A8 ) 4y ) sgand

alal) i) 5 ) alal 35
Autigh A48/ daala
Sl dtigh) and

bowg \9 UjlginlI S,lhadl o gidl
bl S)h> yoad aude blauwo dixo
Al
i s b i) A6 ) A
ple feale da 3 i cilalliia (e £ JaS
il Aurigl)
Jud uo wacl

Yool iASwlSun AQuwrid ywesyollsy

VEYY (liaa Yool o Jo¥ s



2
L

L SRS 0,51 (M a1 ol gl 553 i

500 G858 LAl Al 30 438 B Fliaall Flias

L . Mae o s, R AR GECNSINSIr . R ‘8w . 2@ 3
A = VY 5 A8 e ¥ A g ) AS jlaa 8 jamid (e M2 g0

29 (B S I Al A1 5 6 i S S

P = =

el JUYT A &y $ LD (a0 00 A s 24

d Al £000 0% A




VAR

Yo 4y /el 5 g
Republic of Iraq

Ministry of Higher Education
and Scientific Research

Babylon University
College of
Engineering

Dept. of Mech. Eng.

NON-EQUILIBRIUM HEAT
CONDUCTION IN FINITE
MEDIUM SUBJECTED TO
CONSTANT HEAT FLUX

A THESIS SUBMITTED TO THE COLLEGE OF ENGINEERING OF
THE UNIVERSITY OF BABYLON IN PARTIAL FULFILLMENT
OF THE REQUIREMENTS FOR

THE DEGREE OF MASTER OF
SCIENCE IN MECHANICAL
ENGINEERING
By
HASSANAIN JABBAR ABD AL-JAEEFRI
B.Sc., Y.

October, ¥+ 1 Ramadan, ‘¢ YV



duada)

Jil B sal 35)_all (Fourier's law) st 0538 ) S3 ¢y siald) Jslac Lale (ued (ga ST 2ia
Uil Mia ¢ lipdaill any (850 sall Gl pd ad g ke Y Adlaad) o sall dudia 85 ) ja
0598 Gl Lt 5u€ e 3l Cua a8 s (Ja A e 3l Bla V) 8 el JlEEY)
non-Fourier ) s ¥ zisd (A (non-Fourier) s ¥ dolu ad gy Jh& B (o) 68)
Aa 3 ase (B Ay A 4 Al gl il ey 3 ks Of s (model
non-)s sl daasill y)8 ¥ el ol dul il adiad aaaill Gl 2y 550 sl
non-) o)) s 5 ) all Jaa silly sl (axs 8 Ciyzy Al (Fourier heat conduction
extended )ausall o sn ) S B Al iy Je 5 (equilibrium heat conduction
non-equilibrium (sl oladl & O3V axe)(irreversible  thermodynamic
U aa Jan g A 5) 553U 3 ) el Jla) Al jy Sl 138 & 3 (thermodynamic
e gl aladiuly Jidail) o3 S5 A0 deall e Jsmas alea gaal 3 cull )l sa Ll
non-dimensional hyperbolic heat conduction ) 1 akdll Ustea & 2231 5,1 jall
NoN-)ilSall ahaill Aalaa 3 520D (51l Jom i) il e Leailis & 4lia s (equation
& ol Clea 3 dIX | (dimensional parabolic heat conduction equation
24 ( Cattaneo-Vernotte ) <isijd- sUS dilaa olaaiuly (entropy change)is) sdall
44,k olaaiuls (Finite Difference Technique) saasall B 5 58l 4ty culih CYaleadl)
(B ) AaS) & il (e dag 5l 8 aal 5 sladly 3 ) _ad) Jul dlee Jlas &5 XS (explicit)
s sl Clas 5 ((Cattaneo-Vernotte) dalea s ¢ ) adl Jua sill 3030 adadll dlalee da g
non-Fourier ) sty da e Alad) Jdsad Ll goloall Gl af 38 jxa A0 sdall
A ¢ 4 yall <y b (non-Fourier phase change) skl il 558 Y ) (solution
A (YMw, Gw) Led (gl oall mdll dprey ey (1,0, 0V 0) L (gl oall adll 4grey Y
@i o) Al al all & gl Jall sy (QuickBasic) dal aladinly gl el
3y @llia () aa g i A e Lalsa lliad 4] gliall (& prill 5 csl oad) Gl (il o

cion ) GSaiY 1 Eal g cand) ()l Gl 5 sl s s b ik sale



2 S -

Ay Jal g A Jom ..

(ue)dnnay

s glall AN cuall

Sy sl )
(Al sy g ) L
sliua o Lagad Jldaal | )

(8) ol Slal Al g S gay

o #




EXAMINING COMMITTEES CERTIFICATE

We certify that we have read this thesis
entitled “Non-Equilibrium Heat Conduction In
Finite Medium Subjected To Constant Heat
Flux” and as an examining committee, examined
the student, “Hassanain Jabbar Abd”, In Its
contents and that in our opinion it meets standard
of a thesis for the degree of Master of Science in
Mechanical Engineering.

Signature: Signature:

Name: Asst. Prof. Name: Asst. Prof.

Dr. Adil A. Al- Moosway Dr. Emad S. Ali
(Chairman) (Member)

Date: / /Y:+V Date: / /Y+:V
Signature: Signature:

Name: Asst. Prof. Name: Asst. Prof.

Dr. Alaa A. Mahdi Dr. Haroon A. K. Al-Janabi
(Member) (Supervisor)

Date: / /Y:+V Date: / /Y'Y



Signature:

Name: Asst. Prof.

Dr. Tahseen A. Al-Hattab
(Supervisor)

Date: / /Y+:V

Approval of the Mechanical Engineering Department.

Head of the Mechanical
Engineering Department.

Signature:

Name: Asst .Prof.

Dr. Adil A. Al- Moosway
Date: / /Y-:V

Approval of the College of Engineering.

Dean of the College of Engineering.

Signature:

Name: Asst. Prof.

Dr. Abd Al Wahed.
Kadhim

Date: / /Y+''V



SUPERVISOR CERTIFICATION

We certify that this thesis entitled “Non-Equilibrium Heat Conduction in
Finite Medium Subjected To Constant Heat Flux” was prepared by “Hassanain
Jabbar Abd” under our supervision at Babylon University, College of
Engineering in partial fulfilment of the requirements for the degree of Master

of Science in Mechanical Engineering (Power Engineering).

Signature Signature
Name: Asst. Prof. Name: Asst. Prof.
Dr. Haroun A. K. Shahad Dr. Tahseen A. Al-
Hattab
(Supervisor) (Supervisor)

Date: [ [x..v Date: /[ /x..v



ACKNOWLEDGMENTS

Praise be to ALLAH, Most gracious, Most
Merciful, who gave me the ability and desire to
complete this research work.

| wish to express my cordial thanks and
deepest gratitude to my supervisors Ass. Prof.
Dr. Haroun A. K. Shahad and Ass. Prof. Dr.
Tahseen A. Al-Hattab for their generous
guidance, and valuable and active interest in
this work.

My great appreciation is expressed to the head of Mechanical
Engineering Dr. Adil A. Al-Moosawy. | would like to thank Dr. Ahmed Kadim

for helpful discussions and continuous support of this work.

My special thanks and deepest and warmest gratitude are due to my
family with special gratitude to my father and mother for their kindness, love,

support and encouragement during the period of preparing this work.

Furthermore, deepest thanks to my friends
for their help to accomplish this study specially,
Ali Safa. Finally, I would like to express my
deepest thanks and gratitude to my uncle Khalil



Abd , his close friend Jawad Kadim Al-Zamily,
and to cortege and masjed of Al-Hussein lovers.

Hassanein Jabbar

Yool

ABSTRACT

For over fifty years, researchers have
attempted to refine the Fourier heat equation to
model heat transfer in engineering materials.
The equation cannot accurately predict
temperatures in some applications, such as
during transients in microscale (<io=s)
situations. However, even in situations where
the time duration is relatively large, the Fourier
heat equation might fail to predict observed
non-Fourier behavior. Therefore, non-Fourier
models must be created for certain engineering
applications, in which accurate temperature
modeling is necessary for design purposes. The



present study depends on non-Fourier heat
conduction which is known as (non-equilibrium
In heat conduction) and on extended
iIrreversible thermodynamics (non-equilibrium
In thermodynamics). in the present work a
finite medium subjected to a constant heat flux
at one end and isolated at the other end has
been selected as a case study. The study solved
the non-dimensional hyperbolic heat
conduction equation and compared the results
with the results of non-dimensional parabolic
heat conduction equation. The change in
entropy during the process is also calculated
using Cattaneo-Vernotte equation. These
equations have been represented in a finite
difference technique. So, in this study a finite
medium of Aluminum (case study) has been
solved the hyperbolic heat conduction, the
change in entropy by using the Cattaneo-
Vernotte equation. And known the amount of
heat flux which convert the problem from non-
Fourier solution to non-Fourier phase change
solution. The study was made for three values
of non-dimensional heat flux (-.e,.,1.) and two
values of dimensional heat flux (v« .-Mw,Gw). A
computer program in QuickBasic Language
was built to perform the numerical solution for



constant heat flux. In this work, it is observed
that temperature distribution, heat flux, and

entropy change exhibit wave.

