+1 represent the time levels &t and t +At,respectively. Using an

explicit scheme for the time discretization on tight hand side of the Eq. (5.21), we

obtain the following,

T =(1-F)T+FT,+H (q,-0) (5.23)
where, F :ZLAE and H = 20t . Once, the temperaturEJ.k+l at the boundary is
(AX) PC,AX

known in terms of the prescribed heat fiyx the unknown particle distribution function
f. at the boundary can be calculated by using theeplare described in Chapter 2 for

the constant temperature boundary condition.

In this case too, the radiative information is ai¢d using the FVM which is already
explained in Chapter 2. The implementation of tBdLscheme for solving the transient
energy equation also remains the same as prouidétdapter 2 and thus the same are not

reproduced here.

Once the temperature field at different time lew€lare obtained from the direct method,
in the inverse method, we simultaneously estimagewtest boundary heat flu¥,, and

boundary emissivityg,,. To minimize the objective function representedsyare of the
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difference between the guessed and exact temperilos, we have used the GA. The
methodology of the construction of the objectivadtion is similar to the one mentioned
in Chapter 2. Therefore, these are not explainatlisisection. In the present work two
parameters which are simultaneously retrieved Bee oundary heat flux and the

emissivity. The extinction coefficient and the cantion-radiation parameter are fixed.

5.7 Results and Discussions on the Inverse Transient Conduction-
Radiation Problem with Mixed Boundary Condition

Consider the planar participating medium shownim 5.13. Initially, the medium is at
temperature,T., and for timet >0, its west boundary is maintained at temperature
T, >T:. The medium is absorbing emitting and isotropicaltattering. Its boundaries

are diffuse gray.

From the grid and ray independent tests it is olegkbthat no significant change occurs

beyond 100 lattices/control volumes and 16 rayshiscase too, a non-dimensional time
step of Aé§=1.0x10"was used and steady state condition was assumed thige
temperature @ distributions between two consecutive time stepd ot exceed
1.0x10°. Thus, in the present work, the investigation igied out by considering 100

control volumes and 16 ray directions. It is nateat the number of lattices is always one
more than the number of control volumes. Thus timalyer of lattices considered in the

present work becomes 101.
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Table 5.9: Comparison of temperature 4 distributions for

B=10,w=0.5¢ =¢,=05andl= 0.0

Temperatured at
X X

W ~ 0.0 X 0.5

N =0.05

[99] [100] Present work [99] [100] Present work

0.2 0.701 0.701 0.702 0.439 0.439 0.439
0.4 0.919 0.919 0.921 0.610 0.611 0.612
0.6 1.054 1.055 1.056 0.732 0.733 0.734
0.8 1.155 1.157 1.158 0.828 0.830 0.831

Fernandes and Francis [99] and Lin and Tsai [1B@m Table 5.9, a good comparison

is observed.

Table 5.9 presents the steady-state temperatuée distributions  for

B=10,w=0.5¢ =¢,=05antl = 0.0 This comparison is done for two different
Iocations%zo.o , %zO.S and four different cases of west boundary heat, fliz.,

W.=0.2,0.4, 0.6 and 0.8. The results are then epetpwith those available in

5.7.1 Estimation of Parameter and Unknown Boundary Condition

Table 5.10 presents the estimated and the exastvalf the heat flux and hot boundary
emissivity. This comparison has been done for thiferent measurement errors, ViEg.,
= 0.0, 1.0 and 2.0. For the inverse method, a umifcrossover and mutation

probabilities of 0.8 and 0.03 are taken. This comspa is done for a population size of
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Table 5.10: Comparison of the estimated and the exact valué®wboundary heat flux
and emissivities for different measurement errors.

(Range(¥, &, )=(0.0-5.0,0.6- 1.J)

Exact value Measurement Estimated Value
% Error
(LPT,W’EW) Error, (LPT,W’EW)
0.0 (1.120, 0.526) (12.0,5.2)
(1.0, 0.5) 1.0 (0.809, 0.453) (19.1,-9.4)
2.0 (0.683, 0.609) (-31.7, 21.8)
0.0 (0.301, 0.570) (-24.75, 14.0)
(0.4, 0.5) 1.0 (0.352, 0.616) (-12.0, 23.2)
2.0 (0.554, 0.363) (38.5, -27.4)

100. It is noticed that although a good agreemettvéen exact and estimated ones are
observed at low measurement errors, with incraasesiasurement errors, the error in the

estimated values increase substantially. More@tezero measurement error and even at

all measurement errors, the error in the estimaddae of the boundary heat flt. , is

more than that of the emissividy and it indicates that the estimation of the flgx i

difficult compared to the emissivity.