Also, observed

that the temperature distributions, heat flux
Increasing the reason of this is the reflection

phenomena.
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APPENDIX- A Simplifying of Extended Irreversible A-)

Thermodynamics Equation

NOMENCLATURE

The following symbols are used generally throughout the text. Other are
defined as when used

Symbol Definition Unit
C Thermal Wave Speed ny
Sec
c Specific Heat at Constant Pressure
p P /g C’
J Flux /
J Entropy Flux
s Py %n C’
k Thermal Conductivit
d %nc
L Thickness of Slab
M Number of Time Step —
N Total Number of Spatial Nodes —
P Pressure N
N/
Pico 10 % sec sec
Femto 107" sec sec
Heat Flux w
q A] ,
q° Non-Dimensional Heat Flux —
Constant Heat Flux W
Q /n )
Q" Constant Non-Dimensional Heat Flux
S Entro
py / e
St Local Equilibrium Entropy

kg.C°




s” Non-Dimensional Entropy —
T Temperature Cr
T Non-Equilibrium Temperature ok
t Time sec
. Maximum Time sec
At Size of Time Step sec
u Internal Energy J/kg
v Specific Volume s -
X Generalized Thermodynamic Force C /n
X The Distance m
AX The Distance Between Two Nodal Points m
Greek Symbols
Symbol Definition Unit
o Thermal Diffusivity m'/s
B Non-Dimensional Time N
ApB Non-Dimensional Size of Time Step S—
) Non-Dimensional Distance —
AS Non-Dimensional Distance Between Two Nodal —
0 Non-Dimensional Temperature —
P Density Kg/m"
- Entropy Production per Unit Volume %3.0‘
o Hydrodynamic Boundary Layer Thickness m
4 Relaxation Time sec
7, Relaxation Time of Heat Flux sec
T Relaxation Time of Temperature sec
Superscripts
Symbol Definition Unit
J, i Denotes Nodal Positions in Numerical Solution -
Subscripts
Symbol Definition Unit
0 Initial —
w Refers to Wall —
Abbreviation
Symbol Definition Unit




CIT Classical Irreversible Thermodynamics -
C-v Cattaneo-Vernotte Equation _
DPL Dual Phase Lag —
EIT Extended Irreversible Thermodynamics —
HHCE Hyperbolic Heat Conduction Equation —
PHCE Parabolic Heat Conduction Equation —
QHT Quantum Hyperbolic Heat Transfer Equation —
RT Rational Thermodynamics —
SSP Second Sound Phenomena —

APPENDIX A

SIMPLIFING OF EXTENDED IRREVERSIBLE
THERMODYNAMICS EQUATION

To simplify the modified EIT equation, equation (¥.¢) can be written in the

form,

ds = 6du — a(u, v)q.dg ...(A)D)
Where:

a(uav):N(anez)_l o ..(A.Y)

Now, equation (A.)) can be re-written by using equation (A-Y) as,

v

ds=0™du— - qdg ...(A.7)

ne

By integration of this equation yields the most important results, i.e., the

generalized non-equilibrium entropy of non-Fourier heat conduction in the

following form:



T

xn@:swU)—L*nfqz ...(A.¢)

Where s, and T, are the local-equilibrium entropy and non-equilibrium

temperature respectively. Equation (A.¢) can be written as follows:

T 2

2T ....(A.°)

The non-dimensional form of (A.®) can be written as:

S(T!q)_seq(T):AS:_

as =2 (AN

CHAPTER ONE ;

INTRODUCTION

The most widely used equation governing
heat propagation in isotropic media is Fourier’s
law of heat conduction:

q=-kvT ..(00)



Where (Qis the local heat flux across a surface, kis the local thermal
conductivity of the media, and VT is the local gradient of temperature T in the
media. The energy equation for a rigid material with no volumetric energy

supply is:

PO T ==V:q (\Y)
Where pis the material density, cpis the specific heat capacity, at is the partial

differential operator with respect to timet, and V-Qis the divergence of the

heat flux. When Fourier’s law (Y.)) is substituted into the energy equation
(1.Y) for a homogeneous material with constant material properties, Fourier’s

heat equation is obtained:

o =av°T ()

K
“ ..(0.9)

Wherea is the thermal diffusivity of the material and V?is the spatial
Laplacian operator.

Even though Fourier’'s heat equation (.¥) is an excellent model for
many heat transfer problems, the model is not physically realistic. Equation
(1.Y) is a parabolic equation. As a result, any temperature disturbance will
propagate at an infinite speed through the media [Y]. Thus, using equation
(Y.V) results in thermal waves traveling at an infinite speed, which is physically
unrealizable[Y]. Fourier’s law does not predict finite wave speeds, the law does
not accurately approximate the heat transfer in certain cases. The assumption
of instantaneous energy transmission fails during a short duration of an initial
transient, or when the thermal propagation speed is not high, such as in low

temperature cases [‘]. In other words, Fourier’'s law breaks down at



temperatures near absolute zero or when the observation time is extremely
small during a transient. For these cases, the fact that thermal disturbances
travel with finite speeds of propagation must invalidate Fourier’s law (1.)}).
Thus, the wave nature of thermal transport becomes dominant, rendering

Fourier’s law to be invalid as an approximation for these cases [¥].

From an engineering standpoint, it may be essential to model the heat

transfer for the cases where Fourier’s law fails. For example, Fourier’s law does
not accurately predict the transient temperature during microscale (<107%?s)

laser heating of thin metal films (<10®m) [£]. Therefore, Non-Fourier
behaviors may be significant for such microscale applications as pulsed-laser
processing of metal and semiconductors, thin-film applications, and even laser
surgery [°]. In fact, laser and microwave heating with extremely short
durations or very high frequencies have been used for numerous purposes like
surface melting of metal and sintering of ceramics [1]. Also, Fourier’s law may
fail to approximate transient temperatures for micro scale situations, where
time scales are relatively large compared to those for microscale conditions
[¢]. Because Non-Fourier behavior exists in engineering applications, Fourier’s

law should be modified for such applications.

Non-Fourier heat conduction models have been proposed to replace
models based on Fourier’s law. Specifically, non-Fourier models have been
designed to predict second sound in solids, which is the finite wave speed of
heat propagation [V]. One Non-Fourier model is based on the modified flux

law:

G+t A=KV T .00)



where -is called the relaxation time [1]. The heat
flux vector now has a memory that keeps track
of the time-history of the temperature gradient
[~]. Equation ().) was first proposed
Independently by Cattaneo [+] and Vernotte |[.].

When equation (1.¢) is combined with the energy equation ().Y), the
hyperbolic heat conduction equation is obtained:

0T +0,T =aV*T (\'L)

Equation (VY.1) is known as a hyperbolic heat equation (or a telegraph
equation) because of the additional term that modifies the parabolic Fourier
heat equation ().¥) [Y]. The hyperbolic heat equation has two double-
derivative terms in (Y.%1). which are called the wave terms. Unlike Fourier’s law
(V.Y), the modified heat flux equation(}.®) predicts a finite speed of heat
propagation because of the relaxation time t associated with heat transfer [V].

In fact, it can be shown that the speed C of heat propagation is :

c=/%/ N ER)

As rdecreases, the thermal wave speed Cincreases. Discontinuities of
temperature and temperature gradient at the wave front and thermal shocks

around a moving point source are results of the finite speed C of propagation

[1]. Typical wave speeds in metals are on the order of 10° r% [YV].

The hyperbolic equation (Y.%1) of heat transfer has been used to model
heat transfer in the cases where Fourier’'s heat equation fails to predict
accurate temperatures. For instance, researchers like Glass et al. [¥] have
investigated the discontinuity of temperature gradient at the thermal wave

front. Others like Yang [Y] have applied the hyperbolic heat model to thermal



shocks around a fast-moving heat source, and some have even applied the
hyperbolic heat equation to study heat transfer near a rapidly propagating
crack tip. Various solutions of the hyperbolic model for finite mediums under
different initial and boundary conditions can also be found in literature. Most
solutions were attained for a pulse heat flux or a sudden temperature change
[1]. Tang and Araki [1] have even solved equation (Y.%) in a finite medium with
a periodic surface heat flux, finding that the wave partially reflects off the

boundaries while dissipating until the response becomes periodic.

While the hyperbolic model was created to deal with the problems
associated with the Fourier model, the hyperbolic heat equation (Y.%) is still in
guestion for multiple reasons. First, it is not based on the details of energy
transport in the material, such as the interaction of electrons and
phonons(vibrations of the metal lattice) [V]. Second, material properties may
not be able to be regarded as constant. The relaxation time ris generally
temperature-dependent[A], and the thermal diffusivity «depends on
processing parameters, such as the laser pulse duration and intensity, during

short-pulse laser heating [V].

These facts provide impetus for deriving an equation that is grounded more on

a ihisical basis than the hyperbolic heat equation (}.1).

N

The objective of the present work is to
predict the temperature field in a finite medium
subjected to constant heat flux of one end and
Insulated at the other end using the hyperbolic
conduction model. The other objective is to



calculate the entropy change during the process
using the extended irreversible
thermodynamics theory. Consequently, a
computer program has been developed for this
purpose employing the finite differences
technigue. The temperature distribution, heat
flux, and entropy change are obtained. Results
of non-equilibrium temperature distribution
are to be compared with equilibrium
temperature distribution to be predicated by
Fourier diffusion theory .

This thesis is organized in six chapters:
Chapter One: gives a brief introduction to the
problem, and describes the aim and scope of

the present study.