5.7.2 Effect of the GA Parameters

Fig. 5.14 presents the variation in the best farfes two different population sizes of 25

and 100. For each case two different values of Bagnheat flux and emissivity, viz.,

(WTYW,gW): (2.0, 0.5) and (0.4, 0.5) are investigated. Tumparison corresponds to a

measurement error d= 2.0. It is to be noted that for determination né&ximum
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number of generations, it is sufficient to inveatsy the case corresponding to the
measurement error &= 2.0, because it contains the largest error wisctminimized
using the GA. Other cases of measurement error,B420.0 and 1.0, contains smaller
perturbations and hence, the number of generatemsred for a particular value of the
objective function in those cases will always bsslas compared to the cdse 2.0.
Moreover, it is also noticed from Fig. 5.14 thatigher population size, i.e., 100 for the
present work, is desirable for reasonable mininopadf the objective function. This is

due to the reason that in a higher population sieechance of obtaining a good

1’7 10" — T —_— T
10" Population size =25 |
W\ Population size = 100 —— Population size = 25
1ok | 0 o Population size =100 ]|
\ .
g 10 i 1 8wt
S ' =
£ 10%+ i\ . E
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T ] 10—4
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individual is more as compared to a smaller pojputasize. However, it is also noticed
that the values of the objective function are lofeerany value of generation. For this
comparison, a uniform crossover and mutation pribiiab of 0.8 and 0.03, respectively
have been considered. It is observed that for aillptipn size of 100, no significant
change in the value of the best fitness occurs r\200 generations. Hence, it is

assumed that the convergence has been achieved.

5.7.3 Comparison of Reconstructed and Exact Temperature Fields

Fig. 5.15 shows the reconstructed temperaturesfietdnputed using the exact values and

estimated ones. Fgf =1.0,w= 0.5¢. =&, = 0.5 antll = 0.0 this comparison has been

1.3 T T —— T T T
1_2; Direct method Direct method
L 0 Inverse method Inverse method
1.1
% 1:_ % A
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Figure 5.15: Comparison of the exact and estimated temperatu@@) (W- . & )= (1.0,

(@)

(b)

0.5) and (b)( W, . &, )=(0.4, 0.5);3=1.0w= 0.5¢ =&,= 0.5antl = 0.0
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done for two sets of wall heat flux and the bougdamissivities viz.(W;,,.&, )= (1.0,

0.5) and (0.4, 0.5). The comparison has been daoriefor the case corresponding to the
measurement errdt= 2.0. A similar justification presented in Figl8 can be provided
for this case too. This comparison is carried aut fbur different time levels, viz.,
£=0.005,0.03,0.0and the steady-state. A very good agreement betiieeaxact and
estimated temperature fields can be observed dwaumgh there exists approximately
40% high error in one parameter and 30% low emahe other parameter as observed
from Table 5.10. This is due to the reason thatpater dependencies and non
uniqueness in the problem could yield different boration of the parameters satisfying
a given temperature field. So, the inverse analgS®ich kind of heat transfer problems
help a designer to carefully design his experiméanteestigations and obtain the desired

choice of parameters.

Table 5.11: Comparison of CPU times involved in the direct neeltiand inverse method

Exact values Estimated E _CPU time (s) Ratio of
values Direct Inverse | cpuy times
method Method
_ (1.120, 0.526) 0.0 15709 1333.41
(wT’W’g‘N) (1'0’0'3 (0.809, 0.453) 1.0, 11.781 16352 1387.99
(0.683, 0.609) 2.0 17253 1464.47
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5.7.4 Comparison of CPU Time

In Table 5.11, we present the comparison of the @REs elapsed in the direct method

(LBM-FVM) and the inverse method (LBM-FVM-GA). Thisomparison has been

performed for the simultaneous estimation(##,,,,&,)=(1.0,0.9. The computations

were performed on the 2.8 GHz CPU (Pentium (R) thwi48 MB RAM). For this
comparison, the same set of genetic parametersasitie crossover probability of 0.8
and the mutation rate of 0.03 along with other peat@rs as considered for comparison
in Fig. 5.15 are taken. This comparison has beeare dor three different values of the
measurement errors, vi&Z= 0.0, 1.0 and 2.0 are taken. From Table 5.1F dhserved
that with increase in the measurement elfsahe CPU time required in the direct method
remains constant. However, the CPU time required thhy GA increases with
measurement error. This is due to the reason tdatlation of the exact temperature
field is obtained from the direct method which lire fpresent work is computed using the
LBM-FVM. Once this exact temperature field is obtd, measurement errors have been
imposed and the minimization procedure is beingeamnut using the GA. Thus the GA
needs to minimize a larger error when the measuremreor increases. Consequently,

the CPU time elapsed for the convergence alsoasesewith the measurement error.
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Figure 5.16: Comparison of the estimated and the exact valueéseoparameters with
number of generations. (Randé¥. &, ) = (0.0~ 5.0,0.0- 1.J).

5.7.5Variation of Estimated Parameters

Fig. 5.16 shows the variation of the estimated patars with number of generations. It

is noticed that at around 100 generations, thenastid values matches very well with

that of the exact ones. With further increase exritbmber of generations, the variation is

very small. It is also noticed from Fig. 5.16 tlthé estimation of west boundary heat

flux W,, requires more refinement as compared to the evtissj, indicating a difficult

estimation or converging tendency. This is duehi reason that the temperature field

which is minimized in the inverse method is conitdd by virtue of this heat flux

imposed on the west boundary.
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5.8 Summary

Three different types of inverse transient condurtiadiation problem involving
different levels of complexities were analyzed.fidt, an inverse method was used for
simultaneous estimation of parameters in a noni€odransient conduction-radiation
problem. Two parameters such as the extinctionficteit and the conduction-radiation
parameter were simultaneously estimated and theg e@mpared with their exact value.
Effects of different genetic parameters such as ¢hessover and the mutation
probabilities, the population size, the number enerations were studied. For the non-
Fourier transient conduction-radiation problem, tfoee crossover probability of 0.80, the
mutation probability of 0.03 and a population sife100, approximately 100 generations
were found to be satisfactory. It was observed #tatow measurement errors, the
estimated values of both the conduction-radiatiarameter and the extinction coefficient
posses approximately the same accuracy. Howevelargeé measurement error, the
estimated accuracy of the conduction-radiation ipatar is less than the extinction
coefficient. A comparison of CPU times involvedtire direct and the inverse method
was also done. It was observed that the CPU timeined in the inverse method varied
approximately between 1400-1800 times than thatired in the direct method. The
accuracy of the estimated parameters was checkedobyaring the temperature
distributions obtained using the direct and theeinse method. The estimated results were
found to be in reasonably good agreement with ¥aeteones. The LBM, the FVM and
the GA have been found to provide reasonably coesttmates of unknown parameters

in a non-Fourier conduction-radiation problem.
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Next, an inverse method was used for the simuliasmeaetrieval of parameters in a
transient conduction-radiation problem involvingighle thermal conductivity. Different
combinations of two parameters such as the extinatoefficient, the scattering albedo
and the conduction-radiation parameter were simatiasly estimated and they were
compared with their exact values. Effects of défdr genetic parameters such as the
crossover and the mutation probabilities, the paparh size, number of generations were
studied in this case too. In this problem too, tloe crossover probability of 0.80, the
mutation probability of 0.03 and a population si#e 00, approximately 100 generations
were found to be satisfactory. Effect of measurerors on the accuracy of the
retrieved parameters was also investigated. It a@served that in the simultaneous
estimation of the conduction-radiation parametet #ie extinction coefficient, error in
estimation of the conduction-radiation parametes ware compared to the extinction
coefficient. In case of the simultaneous estimatibthe conduction-radiation parameter
and the scattering albedo, at low measurement, hrererror in the estimation of the
scattering albedo was more than the conductioratiadi parameter. However, in the
simultaneous estimation of the extinction coeffitiand the scattering albedo, at lower
measurement errors, the estimated error in théesicaf albedo was more and vice versa.
A comparison of the CPU times involved in the dirand the inverse method was also
done. In this case the CPU times required in tiverse method were found to vary
between 1500-1600 times than those required irditteet method. The accuracy of the
estimated parameters was checked by comparingethpetrature distributions obtained

using the direct and the inverse method. The LBEI e FVVM in conjunction with the
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GA have been found to provide fairly good estimdtasthe unknown parameters in a
transient conduction-radiation problem involvingmigerature dependent thermal

conductivity.

Lastly, an inverse method for the reconstructiorteofiperature fields and estimation of
boundary heat flux and emissivity subjected tcaagient mixed boundary condition was
analyzed. The problem was solved using the LBMtaedFVM in conjunction with the
GA. The estimated parameters were studied foreffext of measurement errors and
genetic parameters such as the population siz&namiber of generations. In the present
problem, for the crossover probability of 0.80, tnetation probability of 0.03 and a
population size of 100, approximately 200 generatizvere found to be satisfactory. In
most of the cases, the error in the estimated sadfi¢he heat flux was found to be more
as compared to the boundary emissivity. The r&tiGRU times required in the inverse
method to the direct method was found to vary betwd300-1400 times. The
reconstruction of the transient temperature fisldlso done by using the inverse method
and the same was compared with the exact one. Emenpresent investigation, it is
found that for the inverse analysis, a good estonabf the unknown parameters is
obtained using the LBM, the FVM and the GA. Ie thext chapter, we carry out an
inverse analysis in a cylindrical geometry involyitransient conduction and radiative

heat transfer.
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CHAPTERG

Simultaneous Reconstruction of Thermal Field and Retrieval

of Parametersin a Cylindrical Enclosure

6.1 Introduction

In the previous chapters, inverse analyses have been done to retrieve unknown medium
properties and/or boundary conditions of transient conduction-radiation problems in 1-D
planar and 2-D rectangular geometry. Problems of varying complexities were
considered. The suitability of the LBM as a solver for the energy equations, the usage of
the FVM for the computation of radiative information and the application of the GA asan
optimization tool were successfully demonstrated by simultaneously retrieving either
two or three unknown parameters. Because of the changing area in the radia direction,
compared to a planar and a rectangular geometry, a cylindrical geometry brings
additional difficulties. Computation of radiative information is much more difficult as
unlike a 1-D planar medium, in case of a 1-D cylindrical geometry, the azimuthal
symmetry does not exist. The cylindrical geometry finds plenty of applications in
engineering devices. In the present chapter, we do the inverse analyses of transient hest
conduction and radiative heat transfer in a concentric cylindrical enclosure. The LBM

and the GA have been used for the inverse analysis of the transient heat conduction
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problem. Since in the concentric cylindrical enclosure the DTM formulation is more
simpler for the radiative heat transfer problem, the same has been done using the DTM
and the GA. For the conduction problem, the unknown radius ratio that would yield a
desired temperature distribution has been estimated. While in the radiative transfer
problem, two parameters, viz., the extinction coefficient and the radius ratio that would
provide a desired heat flux distribution in the medium have been simultaneously
estimated. The accuracies of the estimated parameters are studied for the effects of
measurement errors and the genetic variables. The CPU times disbursed in the direct
method and the inverse method have also been compared. Below we provide the LBM
formulation for the conduction heat transfer and the DTM formulation for the

computation of radiative heat transfer in acylindrical geometry.
6.2 Formulation of an Inverse Problem in a Cylindrical Geometry