Chapter Two: contains a brief review of
previous studies related to the subject under
consideration.

Chapter Three: presents the formulation of the
numerical analysis and the computer program.

Chapter Four: presents the results obtained and
the discussion of these results.
Chapter Five: gives a summary of the
conclusions drawn from this study and
suggestions for further works.

CHAPTER TWO ;

| LITERATURE REVIEW




A great deal of effort was invested in the development of theories
dealing with non-equilibrium thermodynamics and non-Fourier heat
conduction. These efforts improve our insight to the study of connection
between these two different subjects and help to redirect the path of research

for new solution procedure.

In the following sections, the theories of non-equilibrium thermodynamics and

non-Fourier heat conduction are reviewed.

Non-equilibrium thermodynamics presents several faces: the most
popular theory, referred to as thermodynamics of the first type, is the Classical
Irreversible  Thermodynamics  (CIT). Besides Classical Irreversible
Thermodynamics, other theories are the Extended Irreversible

Thermodynamics (EIT) and the rational thermodynamic (RT).



DeGroot and Mazur [ Y], emphasized that CIT is based on the concept of
local equilibrium. The fundamental hypothesis assumes that the system can
be split mentally into cells which are sufficiently large to be treated as
macroscopic thermodynamic subsystems but, at the same time, sufficiently
small that equilibrium is very close to being realized in each cell. The
hypothesis postulates that the local and instantaneous relations between the
thermal and mechanical properties of a physical system are the same as for
uniform system at equilibrium. This implies that all the variables of equilibrium
thermodynamics remain significant and that all the relationships of classical
thermodynamics between variables remain valid outside equilibrium provided
that they are stated locally at each instant of time. This means particularly that

entropy outside equilibrium depends on the same variables as at equilibrium.

Prigogine [\ Y], proposed that the classical irreversible thermodynamics
is grounded on the local equilibrium and the rate at which entropy is produced
during irreversible process. Examples of these relation of CIT are Fourier's law
in heat conduction, Ohm's law in electricity and Newton's law of fluid
mechanics. The rate of local entropy production (o )follows from the general

balance equation of entropy,

6((3tps'):—v.(Js+pSV)+a (Y\)

with

o=0 (\‘Y)

Here pis the mass density, Sis the local specific entropy, Jsis the local

entropy flux and V is the velocity field. V means the nabla operator and it is



worth noticing that the flux J contains two terms: the first is connected with

heat conduction and the second arises from the diffusion. Relation (Y.Y) is in

agreement with the second law of thermodynamics.

Hutter [\ ¢], explained that the local rate of entropy in CIT is calculated in
terms of the "force" that drives an irreversible process and the response of this

force, the "flux". Gibbs equation has been written in the form:
Ts=u+pv=2 44 C (\'V)
k

Where the lower case letters s,u, and V indicate extensive variables per unit
mass, 4, is the chemical potential of the constitutive k and c, the mass

fraction of k.

DeGroot and Mazur ['?], presented in their text book a comprehensive
and insightful survey of the foundations of the (CIT). They provided a complete
discussion of the linear theory of irreversible thermodynamics. The
applications of this theory were found in diffusion, heat conduction, fluid
dynamics, relaxation phenomena, and the behavior of systems in an
electromagnetic field. They treated in detail the statistical foundations of non-
equilibrium thermodynamics and classified the various irreversible phenomena

according to their 'tensorial character' as follows:

V. Scalar phenomena: which are related to chemical reactions.

Y. Vectorial phenomena: which are related to diffusion and heat

conduction.

Y. Tensorial phenomena: which are related to the tensorial quantities

occurring in the thermodynamics of fluid systems such as the pressure

tensor and the velocity gradient.



Lebon [Y 1], proposed that the entropy in CIT is a function of conserved
variables and the entropy flux is simply equal to the heat flux divided by the
temperature. In CIT the phenomenological laws are steady and the wave

propagate with infinite speed. Gibbs equation may be written as:
ds= 1 (du+ P dp) (v.¢)
T p2 oo o0 .

Jou, Casas and Lebon ['V], emphasized that the basic formula for the
rate of entropy production have the characteristic sum of the products of
thermodynamic fluxes (for example heat flux, diffusion, chemical reaction) and
of conjugated generalized forces (gradients of temperature, gradients of
chemical potential). The basic formula for the rate of entropy production of

irreversible process is in the form:

K : ....(\'.0)

Where:

J ! thermodynamic fluxes.
X generalized thermodynamic forces.

Equation (Y.©) means that the rate of production of entropy is the sum of

products of each flux with the associated force. Evidently, all J, andX, vanish

at equilibrium.



The existence of a non-negative entropy production is one of the main points

underlying CIT. They postulated that the fluxes J, and the generalized forces

X, are related linearly:

=gh% (1)

Equation (Y.1) is called a phenomenological equation and the coefficients L; a

phenomenological (kinetic) coefficients. Experimental evidence and
theoretical considerations in statistical mechanics have confirmed that a wide
class of CIT processes can be described by means of linear relations between
fluxes and forces. This is true in particular for transport processes. The
phenomenological coefficients are subjected to the rule of selectivity limiting
the possibility of interference between irreversible processes of different
tensorial character and they are dominated by the Onsager reciprocal relations

which is state as:

Lij :Lji (YV)

It is, when the flux J, corresponding to the irreversible process i is influenced
by the force X, of the irreversible process j , then the flux J;is also

influenced by the force X, through the same coefficient.

Nettleton and Sobolev ['A], proposed that classical irreversible
thermodynamics of multi component systems is formulated upon the
assumption of local equilibrium thermodynamics, which states that the

entropy per unit mass of the mixture depends on the internal energy, the



specific volume, and the mass fractionc,. The local Gibbs equation has been

written as:

1 P . <A
dsle_?du+?dv zyl?dcy m.(v_/\)

Where:

sIe : local equilibrium entropy.

A, : chemical potential.

Bl oo = | :

Trusedell [Y?%], presented lectures about rational thermodynamics. He

referred that the (RT) presents a very mathematical formalism and it abandons
the hypothesis of local equilibrium. It's constitutive equations take the form of
time —functional. Finally, he pointed out that the cornerstone of this theory
was its assumption that the internal energy must depend on the physical fluxes

in addition to its classical variables.

Liu [Y ], studied the restrictions of rational thermodynamics imposed
on the processes by the balance equation of mass, momentum and energy by
means of Lagrange multipliers. In case of heat conduction, he assumed that
there exists an entropy that obeys a balance law with a non-negative

production. The entropy production:

ds du
—+V-J -A(p—+V-0)=>0
P gt —A(p it q) (\“i)

Where:



A== (YY)

J, =Aq=Tq ..(Y))

Bataille and Kestin [Y '], explained that the concept of local equilibrium
in Rational thermodynamics(RT) was abandoned and for the characterization
of a system the new concept of memory is introduced. The behavior of the
system was thus determined not only by the present value of the variables but
also by the hole history of their past value. The main objective of the RT was
to provide a method for deriving constitutive equation which serves for a most

faithful description of actual physical process.

Lebon, Jou and Vazquez [ Y], explained that in rational thermodynamics
the physical fluxes are viewed as dependent quantities. In RT the temperature
and entropy are introduced as primitive concepts of general validity without a
sound physical interpretation. Also, in RT the second law of thermodynamics
takes the form of the so-called Clausius-Duhem inequality, which locally in the

absence of the heat supply is written as:

ps=v-(3) (YY)

Jou, Vazquez and Lebon [Y Y], studied the rational thermodynamics (RT)
theory and they summarized the main principles of rational thermodynamics

as follows:

V- Selection of quantities describing the system (primitive concepts and

concepts defined in terms of them).



Y- General laws or balances are valid for all the sphere under investigation
(e.g. the first and the second law, balance laws of mass, momentum and
energy).

Y- Construction of constitutive equations(it is a sort of generalized
equations of state formulated in an abstract form).

¢- Application of constitutive postulates, which are used for a general

formulation of constitutive relations.

CvitnnAdnA lvrrmvinveihWla

Jou, Casas, Lebon [Y¢], explained that EIT provides a link between
thermodynamics and dynamics of fluxes, and it is especially useful in describing
systems with relatively long relaxation times, e.g. solids at low temperature,
super fluids, some visco elastic fluids. The question is what were the reasons
for choosing the fluxes rather than the gradients of the classical variables as
new independent quantities. The answer of this question is as follows? The
fluxes were associated with well defined microscopic operators and they are
advantageous for slow and steady state phenomena. By expressing entropy in
terms of the fluxes the classical theory of fluctuations can be easily
generalized. The formalization of EIT is the subject of some criticism. In

particular:

). Every dissipative flux is considered as quantity characterized by a single
evolution equation. However, this is not always the case in practice.
Y. There exist still other "additional" variables and variety of evolution

equations for the fluxes as well.



Y. Entropy is regarded as an analytical function of the fluxes, but this is not
an essential assumption and non-analytical developments have been
proposed.