6.2.1 LBM Formulation for Conduction Problem in a Cylindrical Geometry

In the macroscopic form, the general form of the generalized energy equation for a
transient conduction problem applicable for a 1-D planar/cylindrical/spherica geometry

can be written as

oT 0( 10T
c T =k—| =2 _
PG ot ar(r” arj (6.1)

where for a planar medium, the exponent n=0 and for acylindrical medium, n=1 and

for aspherical medium n=2. For acylindrical geometry, Eq. (6.1) becomes
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aT _ 9°T kaT
c —=k—+——
P ot or® ror

(6.2
The second term on the right hand side of Eq. (6.2) accounts for the effect of variable
area in the cylindrica geometry, which in case of the planar geometry is absent. In the
LBM, this term is accounted by modifying the discrete Boltzmann equation given in

Chapter 2 as below:

At

f(F+CALt+At) = fi(F,t)——[fi (F.t) - £O(r.1)]
d 6.3)

[f F+CALt) = f (F.t) ]

Equation (6.3) is the LBM formulation of the transient heat conduction in a cylindrical
medium. For a conduction-radiation problem in a planar geometry, this procedure has

been shown in Mishraand Lankadasu [117].

The procedure of implementing prescribed temperature and/or heat flux boundary
conditions in the cylindrical geometry remains the same as that for a Cartesian geometry
and the same has been given in Chapter 2. Below we provide a brief formulation of the

DTM to compute the radiative information.

6.2.2 Formulation for Radiative Transfer Problem

The radiative transfer equation as derived in Chapter 2 is given by the following

equation,
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%:—m +S (6.4)

The above equation being an ordinary differential equation can be easily solved in which
the integrating factor is given by exp(- Ads)
In the DTM, with the source term S,, assumed to be known from the previous iteration

as an average of the source term values at the upstream S, and the downstream S, points,

intensity at any radial location ' in any direction (5, ¢)) is found from the following [103,
118]:

I, =1, exp(=pds)+S, [1-exp(-Ads) | (6.5)

where 1, and |, aretheintensities at the downstream and the upstream points which are

separated by a geometric distance dsand optical distanceSds. The average source

functionS,, :¥ istaken as the value in the middle of the path-leg.

For an absorbing, emitting and isotropically scattering medium, the source term is given
by [118],

4
ARSI (6.6)

S:(l_ a)) T4

where wis the scattering albedo and G is the incident radiation which is given by and

numerically computed from the following [118],

2n M, Mg ) ) ) ) 6.7
G = j j 1(5,p)sindddde = > > | J(Jﬁ,qok‘)2sin5|1sin(ﬂjmo 6.7
9=00=0 k=1 1=1
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where J is the polar angle and ¢ is the azimutha angle. With intensity distributions

known, the radiative heat flux g5 is computed from the following [118]:

j | (J,9)cosdsinddddy

o=

o
o

(6.8)

Zsc_.

A

M
D> 119! @!)sing! cosd) sin(Ad)A g

=1 I=

o

n

=
H

where M,; and M, are the number of discrete points considered over the complete span
of the polar angle(0< d < 77) and azimuthal angle (0 < @< 277) , respectively. Therefore,
M;xM,, constitute the number of discrete directions in which intensities are considered

at any point.

While marching from either boundary of the inner cylinder or the outer cylinder,
evaluation of Eq. (6.7) requires knowledge of the boundary intensity. For a diffuse-gray

boundary having temperature T, and emissivitys,, the boundary intensity |, is

computed from [118],
4 My /
Iy = 0T, J{l '5ij2 ( )anl cosg SNAdDY (6.9)
T k=L 121

In Eq. (6.8), the first and the second terms represent the emitted and the reflected

components of the boundary intensity, respectively.

Using the procedure described above, we evaluate the transient temperature profiles for
the conduction problem and obtain the heat flux distribution for the radiation problem. In

the inverse method we construct the objective function in the same manner as described
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in the Chapter 2 and the same are not reproduced in this section. The only difference is
that, in the conduction problem, we minimize the objective function represented by the
square of the exact and the guessed temperature fields whereas in the radiative transfer
problem, we minimize the heat flux profiles. In the estimation of the radius ratio and the
extinction coefficient, the boundary emissivity was kept fixed at 1.0 and the medium was
considered non-scattering, i.e., the scattering albedo was taken as 0.0. Being purely a

radiative transfer problem, the conduction-radiation parameter assumes the value 0.0.

6.3 Results and Discussions

The following problems are considered:
» A concentric solid cylinder having inner and outer radii r, andr,, respectively

(Fig. 6.1) isinitidly at temperature 6 =0.1 and for time{(=;ﬂ2j >0.0, its inner
2

boundary is raised to temperatured, =1.0. The objective of the inverse analysis

using LBM in conjunction with the GA isto reconstruct the temperature & profile

and estimate the radius ratioi .
r.2

* The concentric cylinder having inner and outer radii r, andr, (Fig. 6.1),
respectively is filled with an absorbing and emitting participating isothermal
medium. The cylinder boundaries are cold and are black. The objective of the

inverse analysisin this problem is to reconstruct the flux W profile and to
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Inner cylinder

Figure 6.1: Physical geometry of the problem; initial condition and boundary conditions
ae d=01; £>0:6,=01,6,=10

simultaneously estimate the extinction coefficient B and the radius ratio-X. In
rZ

this case, the DTM in conjunction with the GA isused in the inverse analysis.

In the following pages we provide the results for the simultaneous estimation of the

temperature profile and radius ratio (%) in a conduction problem and estimation of
2

extinction coefficient B and radiusratio (%) in a non-radiative equilibrium problem.
2

From grid and ray independency tests it is observed that 100 nodes in the DTM and 101
lattices in the LBM along with 16 rays in o direction and 32 rays in ¢ direction are

sufficient to obtain independent solutions. In Table 6.1, we compare the steady-state heat
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Table 6.1: Comparison of the hot/inner boundary heat flux for different extinction
coefficient computed using the DTM with those availablein [101].

Extinction coefficient Hot/Inner boundary heat flux

Modest [101] Present work-DTM
0.1 0.1770 0.1767
0.2 0.3172 0.3161
0.3 0.4299 0.4280
0.4 0.5213 0.5186
0.5 0.5960 0.5928
0.6 0.6573 0.6537
0.7 0.7080 0.7041
0.8 0.7500 0.7460
0.9 0.7850 0.7809
1.0 0.8143 0.8102
15 0.9047 0.9008
2.0 0.9458 0.9425
2.5 0.9662 0.9636
3.0 0.9772 0.9752
35 0.9836 0.9823
4.0 0.9877 0.9869
4.5 0.9904 0.9901
5.0 0.9923 0.9924

flux w=—3__distribution for a non-radiative equilibrium problem computed in the

JT,;‘/
T

present work with those available in Modest [101]. It is observed that a good agreement
is attained between the present results and those available [101].

In order to establish the accuracy of the LBM for the application in concentric cylindrical
media, in Fig. 6.2 we compare the results of the same with that obtained using the FDM

and aso that obtained anayticaly. For this comparison, a concentric cylindrical

enclosure with radius ratio (%) =0.5 isconsidered. The hot and cold boundaries are

2
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Figure 6.2: Comparison of the steady state temperature distribution computed using the
LBM with that obtained analytically and by the FDM.

maintained at temperatures € =1.0 and 6,=0.1, respectively. An excellent agreement

can be observed from Fig. 6.2.

Table-6.2 Comparison of the estimated and the exact values of the radius ratio along with
measurement error. (Range: (% =0.0 —1.0)
2

Exactvalue | Measurement error | Estimated Value | % Error

0.0 0.1072 7.2

0.1 1.0 0.0801 -19.9
2.0 0.1202 20.2
0.0 0.4603 -7.9

0.5 1.0 0.4535 -9.3
2.0 0.5814 16.2
0.0 0.8793 -2.3

0.9 1.0 0.9402 4.4
2.0 0.7805 -13.2

163

TH-814_06610305



S multaneous Reconstruction of Thermal Field and Retrieval of Parametersin a

Cylindrical Enclosure

6.3.1 Effects of the GA Parameters
In Table 6.2, we compare the exact and the estimated values of the radius ratio for a

conduction problem in a concentric cylindrical media. The tests have been shown for
three different values of the radius ratios, viz., (rlr j =0.1, 0.5and 0.9. For a particular
2

value of the radius ratio, three different measurement errors E = 0.0, 1.0 and 2.0, have
been considered. It is observed from Table 6.2 that the estimated results agree fairly well
for the small measurement errors. With large estimation error E = 2.0, the maximum error

in the estimated value is 20.2 %.

In order to study the effect of the population size on the value of the best fitness, a
comparison is shown in Fig. 6.3. The test corresponds to two different popul ation sizes of
25 and 100, respectively. For this study, the probability of the crossover and the mutation

probabilities have been taken as P.=0.8 and P,=0.03. The results are shown for the case

corresponding to the large measurement error i.e. E=2.0. It is seen that the values of the
best fitness are more when the population size is small. This is because in a smaller
population size, the availability of good solution or good individuals is less. Therefore,
for a particular generation, the corresponding values of the objective function or the best
fitness are comparetively larger as compared to those with larger population size.
Moreover, 200 generations are found sufficient for a population size of 100. Thus, the

resultsin this case are al'so in line with those obtained in previous investigations.
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Figure6.3: Variation of the best fithess for the estimation in radius ratio (a) (%) =0.1,
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Table 6.3 shows the estimation of parameters for radiative transfer problems subjected to

different measurement errors. In this case, simultaneous estimation of two parameters,

viz., the extinction coefficient S and the radius ratio % have been done. It is observed
2

that in most of the cases, the estimation accuracy of the radius ratio is better than the
extinction coefficient. This is because, in the estimation of the radius ratio, the search is
performed for a narrower range of 0.0 and 1.0. However, in other cases too, the
difference in the estimation accuracy between the extinction coefficient and the radius

ratio is within 9%.

Table-6.3 Comparison of the exact and estimated values of (,8, rlr j for different
2

measurement errors (Range: ( B, %J = (0.0 -10,0.0 —1.0) )
2

Exact value
( B ) Measurement error | Estimated Vaue % Error
I,
0.0 (1011, 0.513) (11, 2.6)
(1,0.5) 1.0 (0.953, 0.544) (-4.7,8.8)
2.0 (0.879, 0.399) (-12.1, -20.2)
0.0 (4.617, 0.495) (-7.6, -1.0)
(5,0.5) 1.0 (5.703, 0.561) (14.0, 12.2)
2.0 (4.203, 0.602) (-15.9, 20.4)
0.0 (4.79, 0.001) (-4.2,0.0)
(5,0.001) 1.0 (4.533, 0.001) (-9.3,0.0)
2.0 (4.381, 0.001) (-12.3, 0.0)
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Figure 6.4: Variation of the best fitness for the estimation in radiusratio (a) 5 =1.0,
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In order to investigate the variation in best fitness against two different population sizes
of 25 and 100, for the set of parameters considered in Table 6.3, we present a comparison
in Fig. 6.4. The same trend as observed for the conduction problem is observed in this

case too.