Garcia-Colin and Selva [Y®], proposed that in EIT the additional
macroscopic quantities (e.g., heat flux in conductive systems) play the role of
independent variables. This means that the whole set of space variables
describing the system is formed by the classical (conserved) variables plus the
(non-conserved) fluxes presented in the system. They found that the modified
Gibbs equation can been written as:

M

1 p y T
ds=—"du+"-"dv—-Y-—"dc ——-J-dJ Y'Y
Flupdv-2rde — (YT

Lebon ['1], pointed out that the extended irreversible
thermodynamics used to modify the classical irreversible thermodynamics.
The thermal heat wave propagates with the finite speed in EIT. The entropy in
EIT does not depend only on the classical variables like CIT but, it depends on
an addition variables (e.g. heat flux). The extended irreversible
thermodynamic is applicable to describe a large class of systems taking place
far from equilibrium like non-Fourier heat conduction and non-Newtonian

fluids.

Lebon, Jou and Vazquez [Y Y], pointed out that (EIT) was originally
born out to generalize the local equilibrium assumption and to extend the Fick,
Fourier and Newton laws outside the linear and steady domain covered by

(CIT). They summarized the (EIT) as follows:

V-the physical fluxes in EIT are considered as independent variables.



Y-In EIT, a generalized Clausius-Duhem relation is used. This relation
states that the entropy flux is not simply (qT ) for all cases but may

contain supplementary terms; moreover the entropy is not a function of
the classical variables but depends on the physical fluxes.

Y- The temperature and entropy in EIT assigned a physical interpretation.

Hussein [Y1], studied the CIT and EIT. He found that the entropy in the
framework of classical irreversible thermodynamics is not compatible with the
non-Fourier heat conduction when the approach to equilibrium is described by
this model. In contrast, the generalized non-equilibrium entropy of extended
irreversible thermodynamics is better than the classical one for description of

non-Fourier heat conduction.

Fort, Vazquez and Mendez [YV], studied an incompressible, multi
component fluid in which diffusion and other transport processes were absent
and assuming for simplicity that the heat of reaction may be neglected. They
found that the evolution equation for the specific entropy in non equilibrium

processes may be written in the form:

ds A apdl
— = :J _
pdt ° T T dt ""(*'H)

Where:

A affinity of the chemical reaction=-3v 1,
e

The second law of thermodynamics required that &° >0. The simplest way

to assure this was to assume an evolution equation of the form:



A opdd
T oa (Y00)

with B>0. Equation(Y.)®) analogue to Maxwell-Cattaneo equation for

transport processes.

Bhalekar [YA], demonstrated that the temperature and pressure
concept retains the same physical meaning whether the system is in
equilibrium or non-equilibrium. Extended Gibbs equation of EIT has been

written as:

d,s=67du+6"rdv-a.q-d,q-a,I1:d1T c(T)

Where:
S: entropy.
0: non-equilibrium temperature.
7 : non-equilibrium pressure.
IT: dissipative stress tensor

a,: coefficient depend on q .

a,, : coefficient depend on I1.

Bourhaleb, Sahoumi, Boughaleb and Fliyou [Y4], studied the heat
transport in semiconductors within EIT theory. The starting point of their study
was the evolution equations of EIT compatible with the second law of

thermodynamics, namely generalized Maxwell-Cattaneo equation of the



particle diffusion fluxJ . The equation appeared the divergence of the second

order flux J@ as:

Y J-_Dvn-v.jo (Y w)

ot )
Where D is the diffusion coefficient and nis the concentration of particles,
J@represents the flux of J. when J@=+ equation (Y.)VY) reduces to Maxwell-
Cattaneo equation. From equation (Y.)V) they derived the entropy production

in the form :

o G

o AR
ot =® —alat—V-3‘1y+ﬂ1V-J(2)}+ZJ(”)®[—anat—ﬂ(n_l)V-J(”'”+ﬂnV-J(”+1)} ( '
n=2

A)
where g, are coefficients which depend only on uandn.

Vavruch [¥+], summarized Lebon method of EIT and the CIT in two

points:

\-The theory introduces besides the classical thermodynamic variables,
such as density, concentration, temperature, as new independent variables
some non equilibrium quantities taking the form of the heat flux, the
viscous pressure tensor, the flux of matter, the flux of electric current, etc.
These "complementary" variables are then treated on the same level as the

usual classical variables.

Y-To compensate for the lack of evolution equations, supplementary rate
equations for the dissipative fluxes are introduced, in addition to the usual
balance equations of mass, momentum and energy. These rate equations
are compatible with the second law of thermodynamics, whereas the

evolution equations for the classical variables are given by the usual



balance laws. The method was summarized as that the central role of the
method is the entropy and the system depends locally not only on the
classical variables, but also on the dissipative fluxes. It is worth noticing that
the fluxes, and also generalized forces in equations of EIT are not
necessarily scalar quantities, but they represent vectorial and tensorial

guantities. The generalized Gibbs equation for astokesian fluid as:

ds :T_ldu +T_1 pdV _T_lv(aloq dq +aoo depV) oo .(Y \ q)

Where:

apanday . oofficient depend on  and p"Y respectively.

Sieniutycz and Berry[Y '], discussed the description of macroscopic
representations of thermal fields with a finite signal speed by composite
variational principles involving suitably constructed potentials along with
original physical variables. They wrote Cattaneo equation of heat transfer in
the form:

C?‘;;C?—wa)e:o (1Y)

Where :

p.: are the density of thermal energy.
The entropy production for equation(Y.Y +) is:

o5 q. . 0FE
Civ.(D)=TH(=+V-q)-
AtV &) GV

T
kT?

q-dg+q-VT™~ (YY)

Where:



E : the total energy.

Lebon, Gremla and Lhuillier [¥ Y], studied non-Fickean thermo diffusion
in binary fluid within the framework non equilibrium thermodynamics EIT,
They found that the modified equation of EIT for Non-Fickean law is written in

the form:

1 p T
ds==du-— do——q-d

TR (YY)
He concluded from the study that the heat is not conducted via a Fourier law
but rather by means of Cattaneo relation exhibiting the existence of
temperature waves and known as the second sound . In EIT, the non-
equilibrium entropy depends on the union of the classical variables and their

corresponding fluxes.

Jou and Vazquez [YY¥], proposed that the non-equilibrium entropy in
extended irreversible thermodynamics also depends upon the quantities which
vanish in thermodynamic equilibrium (e.g. heat flux) and the heat flux at a
certain time depends on the temperature not only at the present time but also
at an earlier time. They found that the generalized Gibbs equation can been

written as:

1 p
dyp==(de-—"dp—q-d
n=r(de P q) (YY)

Where:
n :entropy production.

¢ :internal energy.
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One of the first studies to resolve the paradox of
the infinite speed of heat propagation was
performed by Morse and Feshbash [-:], they

postulated that the actual transient heat
conduction process must depend on the speed of
heat propagation, which should be finite. They
assumed that the damped wave (hyperbolic)

equation is in the form:

10T 10T,
o a7 (YY)

Where cis thermal wave speed.
Maurer and Thompson [--], found that when
the surface heat flux is greater than v/ ., the

classical Fourier thermal conduction model
equation(..), fails. The anomaly of the classical
theory is the assumption that the heat flux and

the temperature gradient across a material

volume occur instantaneously. Such an
Immediate response results in an infinite heat
propagation speed. They proposed a
modification of Fourier law equation (..).

Sadd and Didlake [+], proposed the first

study of non-Fourier phase change problem.
They investigated the melting of semi-infinite




solid subjected to a step change in temperature
and compared the results with the parabolic
solutions. They concluded that hyperbolic heat
condution equations are more accurate than
parabolic heat conduction equation for many
physical situations.

Wiggert[rV], proposed that the equations describing early-time one-
dimensional heat transfer are hyperbolic with temperature equation (¥.Y¢) and
heat flux equation ().¢). He solved the hyperbolic heat conduction equation
for a semi-infinite medium analytically by using Laplace transform. He
concluded that HHCE has become a widely acceptable and versatile procedure

for analyzing solid problems

Glass and Ozisik [+], solved the non-
Fourier heat conduction equation for a semi-
Infinite medium with periodic surface heat flux
numerically by Mac-Cormack's predictor-
corrector scheme. They concluded that the
temperature are much higher for hyperbolic
solution than the parabolic solution, the
hyperbolic solution and the parabolic solution
converge in the interior region both with
Increasing time.

Cheng [~] , studied the wave properties
of heat conduction and the propagation of
temperature pulses using a discrete velocity
microscopic model. In this model, molecules
move with two possible speeds along one of six



allowable directions. Macroscopic quantities
such as temperature and density were extracted
from the distribution of molecules among
various possible states. The results explained
that heat-conduction indeed had wave like
properties, and a characteristic finite
propagation speed, without restoring to the
hyperbolic heat equation or any macroscopic
equation. This was achieved by solving the
Boltzmann’s transport equation, which has the
following form:
of

o UV =c(h) .. (Y.X0)

Where:
¢ - the distribution function.
v the velocity.
c(f): the collision integral.

Qiu and Tien [: ], proposed a two-step
model to describe the electron temperature and
the lattice temperature. They derived the
hyperbolic two-step model from the Boltzmann
transport with the following assumptions:

- electron-phonon interaction was the

dominant scattering process for electron.
- Conduction of heat by phonon was

negligible.



- Phonon and electron have temperature
and ., respectively.