6.3.2 Comparison of Reconstructed and Exact Thermal Fields

In order to verify the temperature profiles at transient as well as steady-state, the exact
and estimated temperature profiles are presented in Fig. 6.5. The results are shown for the
case corresponding to the largest measurement error E=2.0. It is observed that the
estimated results match very well with that of the exact ones at all time levels. However,
it is also noticed from the figure that at lower value of the radius ratio, the attainment of
the steady-state is relatively slower than those having higher radius ratio. Moreover, at
particular location, the steady-state temperatures are also lesser than those with higher
values of the radius ratio. This is because at lower values of the radius ratio, the hot and
the cold cylindrical surfaces are a a larger distance. Therefore, the thermal disturbance
propagates through a larger distance and thus consumes more time. Therefore, the
attainment of the steady-state is delayed. A lower value of the radius ratio also means a
less temperature availability at the colder boundary. Thus, the temperatures are generally
less for lower radius ratios. On the other hand, when the cold and the hot surfaces are at
close proximity, the rate of energy exchange is also faster and, therefore, the steady-state

times are less and a higher temperature distribution is obtained.
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Figure 6.5: Comparison of the estimated and exact temperature profiles (a) radius
ratio=0.1, (b) radius ratio=0.5 and (c) radius ratio=0.9.

Thus it is observed that the method involving LBM-GA is well capable for simultaneous

estimation of the temperature profile and the radius ratio. In the following pages, we

present the results of simultaneous estimation of extinction coefficient and radius ratio in
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a non-radiative equilibrium problem. The comparison of the estimated values of the hest
flux, Wdistributions at different radia locations are shown in Fig. 6.6. This has been
carried out for different sets of radius ratios and extinction coefficients. It is observed that
the local heat flux distributions shift to lower values with increase in extinction
coefficient due to loss of radiative information. Further, it is also noticed from Fig. 6.6
that at a given value of the extinction coefficient, the loca heat flux are lower when the
radius ratio decreases due to slower energy exchange and more loss of the radiative
energy. An excellent comparison is observed between the exact and the estimated

radiative heat flux profiles.

6.3.3 Variation of Estimated Parameters

For measurement error, E=0.0, Figs. 6.7a and 6.7b represent variations of the estimated
parameters in the conduction and the radiative transfer problems, respectively. It is
observed that initialy the process starts with a values of the estimated parameter which
deviates considerably from the actual value and successively undergoes refinements until
the convergence or satisfactory values close enough to the actual ones are obtained. It is
observed that at approximately 200 numbers of generations, the exact and the estimated
values are in excellent match with each other. This indicates the requirement of an

optimization algorithm which must be robust enough to perform the desired task.
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Figure 6.6: Comparison of the estimated and exact heat fluxes (a) B=1.0, (%) = 0.5,
2

(b) =50, (%) ~0.5and () =50, (%) -0.0.
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Figure 6.7: Comparison of the exact and the estimated values of parameters with
generations for (@) conduction problem and (b) radiative transfer problem.

6.3.4 Comparison of CPU Time

In order to compare the CPU times disbursed in the direct as well as inverse methods, we
present a comparison in Tables. 6.4 and 6.5 for the conduction and the radiation

problems, respectively.

From Table 6.4, it is observed that the attainment of the steady-state is faster for a

concentric cylinder having a larger radius ratioL . Thisis due to the reason that when the
I‘2

radius ratio L is more, the two boundaries are in close proximity. Therefore, the rate of
r2
heat exchange is faster and consequently the attainment of the steady-state is faster. For a

smaller radius ratio, the CPU time disbursed in the inverse method is approximately 70
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times more than that expended in the direct method. However, for a larger radius ratio,
the CPU time required in the inverse method is amost 3500 times more than that
required in the direct method. It is also observed from Table 6.4 that the CPU time

required in the inverse method does not vary considerably with the increase in the radius

ratio-L. This is due to the reason that in both the direct and the inverse problems, the
r2

solution of the energy equation to solve for the temperature field is not computationally
intensive. Since the GA consumes more time in the minimization process, the CPU time
in the inverse method is more than the direct method. The major difference in the CPU
time owing to the solution of the energy equation does not get reflected in the inverse

analysis.

From Table 6.5, it is noticed that for the reconstruction of the heat flux W field and for

simultaneously estimating the extinction coefficient S and the radius ratioi, CPU times
I’2

required in the inverse method is amost 1700 times more than those required in the direct
method. Moreover, as observed in Table 6.4, it is noticed that the CPU times required in

the inverse method do not vary considerably in this case too.

Table 6.4: Comparison of CPU times in the direct and inverse methods for the

conduction problem.