The hyperbolic heat conduction equation for
metal lattice:

T Ta ot ol q ol co(7Y7)

Similarly, the hyperbolic heat conduction

equation for electron,
1 0%Te 1 0Ty e OVTe) _ o,

CZa? ‘az ot cZ e (YY)
Where:
Kk
%= e (YY)
Ce=ae o (Y9)
G:7z4(nekvkﬂ)2 ””(Y.\"~)

Joshi and Majumdar [« ], solved the

Cattaneo-Vernotte equation and then they

compared the solution of Cattaneo-Vernotte

with the solution of the transient Boltzmann

equation, the Fourier law for phonon heat
conduction perpendicular to a thin film plane.

They concluded that neither the Fourier nor the

Cattaneo equation can represent well the heat



conduction processes in small scale and/or fast
transient. The Boltzmann equation, even in it’s
simplest from, however, is difficult to solve
since it involves variables in both real and
momentum spaces, as well as time.
Cheng and Liu [+], solved one-dimensional
hyperbolic heat conduction equation using
Laplace transform and a finite volume
technique. They concluded that the hyperbolic
equation is more suitable for high fluxes and
very short time.

Liu and Tan [:r], studied the non-Fourier
effects on transient coupled radiative-
conductive heat transfer in one-dimensional
semi transport medium subjected to a periodic
iIrradiation. The modified HHCE for the
coupled radiative-conductive, which has the
following non-dimensional form:

Q&) , N Q.8 | Q¢ 1 0
o e o gtrQ( nd-= g,trQ( né)= ()
Where:

N: conduction-radiation parameter = —W .

o - hon-dimensional total heat flux = qn j;; .

o'(.¢): hon-dimensional radiative heat flux =
qr
T




o). hon-dimensional conductive heat flux =

__ 19
4n’20Tr4

¢ non-dimensional time =4 .
¢, - hon-dimensional relaxation time of
conduction =gs,.
.. optical variable = .
- Stephan-Boltzmann constant .
5. extinction coefficient .
2. refractive index of medium .

The HHCE solved by the flux-splitting method,
and the radiative transfer equation solved by
the discrete ordinate method. The transient
responses obtained from HHCE compared with
those obtained from classical parabolic heat
conduction equation. The results show that
non-Fourier effect can be important when the
conduction to radiation parameter and the
thermal relaxation time of heat conduction are
larger.

Lu, Zhang and Zhou [:], stated that in
non-stationary heat conduction problems, the
Fourier's law should be replaced by the
equation:

oq(z,t) oT (z,1)
@Y +z@=2" = k(z)—az L (YTY)

Where . and «are a function of depth:. They
found that the measurements of the relaxation



time at room temperature on some materials
differs from the experimental values of
relaxation time for these materials. Then, they
discussed the theory of reconstruction of the
relaxation time with depth in homogenous
materials to solve the differs values of
relaxation time.

Cheng [::], presented the derivation of a
new type of heat conduction equations, named
Ballistic-Diffusive equations, which were
derived from Boltzmann equation under the
relaxation time approximation. The
distribution function is divided into two parts.
One represents the ballistic transport
originating from the boundaries and the other
IS the transport of the scattered and excited
carriers. The latter is further approximated as
diffusive process. The ballistic-diffusive heat
conduction equation has been written in the
form:

o aT - aq
n m):V(kVTm)—V~qb+(qe+r%) (YY)

c 4
= " a

The subscripts mand » represent diffusive and
ballistic component respectively and q, Is the
volumetric heat generation. The major
difference of equation(-rr) compared to the
hyperbolic heat conduction equation is the



additional term v.q,. The non-dimensional form
of ballistic-diffusive heat conduction equation
has been written in the form:

020 00 K *0%0 oq;
m m _ _*n m_ K b
8t*2 + at* 3 8772 n 877 o o ..(Y.\‘2)
Where

o,: Non-dimensional temperature =*—-.
o, - Non-dimensional heat flux = b
¢ hon-dimensional time =/

t ]
» - non-dimensional distance = /.
<,: phonon Knudsen number = 2.

A : heat carrier mean free path at
frequency(»)= pr,.
v . the carrier group velocity.

The Ballistic-Diffusive equation was
solved and the results compared to the solutions
for the same problem based on the Boltzmann
equation, Fourier law and the Cattaneo
equation. He concluded that the Ballistic-
Diffusive heat equation is much more better
alternative to the Fourier and the Cattaneo-
Vernotte equation and much simpler to solve
than Boltzmann equation.

Deng and Liu [~], found that the phase
change behavior and the thermal stress inside



the skin tissue subjected to freezing may be
numerically investigated considering the non-
Fourier effect. They studied the influence of
non-Fourier effect on the process of skin
freezing. The thermal and stress analyses were
performed Independently; and the
mathematical model was based on three
principle assumptions: i- the frozen tissue Is
treated as an elastic solid; 1i- the problem is
one-dimensional since the skin is very thin
layer; iii-the skin is frozen symmetrically from
it’s two sides.

The governing equation for the frozen phase
can be written as:

0T, 0T, o°T,
(A 7 + —= o 2
ot ot OX

t>0,0< X <s(t) (Yre)

«.and-,is the thermal diffusivity and relaxation
time of frozen skin respectively, similarly the
governing equation for the unfrozen phase is:

0T, o, o°T,
2 T T 5
ot ot OX

t>0,s(t)<x<d .”.(Y.VT)

«and . the thermal diffusivity and relaxation
time of unfrozen skin respectively. They solved
the equations by using the finite differences
method and compared the results obtained
from the hyperbolic heat conduction with those



obtained from the classical parabolic heat
conduction equation. The results show that at
relaxation time increases non-Fourier effect
becomes stronger

Kozlowski [«], studied the transfer process
of the quantum particles in the context of
thermal energy transport in a highly excited
matter. It is shown that when matter is excited
with short thermal perturbation the response of
the matter can be described by quantum
hyperbolic heat transfer equation (QHT) which
IS the generalization of the parabolic quantum

heat transfer equation has the form:
16T 1T _ af o,
ot Tt 3 (1Y)

Kunadian [«], presented Ultra-fast laser
heating of nano-filmes using one-dimensional
and three-dimensional DPL heat transport
equations with laser heating at different
locations on the metals film. A numerical
solution based on explicit finite difference
method to solve the problems. They compared
the results with those obtained from classical
diffusion and hyperbolic heat conduction
equation is developed. The three-dimensional
DPL equation has been written in the form:



T 2 2
5O 1aT  ovT)
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Where:
s: heat source.

Haiquan, Yanhua and Haiyan [::], analyzed
non-Fourier heat conduction induced by ultra
fast heating of metal with high-energy intensity
beam. The non-Fourier effects during high heat
flux heating were illustrated by comparing the
transient temperature response to different
heat flux and material relaxation times. They
solved hyperbolic heat conduction equation by
using hybrid method combining an analytical
solution and numerical inversion of the Laplace
transforms of a semi infinite body with heat
flux.

Gembarovic [-], calculated the temperature
distribution in a finite medium in case of non-
Fourier heat conduction numerically by using
simple iterative algorithm based on dumped
heat wave. In this algorithm the temperature is
calculated explicitly in one simple calculation
that was repeated for each time step as the heat
wave marches through the medium with
constant speed. Then they compared the results
with exact analytical solution.



Szekers[- ], proposed a short summary on
the hyperbolic heat conduction equation which
IS named as second sound phenomenon (SSP).
He started from Fourier's equation, neglecting
the mechanical interactions, which leads to
parabolic differential equation on the
temperature. Then he explained how the
experts solved the contradiction of parabolic
heat equation by developed the Cattaneo-
Vernotte modified law of heat conduction, as

hy +h=—kT, AR

Where nis the heat flux, « iIs the conductivity
and t is the so called relaxation time. Replacing
the Fourier law by Cattaneo-Vernotte laws,

dT>0(+Tt+TTtt:O ”“(\*'g.)

Where:
d . thermal diffusivity.

After the summary he pointed to the coupling
problem of the thermo elasticity, he derived the
generalized equations of motion and the heat
conduction based on the basic equations of the

systems:

un—%uxﬁ%Tx:O ,,,,(Y,z\)



= E
dT Ty +T, —— U, —aT)uy, —— (U, —aT)u,, =0
w T Ty + 1y pC( x — AT Uy pC( x —aT Uy _“.(Y.i'f)

Where .uis the displacement, £ is the Young
modules and . is the coefficient of thermal
expansion.

Pakdemirli and Sahin [-], presented the
hyperbolic heat conduction equation with
temperature dependent properties. The thermal
conductivity, specific heat and density were
assumed to be function of temperature as:

0 oT or 0 oT

ra[pa)cpcr)g}pcr)cpmg =&[km5} c(1EY)
Then they cast the equation into non-
dimensional form suitable for perturbation

analysis:

0’0, .00, 0%
852 +28§_8772 ....(*.22)

Where:

<2 non-dimensional time - &t .

2a,

». non-dimensional distance -t
o non-dimensional temperature :I‘Tf

f

They solved equation(-.:) by employing a
newly developed approximate theory with

various similarity solutions corresponding to
the symmetries. They concluded that this model



was better in representing situations involving
very low temperature, very high temperature
gradients or extremely short times.

Shiomi and Maruyama [-], proposed the
non-Fourier heat conduction in single-walled
carbon nanotubes (SWNT) subjected to a local
heat pulse with time duration of femto-
picoseconds. Molecular dynamics simulations
used to solve the HHCE. They demonstrated
that the distinct heat is conducted as a wave.

Ai and Li[-], proposed a universal model
for heat conduction to cover the fundamental
behaviors of diffusion, thermal wave, where the
phonon-electron can not be adequately
described by the classical Fourier’s law of heat
conduction. The model was generalized from
the so-called dual-phase lag concept by
Introducing two phase lags (i.e. that is two
relaxation times) to both the heat flux vector
and temperature gradient. The suggested
equation was:

0 0
gr.t)+, 8—?(r,t) = KT (1) ke ZVT(r) . (1.89)

Where :
r. Space coordinate.
Equation (-:-) IS combined with the energy
equation (.r) to obtain:



1atT +T—qat2T = VT +7,0,V°T _,,,(v,zw)
o o

Where -and-, are the characteristic relaxation
times of heat flux and temperature gradient,
respectively. Equation (-.::) reduces to Cattaneo-

Vernotte by setting - -0 and reduces to
Fourier's heat conduction by setting - _, -o.

Ishikawa [-:], proposed the temperature
control problem for stochastic hyperbolic heat
conduction equation model as:

'T(@,x)  _aT(t,x) , d°T(t,x) _ Lo X
S B R UCL AL S (YY)
Where
it . heat energy entering the system per unit
time.

The stochastic hyperbolic heat conduction
equation was solved depending on two aspect.
First, by taking the randomness in the input
signal into consideration. Secondly, the free
boundary problem(Stephan's problem).

Banerjee, Ogale, Das, Mitra and Subrmanin
[], presented the analysis of the heat affected
zone In materials such as meat samples, araldite
resin-simulating tissue phantoms, and fiber
composites irradiated using mode locked short
pulse laser and compared it with that of a



continuous wave laser of the same average
power. There are many applications of this
analysis such as in a number of high-precision
medical procedures like neuro surgery,
ophthalmology, cornel surgery. They found that
the thermal analysis of laser-material
Interaction in various application is usually
conducted via the tradition parabolic Fourier
conduction model. The hyperbolic model
accounts for the time required for the heat flux
to relaxe or adjust to a change in the
temperature gradients if the speed of
propagation of the thermal signals Is considered
finite. To compare the experimentally measured
temperature, a non-Fourier damped wave
model for the case of laser penetration and
absorption of the intensity within the material
was considered :

oq(r,z,t)
q(r 2,0 +7 === = —kVT(r,2,1) ””(\‘.g/\)

Where r, z coordinates. After they solved the
HHCE and the PHCE and compared the results
they concluded from the comparison that
HHCE was more accurate than PHCE.

Mirzael, Nayeeny and Makaremi [-],
studied several test cases of HHCE including
one-dimensional and two-dimensional



problems. The first test case was a one-
dimensional finite slab with no heat source. The
second case was one-dimensional finite slab
with pulsed heat source. The third case was
two-dimensional heat conduction problem. The
method of solution was hybrid schemes. A
modified hyperbolic heat conduction for one-
dimensional has been written in the form:

O°T oT ., ardy  «
Tatz +E—OZVT+?E+I9 ....(Y.2Q)

for two-dimensional:

O ot _ a(aZT+aZT Latdg a Yo
o2 ot ox2  oy?’ kot Kk ( )

the dimensionless form of equation(-..:)
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Where:
» - hon-dimensional coordinate In the x
direction=%

2a

¢ non-dimensional coordinate in the y
direction=2



A: non-dimensional time =L

27

o: non-dimensional temperature="
G: non-dimensional heat source :4%9

The results of each case are compared with the
results which were obtained from parabolic
heat conduction equation. The results showed
that the present method can be applied for non-
Fourier heat conduction with high degree of
accuracy.

Volz and Carminati [-], studied the
thermal response of silicon crystal to pico-femto
second heat pulse. They concluded that the
response implies disagreement with classical
predictions. They made reformulation of
Fourier's law by adding an inertia term which
allows to derive the well known hyperbolic heat
condution equation(x..).

B T

From the preceding review of literatures, it is clear that most of

literatures are based on the following:

)/

o The governing equations were solved either analytically by Laplace

transform or numerically by finite differences or finite elements.



X/

< All studies of non-Fourier heat conduction equation depends on non-
equilibrium thermodynamics which using the extended irreversible

thermodynamics (EIT).

X A finite medium or semi finite medium.

<> Heat flux or unit step temperature.

<> A uniform base temperature.

<> The compared of the solution of hyperbolic heat conduction equation

with the solution of parabolic heat conduction equation.
J

< The properties such as thermal conductivity, specific heat, and density

assumed to be dependent or independent of temperature.

Table (¥-Y) shows the summary of literature review work.

In the present work, an attempt based on the determination of temperature
distribution for non-Fourier heat conduction equation, Fourier heat conduction
equation for a finite slab subjected to a constant heat flux then compared the
results of non-Fourier heat conduction with those obtained from Fourier heat
conduction equation then find heat flux distribution and entropy change
distribution. The method of solution is finite difference method.

Table (¥-V) Literature summary.

V- Classical Irreversible Thermodynamics:

Author Analysis Conclusion
DeGroot and
CIT CIT based on the concept of equilibrium
Mazur, [ Y]
o CIT is grounded on the local equilibrium, and found the
Prigogine, [ Y] CIT )
entropy production
Hutter, [} €] CIT Explained the local rate of entropy in CIT

DeGroot and CIT Presented survey of the foundations of CIT




Mazur, [Y°]

Lebon, [Y 1]

CIT

Proposed the entropy in CIT as a function of conserved

variables.

Jou, Casas and

Lebon, [YV]

CIT

Found the basic formula for the rate of entropy production

Nettleton and
Sobolev, [YA]

(Y-D) and (Y-D)
Steady State

Proposed the CIT of multi component systems

¥-Rational Thermodynamics:

Author Analysis Conclusion
Trusedell, [} 4] RT Lectures about RT.
Liu, [Y ] RT The RT and found the entropy production equation.
Bataille and Kestin,
(Y] RT The local equilibrium in RT.
Lebon, Jou and
RT Methods of RT.
Vazquez, [YY]
Lebon, Jou and
RT main principles of RT.

Vazquez, [YY]

v-Extended Irreversible Thermodynamics:

Author Analysis Conclusion
Jou, Casas and EIT That EIT provides a link between thermodynamics and
Lebon, [Y £] dynamics of fluxes.
Garcia-Colin and - That EIT contains conserved variables plus non-conserved
Selva, [Y°] variables.
EIT used to modify CIT and the wave propagate with finite
Lebon, [Y 1] EIT
speed.
Jou, Casas and
EIT Method of the EIT

Lebon, [YY]




Hussein, [Y 1] CIT and EIT The entropy change in semi-finite medium.
Fort, Vazquez, and
EIT EIT equation in an incompressible multi component fluid.
Mendez, [YV]
Bhalekar, [YA] EIT Modified Gibbs equation.
Bourhaleb,
Sahoumi,
EIT EIT equation in semiconductors.
Boughaleb, and quationt I 4
Fliyou, [Y 4]
Vavruch, [ ] EIT Summarized EIT and CIT.
Sieniutycz and
EIT The entropy production equation.
Berry, [VV]
Lebon, Gremla and
o EIT Studied EIT in non-Fickean thermo diffusion.
Lhuilier, [Y'Y]
Jou and Vazquez,
(7] EIT Non-equilibrium entropy

¢- Non-Fourier Heat Conduction :

Author

Analysis

Case of study

Method of solution

Morse and

Feshbash, [Y €]

Non-Fourier heat

conduction equation

Maurer and

Thompson, [¥°]

Sadd and Didlake,

Non-Fourier heat

conduction equation

Non-Fourier phase

change heat conduction

Semi-finite solid

subjected to a step

Analytical solution.

AN
equation change in temperature.
Wiggert, [Y'V] (1-D) HHCE Semi-finite slab. Laplace transform.
Glass and Ozisik, Semi-finite medium _
()-D) HHCE ] Predictor-corrector scheme.
[YA] with heat flux.
Cheng, [T4] Boltzmann equation. Thin film Analytical solution.
. ) Two-step heat o o
Qiu and Tien, [£+] Semi-finite. Finite difference method.

conduction equation




Joshi and HHCE, Boltzmann o ) _
) . Thin film Analytical solution.
Majumdar, [£)] equation,
Cheng and Liu, o _ Laplace transform and finite
(1-D) HHCE Finite medium )
[£V] volume technique.
. HHCE for the coupled o ) o
Liu and Tan, [£Y] . . Finite medium Finite difference
radative-conductive
Ballistic-diffusive o ) )
cheng, [£°] ) Thin film Analytical solution.
equation
. Non-Fourier phase o ) o )
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NUMERICAL ANALYSIS AND COMPUTER
PROGRAM

AR General

Mostly heat conduction problems involving
simple geometries with simple boundary
conditions can be solved analytically. But many
problems encountered in practice involving
complicated geometry with complex boundary
conditions or variable properties cannot be
solved analytically. In such case, sufficiently



accurate approximate solutions can be obtained
by computer using a numerical method.
Hyperbolic heat conduction equation can
be solved analytically by using Laplace
transformation or numerically by using finite
differences methods, finite elements methods,
boundary elements methods, finite strips
methods, and collocations methods. In this
work the finite differences method is used to
solve the governing equations of non-Fourier
heat conduction in finite medium with constant
heat flux.

ssumptions

The hyperbolic heat conduction equation
Is solved under the following assumptions:
v. Non-equilibrium convection and radiation

are assumed negligible, i1.e. conduction is
only considered.