Exact value of CPU time required (s) Ratio of CPU

r timein direct

r_l Direct method | Inverse method and Inverse
2 method

0.1 43.662 2279 71.11

0.5 7.661 1838 230.18

0.9 0.515 1826 3545.63
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Table6.5: Comparison of CPU times in the direct and inverse methods for the radiation

problem.
Exact value of CPU time required () Ratio of CPU
r timein direct
[/3’ ,—lJ Direct method Inverse method and Inverse
g method
(5.0,0.0 1.047 1776 1696.27
(5.0,0.5) 0.906 1639 1809.05
(1.0, 0.5) 0.890 1597 1794.38
6.4 Summary

An inverse method was used for the reconstruction of temperature and heat flux profiles
and for parameter estimation in a transient conduction and radiation problem in a
concentric cylindrical enclosure. In the conduction problem, the radius ratio was
estimated using an inverse analysis involving the LBM and the GA. Effects of different
genetic parameters such as the population size and the number of generations were
studied. Effect of measurement errors on the accuracy of the retrieved parameters was
also investigated. It was observed that the estimated error in the radius ratio did not
exceed beyond 9%. The temperature fields obtained using the direct method and those
obtained using the estimated value of the unknown parameter in the inverse method were
also compared and found to be in good agreement. For all the estimated range of the
radius ratio, the ratio of CPU times involved in the direct method to the inverse method
approximately varied between 71 -3545. In the radiative transfer problem, simultaneous

estimation of two parameters viz., the extinction coefficient and the radius ratio was done
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by an inverse analysis involving the DTM and the GA. The effect of various GA
parameters was aso studied in the present problem. It was observed that, for all
measurement errors, the maximum estimated error in the radius ratio and the extinction
coefficient did not exceed 21% and 16%, respectively. The accuracy of the estimated
parameters was checked by comparing the heat flux fields obtained using the direct and
the inverse method. In this case, the ratio of CPU times involved in the direct method and
the inverse method approximately varied between 1700 - 1800. The DTM in conjunction
with the GA was found suitable to accurately reconstruct the heat flux fields and aso in

estimating the parameters even with data containing measurement errors.
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Conclusions and Scopefor Future Work

This dissertation dealt with the analysis of ineetsansient conduction-radiation heat
transfer problems in 1-D planar, 2-D rectangulad &fD cylindrical geometry. The aim
of the work is to propose a methodology to retrigaeious thermophysical properties,
surface properties, geometric properties and bayrctanditions from the knowledge of
temperature distributions in the medium in trans@mduction-radiation heat transfer
problems. Different types of estimation of unknoparameters such as the conduction-
radiation parameter, the extinction coefficiengtsering albedo, boundary emissivity as
well as unknown boundary conditions was carried Bufferent types of conduction-
radiation problems involving varying complexitieadainvolving different geometric
configurations were studied. The governing eneigyaéon was solved using the LBM
and the FVM was used to compute the radiative métron. However, the DTM was
used for the solution of radiative transfer problema 1-D concentric cylindrical
geometry. In the inverse analysis, the GA was asean optimization tool. The usage of
the LBM, the FVM or the DTM and the GA was studfedthe simultaneous estimation
of various unknown properties and/or unknown boupndanditions. The quality of the
estimated values of the unknown parameters wasestudr the effect of different
optimization/GA parameters and measurement erfidre. CPU times involved in the

direct method and those required in the inversenatkivere also compared. Inverse
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analysis was carried out for a total of six prokdenm the following pages conclusions
of the study made in this work are presented arapesdor the future work are

enumerated.

7.1 Conclusions

The work starts with a transient conduction-radiatiproblem and the effect of
parameters such as the scattering albedo, the cobmwluadiation parameter and the
boundary emissivity on the temperature distributeord simultaneous estimation of
combination of two parameters is done in a 1-D alanedium. The conclusions are as

mentioned below:

* The local temperature distributions are higherléover value of the scattering
albedo, the conduction-radiation parameter anddnighlue of emissivity.

» The solution accuracy was found to dependent upenGA parameters and
measurement error.

« The maximum error in the estimated values of thexdaooction-radiation
parameter, the scattering albedo and the emissire +38%, +37% and -
28.5%, respectively. These high errors indicate tinva high values of mutation

probabilities are undesirable.

The second problem undertaken in the present swaly a transient conduction-
radiation problem in a 2-D Cartesian enclosure.this chapter, in addition to the
investigation of medium and boundary propertiesjuiianeous estimation of three
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parameters such as the conduction-radiation paemmiste scattering albedo and the
boundary emissivity was done for different rangésparameters. The conclusions

derived from the study are as mentioned below:

= The local temperature distributions are higherléaver value of the scattering
albedo, the conduction-radiation parameter anddnighlue of emissivity.

= Crossover probability of 0.80 and mutation prokgbibf 0.03, population size
of 100 and 200 generations were found to yieldhtlost accurate estimation.

= At maximum measurement error, the maximum errdhéconduction-radiation
parameter, the scattering albedo and the emissixas/found to be +11%, -0.9%
and -12%, respectively.

= Mere attainment of minimum value of the objectiumdtion does not always
guarantee correct estimation of parameters. Inrotloeds, many combinations

of the estimated parameters can provide a givepdeature field.

Next, three problems containing different level pbn-linearites and boundary
conditions were investigated. The problems conei@re non-Fourier, variable thermal
conductivity and mixed boundary condition type ohduction-radiation problems. The

main conclusions derived from the study are thie¥ahg:

* In the non-Fourier problem, with most suitable ealof the GA parameters
(crossover probability of 0.80 and mutation probgbiof 0.03) at a

measurement error &= 2.0, the accuracy in the estimation of the conduoet
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radiation parameter and the extinction coefficiemére -14% and +5%,
respectively. Population size and generation sizel@® were found to be
satisfactory.