¥. The physical properties are independent of
temperature variation and are assumed
constant.

v.The slab is treated as a one-dimensional

solid.

Geometry




In order to solve the hyperbolic heat
conduction equation, consider a finite slap of
length L subjected to a constant heat flux of
magnitude qat the left boundary and thermally
Insulated at the other boundary which means
that g equal zero at the other boundary.
Fig.(+.v) and Fig.(*-¥) show a schematic
representation of the case of study of parabolic
heat conduction and hyperbolic heat
conduction equation respectively..

=3
= GICT
q(01t) =g T, OX
=, L ‘
—>
—
o1(0,t) 2q(0,t) "
0,t) = —k - -q |
a(0,1) ~ o Y T, oLy _,

OX

bbb,

< »
< >

Fig. (V.Y) Finite Medium Subjected to a Constant Heat Flux for Hyperbolic Equation.

“ Governing Differential Equations

represented by the hyperbolic heat conduction
equation and the parabolic heat conduction




equation for temperature distribution, non-
Fourier equation for heat flux distribution, and
a modified extended irreversible
thermodynamics for entropy change.

_ _ Hyperbolic Heat Conduction Equation
This equation is represented by the

equation which is derived from the non-Fourier
heat conduction equation which has the form of
hyperbolic equation,

10T 10T 07T
2 2 T AT Au2 ””(V_\)
c°ot° a ot OXx

_ _ Parabolic Heat Conduction Equation
This equation represents the equation which

Is derived from Fourier's law of heat
conduction. The results of this equation will be
compared with the results of Non-Fourier heat

conduction (HHCE). The equation can be

written as,
10T 07T
P ()
r.ey Heat Flux Equation

This equation represents the Cattaneo-
Vernotte equation which is the modified
equation of Fourier's law. The equation is
written as,

q+r‘2?=—kVT wee(T.Y)



r.e. Entropy Generation Equation
The entropy change is solved by using the
modified equation which depends on the heat
flux which is written as,

ds 1 T dq (T2 8)
Pa 1 Tk ae
Boundary Conditions
T'he requirement that the dependent
variable or its derivative must be satisfied on
the boundary of the partial differential
equation is called the boundary condition. The
boundary conditions represent the statements
of physical facts at specified values of the
Independent variable. The initial and the
boundary conditions used in the solution of the
present problem which is a finite medium
subjected to a constant heat flux at one end and

Insulated at the other end are[r-]:

T=T
To lat t=0,x>0 ()
ot
q(x,0)=0
And
q(0,t)=Q
T __aa.y) +qO.D HHCE
ox ot ’ (7)
q(0,t)=Q
K oT(0t) _ 4(0.) PHCE
OX




(V)
T (L) _

& } for HHCE

q(L,t)=0

B The Non-Dimensional Quantities
The dimensionless form Is often more

convenient to express the quantities in a form
where each term is dimensionless. It is
developed to simplify the solution of many
engineering problems and to avoid larger
guantities in calculation. The non-dimensional
groups in this work will be smaller in number
than the original number of variables and
parameters. This simplifies the mathematics
and presentation of results. These are:

g=_X
ck (FW —To)
T-T,
T,—-T,
_X

5=" ()
:czt

0

2
S

s =
Cp

m Non-Dimensional Boundary Conditions

guantities mentioned above the non-
dimensional boundary conditions are :




0(5,0)=0

99 _  lat p=0,6>0 cee(¥29)
op

q°(0,0)=0

q°(0,5)=Q"
_0000.5) 0", . (HHCE
g6 op c(F1)
_900.8) -
05 PHCE

q°(0,5)=Q"

aeg(lgﬁ) =0 e(¥0Y)

q°(1,5)=0

Non-Dimensional Governing Equations

I'he non-dimensional torm of the governing equations are:

mh Non-Dimensional Hyperbolic Heat Conduction Equation

e hyperbolic heat conduction eduation(v.') may be made non-

dimensional form by choice of the non-dimensional quantities in (v.A):

0’0 00 0°0
6ﬂ2+2@:652 ....(V.NY)

m Non-Dimensional Parabolic Heat Conduction Equation

e parabolic heat conduction equation(v.Y) may be made non-

dimensional form by choice of the non-dimensional quantities in (*.A):

00 106%0
$=§a52 ....(‘“.W)

m . Non-Dimensional Heat Flux Equation
e heat flux equation (v.¥) may be made non-dimensional form by

choice of the non-dimensional quantities in (*.A):



;:_vg (Y1)

B ..oy ceneration\QU:RIMRNSI0ALENORY, Generation Fquation

form by choice of the non-dimensional quantities in (v.A):

ds'_va 1. dq wlr19)
B o ¢ dp

“ Finite Difference Solutions

discretization of space and time such that there
IS an integer number of points in space and an
Integer number of times which are called mesh
generation.
rAs Mesh Generation
The mesh is the set of locations where the
discrete solution is computed. These points are
called nodes, and if one were to draw lines
between adjacent nodes in the domain the
resulting image would resemble a net or mesh.
Two key parameters of the mesh are Ax, the
local distance between adjacent points in space,
and At, the local distance between adjacent time
steps. For the codes developed in this work the
discrete x are uniformly spaced in the interval
o<x<L Such that:

we(¥09)

Xy = Xy T AX) j=12,.....N



Where nis the total number of spatial nodes,
Including those on the boundary. Given candn.
s, Calculated as follows:

veee(TVY)

AXjy = AXjpy = AXy
L j=1......, N
Mo~y

Fig.(r.r) shows the mesh generation.

X= XG0 Xy X X=L
Fig.(¥.Y): Mesh of Uniform Grias.

Similarly, the discrete tis uniformly spaced in
0<t<tmax -

: wn(¥0A)
t,=t+At, 1=12,..M

Where m is the number of time steps and at is
the size of time step calculated as follows:

At = Lnax wee(¥09)
M

E_xplicit Finite Difference Method
The forward Euler algorithm, also called

explicit time stepping, uses the field values of
only the previous time step to calculate those of
the next. This means that the spatial derivatives



will be evaluated at the time step n and the time
derivatives n+». this algorithm is very simple, in
that each new temperature, heat flux at time
step n+: is calculated independently.

m Non-Dimensional Temperature Distributio
xplicit finite difference method will be used to solve the non-

dimensional hyperbolic heat conduction equation (¥.)Y) as:

0" +6*~20, 0"-0; 06,,-(+1)0;+y0,, (vt
A2 AS (ASE+ yAS2 )12

After rearranging equation (Y.Y +) the following equation is obtained,

(1Y)
i+l _ 1 _ it [ . [ [
wikis 1+2Aﬁ[ 01 + 0,2+ 208~ Ay +1)+ A8, +76,.,))
_ A5(1+1) vee(TYY)
a A5(])
And
PRV eene(.7Y)
A+ A
From the initial condition, equation (-.) Is
written:
9;+1 —491!_1 —0= 0;4 _ 91-”1 ....(?‘_Yi)

2Af

For starting substitute Equation (v.Y¢) in equation (*.") to get,

. 1 : . .
M=~ 1012+ 2A68-A(L A0 . + 70 ve(7.Y0)
0= 5 ron g O H2AB =204 )+ A0, +76,.)]

From the boundary condition at 6=0equation (¥.) *) will be,



0 = 01+ 20985, + 200 (g0 ) ~ )
o o @ -g

From the boundary condition at § =1 equation (Y. ") is written,

92[;}:‘1 —0=0,-0, weee(T2YY)
Substituting equation (Y.YV) in equation (Y.Y)) to get,
(™. YA)
o -, y [0 AB) + 6,2+ 205~ Ay +D) + 46, + 76.)]
And substituting equation (¥.YY) in equation (v.Y¢) to get,
0= 5 o 222D+ 0 470.) A1)

Nor-Dim
The temperature distribution for parabolic heat conduction is found by

solving equation (¥.)¥) as:

6" -6, _ 160, —(y+1)0+16;, we(rr)

ApB 2 (AS( +yAS()

Rearranging equation (¥.v+) gives,

o' -0/ (1- (221)(7 i)+ (”;)(9,21 1101 =)
Where:
AB
A= wee(Y.7Y)
(ASSS +yAS)
(i) ( )4

From the boundary condition at 6 =0equation (v.'+) will be,

9:+1 — 91i+1 n Zq:(i+1)A5(l) e T.YY)



After substitute the boundary condition 6=1 equation (v.1\), equation (*.")) is

written :

o' =6 (1—(221)(y+1))+(”24)(9;1 +70..) ~{rr)

Non-dimensional He:
The heat flux distribution is found by solving equation (v.1¢) by the finite

difference method.

qi — g0
J J
Ap

+ 2q3’(i) — _l:ejiﬂ + (7/2 _1)0: _]/zgj_l:l ....(“.Yw)

(MGG, +7°Ady;)
After rearranging equation (¥.Y°) we get,
q}k(i+l) _ q:j(i)(l_ 2At) _22 l@@ T (;/2 _1)(9; —]/29;_1J eee(™.71)

j+1

Where:

1= ApB cee(®.YY)
2 (A5(+j)+72A5(j))

The boundary condition at 6=0and o=lrepresented by (v.):) and (*.))

respectively.
Non-Dimensiol

Vazquez and Jou [Y¥¥],Y« * ¥, simplify equation (V.¢) in the form below

[see appendix A]. to find the change of entropy directly:

s =083 lr)
0

Then solved it directly by using the explicit finite difference as:



0 (ALY
(As™)! _05{ 7 }

vy

Aluminum is used to solve the hyperbolic heat conduction, heat flux,

entropy change.

r.ary

The temperature distribution through an Aluminum slab is found by

solving equation (Y.)) by the finite difference method,

2
At AXE)

i+1 i-1 i i+1 i i i i
{TJ. +T, —2T11+Tj -T, aTj+l+Tj_l—2Tj D
At?