» The effect of variable thermal conductivity is ol to have very insignificant
effect in radiation dominant situation.

* In the variable thermal conductivity problem, wlikst combination of the GA
parameters, the accuracy in the simultaneous dstimaf the conduction-
radiation parameter and the extinction coefficiemére -18% and -14%,
respectively. In the estimation of the conductiadiation parameter and the
scattering albedo this was found to be +28% anélo;2éspectively. Whereas, in
the estimation of the extinction coefficient ande tkcattering albedo, the
accuracy was +29% and -22%, respectively.

= Crossover and mutation probabilities of 0.80 an@3Qprovide better results.
Population and generation size of 100 each wasdfdonyield satisfactory
solutions for the variable thermal conductivity iplem.

* In the conduction-radiation problem involving vduliathermal conductivity, the
estimation of boundary heat flux was found reldgivdéfficult than the boundary
emissivity due a non-linear dependency of the teatpee field on the total heat
flux. At highest level of measurement error, theoein the estimation of the
boundary heat flux and the emissivity were foundb® +38% and -27%,
respectively.

* In the conduction-radiation problem involving mixdmbundary condition, a

higher value of boundary heat flux gives highealdemperatures.
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= Crossover and mutation probabilities of 0.80 an@30.respectively and
population and generation size of 100 and 200, easgly were found to

provide better solutions in the mixed boundary ¢tiowl problem.

In the last problem, the study of conduction andiaion problem in a concentric
cylindrical enclosure was carried out. The follogriconclusions were derived from the
analysis:
= As radius ratio increases, the local temperaturethim medium also rises
significantly.
= For a given value of radius ratio, the local heéax distributions shift to lower
values with increase in extinction coefficient dadoss of radiative information.
= Estimated error in the radius ratio did not exceé2@% even at a measurement
error ofE = 2.0.
* In the simultaneous estimation of the extinctioefioient and the radius ration,
for all measurement errors, the maximum estimateat & the radius ratio and

the extinction coefficient did not exceed 21% alébol respectively .

Therefore from the study it can be concluded tlmatthe estimation of unknown
parameters involving transient conduction-radigtidche LBM-FVM-GA can be

successfully applied. However, proper care needsetdaken in the selection of GA
parameters which could significantly affect theusioin quality. Furthermore, it should
be noted that mere attainment of a desired thefralll doesnot always guarantee

correct estimation because of the availability afusnber of possible combinations of
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the unknown parameters satisfying a given temperdiald. This happens when the
retrieved parameters are interrelated and the texhpe field possess non-linearities
especially when the involvement of thermal radiatiecomes appreciable especially at
high temperatures. Therefore such kind of inversgysis are useful in the design of
high temperature heating enclosures and combustisambers involving high
temperature heating.

Further, a comparison of CPU times for differenteirse problems show that the
problems involving different complexities could belved without significant variation
in CPU times. For example, 1-D Fourier conductiadiation problem, variable thermal
conductivity problem and the mixed boundary cowdititype problem comsumes
approximately same amount of CPU time. This is ibbgslue to the ability of LBM to
absorb non-linearities into its own framework areh'd allow the enhancement of CPU
times drastically. On the other hand, non-Fow@rduction—radiation problem and the
cylindrical geometry problem consumes even lessee.tThus the usage of LBM in
such cases is very helpful when problems in diffegeeometries and involving different

non-linerities exist.

7.2 Scopefor the Future Work

In the present work, unknown parameters in tratnstemduction and radiation heat
transfer problems were estimated using the invarsdyses. Energy equations of all
problems were formulated using the LBM. For thB 1planar and the 2-D rectangular
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geometry, the radiative information were obtainethg the FVM, while in case of a 1-

D cylindrical enclosure, the DTM was used to corepie radiative information. In all

cases, optimizations of the objective functionsevdone using the GA. The present
analyses have resulted in some important findisgsuanmarized above. However, this
study has also paved way for further work in theaawof inverse analysis, and
applications of the methods, viz., the LBM, the FMilie DTM and the GA used in such
problems. With reference to these accomplishmestispes for the future work are

enumerated below:

» Inverse analyses of volumetric radiation in thespree of conduction and
convection need to be explored for simple as wathglex geometry. This analysis
can be done for the estimation of different paramsesuch as the Prandtl number,
Grashof number, Rayleigh number, etc.

» Estimation of heater powers in a multi-dimensiom&lating chamber can be
investigated. In this problem, walls of a heatofigamber can have a finite number
of panel heaters and their powers can be differ&at a specified temperature or
heat flux distributions along the design objectaled inside the chamber, the
required heater powers need to be estimated.

= Inverse problems involving pulsed radiation can d$iadied to estimate the
inhomogenity contained inside the medium. This e#ectively be used in cancer

treatment applications.
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» The above problems can be investigated using thd,ltBe FVM and the GA and
by solving the same problems using other methodsc@mmendation can be made
on usage of these methods for more general problems

» By keeping the solver for the energy equation, agthe LBM and the method for
calculation of the radiative information, such he FVM, as the same, usages of
different optimization algorithm viz., the GA, th€GM, the particle swarm
method, the tabu search method, the ant colonyode#tc., can be compared and
a suitable recommendation about an optimizatiorhatetan be made.

= A comparison of the combination of evolutionarydateterministic methods can

be made.
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