After rearranging (¥.¢+) we get,

L1 . At | (7Y
T :1 At {_TJ T (2+ 2’13)+/13(r1+1+T1‘1)} )
A
T
Where:
2
4, =24 een(F.Y)
rAX(J)

after substituting the initial condition (¥.°) we get,

i+l _ i el VL EY
Tt A/{T 2+ - 24) + A(T! 1+T,._l)} (r.¢7)

From the boundary condition (*.7) we get,

AX AX
T|+1 |:-|-|+l (1) (q|+1 ) @ q0:| ___,(V_i i)

Substitute the boundary condition x=L (*.v)in (*.¢)) to get,

T = {—TN” +Ty (2+A —225) + A5 (T, +T,;1)} cn(¥.20)

1
1+A%

And substitute (*.v) in (*.¢7) to get,

Case



a1
" _2+A%

y.a.ry

{T 2+ —2/1 DRSNS o _1)} ce(.£7)

The heat flux distribution is found by solving equation (¥.Y) using the

finite difference method,

|:qll+l qij}+qi' =_iji+1_Tji e T.2Y)
j

At AX;
After rearranging equation (v.¢V) we get,

|+ Atk i i
o (1__)_ > T.-T)) e Y.EA)
(1

At x = 0the boundary condition is equation (Y.7) and at x=L is (Y.V)

y.a.ry

Vazquez and Jou [Y¥Y¥],Y: ¥, simplify equation (Y.¢) in the form below

[see Appendix A]. to find the change of entropy directly:

q° : we(7.9)
2pkT,

And solved equation (Y. £14) directly by using explicit finite difference method,

In this chapter the computer program is
developed to calculate the non-equilibrium
(hyperbolic) temperature distribution, the
entropy change, heat flux, and equilibrium

As =

iji)z we(.00)
2ka(')2

(J)ne

As;) =

Computational Procedure and Computer
Program




(parabolic) temperature distribution for finite
medium.

IBliComputer Program

A computer program was written in Quick Basic language to perform the
numerical solution formulated previously. The program is called
"NEHCFMSCHF" (Non-Equilibrium Heat Conduction in Finite Medium Subjected

by Constant Heat Flux).

Program of Non-Dimensional Solution

The program consists of five steps. The first is for uniform mesh for the
slab. The second deals with non-dimensional hyperbolic temperature
distribution for the slab. The third deals with the non-dimensional heat flux
distribution. The fourth is for non-dimensional entropy change. The fifth is for
the non-dimensional parabolic temperature distribution. The flowchart of the

program is shown in figure(¥-¢).
The inputs of “NEHCFMSCHF” for non-dimensional solutions are:

% The non-dimensional distance (6).

** The non-dimensional time (B).

% The non-dimensional heat flux.

% The total number of spatial nodes (N).
** Number of time steps (M).

The outputs of “NEHCFMSCHF” for non-dimensional solution are:

** The slab grid generation.

** Non-dimensional hyperbolic temperature distribution.



X/

*¢ Non-dimensional heat flux distribution .

+* Non-dimensional entropy change .

A Program for the Case Study

The program consists of five steps. The first is for uniform mesh for the slab.
The second deals with hyperbolic temperature distribution for the slab. The
third deals with the heat flux distribution. The fourth is for entropy change.
The fifth is for the parabolic temperature distribution. The flowchart of the

program is shown figure(¥-1).
The inputs of Aluminum solution:

+» Slab length (L).

< Maxtime (t).

<+ The heat flux (q).

% The total number of spatial nodes (N).
% Number of time steps (M).

The outputs of Aluminum solution:

% The slab grid generation.
% Hyperbolic temperature distribution.
% Heat flux distribution .

*» Entropy change.
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Non-dimensional solution contains non-
dimensional temperature distribution, non-
dimensional heat flux distribution, non-
dimensional entropy change distribution. the
parameters are known as s-15-25and
(Q* =0.51.0,10) .

£ Non-Dimensional Temperature Distribution

Figure (:-\) shows a general relation of
undisturbed and thermal wave regions. At any
Instant of time an undisturbed and thermal

wave regions exit. Any point above the line s-p



has a large distance from the wall -0 and
small time (i.e., s> ), this region is called
Undistributed region because at the distance
further from the wall than s, the temperature
change at the wall has not be felt.

On the other hand, any point below the
line -5 has a small distance from the wall and
a large time (i.e., s<5) this region called
Thermal wave region [«], where the effect of
temperature change is felt. This indicates that
the line (5-5) represents the separation limit
between the undisturbed and wave regions.

Figures from (:-) to (:-r) show the
Fourier(diffusion) and non-Fourier(wave)
temperature distributions in a finite medium
subjected to a constant heat flux (.......) against
the non-dimensional distance for various values

of non-dimensional time. The figures from (:-1)



to (:--) for non-dimensional o -o0s, figures from
(:-1) to (:-+) for o -10, and figures from (:-..) to (.-
) for o' =1eshow hyperbolic non-Fourier wave
fronts in contrast to the continues Fourier
temperature profiles. The largest differences
between Fourier and non-Fourier temperature
distribution occur at s=.. and .«(at the start of
process). Also, the figures predict the
propagation of thermal waves traveling
through the medium at a finite speeds of heat
propagation. The heat flux is the same for both
models (Fourier and non-Fourier) at each time,
the difference between the two results is due to
the fact that the non-Fourier model requires a
finite build —up time for start of heat
conduction, while the Fourier model predicts
Instantaneous propagation through the

medium. The discontinuity predicted by the



non-Fourier heat conduction is due to this finite
speed. These figures show that for various small
duration time (at the start of process) the non-
Fourier model predicts higher temperature
distributions than the Fourier model. All
figures show thermal wave propagates from
the left hand side (the source of heat) towards
the right hand side (the insolated end) that the
temperature distribution of non-Fourier heat
conduction has different behaviors. Figure (:-)
for q'-os, figure from (:-.) for ¢ =10, and figure
from (.- for ¢ =10 when the wave arrived at the
second end ( non-dimensional distance s-1) at
non-dimensional times s Is greater than ... and
smaller than .. the thermal wave is bounces
back to the medium which causes an increase in
the temperature distribution profile. The

reason of the thermal wave bounces back is the



Isolated end of the medium. It is shown that at
non-dimensional time equals to .. the non-
Fourier profile approaches the Fourier profile
of the non-dimensional temperature
distribution. This is due to the forward and
backward wave traveling through the system,
which are shown in figure(:-:) for o' -os, figure
(:-+) for o -10, and figure (:-v) for o' -10 when the
non-dimensional time is greater than ... These
figures show that the amplitude of thermal
wave is gradually damped as the time
Increased. It is noticed that at longer times the
Intensity of the thermal wave decays and
approaches the diffusion behavior.

On the other hand, the process where the
thermal wave bounces back is not evident in the
Fourier model, which displays a monotonic

decay to its steady state value. It only predicts



heat flow from s-o to s-: for all values of non-
dimensional time. This is due to instantaneous
energy propagation. Fig.(:-¢) shows the non-
dimensional temperature distribution with a
non-dimensional distance at the same non-
dimensional time (s-02)for different values of
non-dimensional heat flux (.-.....). The figure
shows that when the non-dimensional heat flux
Increases the wave propagate increases due to

the increase of the wave speed.

AR Non-Dimensional Heat Flux Distribution

Figures from (:--) to (:-~-) show the
variation of non-dimensional heat flux with
non-dimensional distance for various value of a
non-dimensional time in a slab subjected to a
constant heat flux (.......). At s-o, Its noticed that

the heat flux is the greater for all values of non-



dimensional time because the input of heat flux
In the left hand side. In all figures the wave
nature of non-dimensional heat flux is noticed
due to the finite speed of heat propagation. The
figures explain that along the medium s-o, the
non-dimensional heat flux is increased with
Increasing of the non-dimensional time due to
the accumulative effect of the heat flux with
Increasing values of non-dimensional time.
When the non-dimensional times are greater
than .. the heat flux wave reached to the right-
hand side and bounces back to the medium,
which causes an increase in non-dimensional
heat flux. This is shown in figure (:-v) for q -os,
figure(:-+) for o' =10, and figure (:---) for ¢ -1 .
Figure(:-\») forq -os, figure (:-+) for ¢'-10 , and
figure (:-++) forq =10 shows that the non-

dimensional heat flux profiles increased as the



non-dimensional time increased and reached to
the steady state where the maximum values at
the left side and the minimum values at the
right side. Figure(:-~) shows the non-
dimensional heat flux distribution with the non-
dimensional distance at the same non-
dimensional time (s-02)for different values of
non-dimensional heat flux (.-.....). The figure
shows that when the non-dimensional heat flux
Increases the non-dimensional heat flux
distribution increasing which causes convert
the problem from non-Fourier heat conduction

to an other problem.

gAY Non-Dimensional Entropy Change Distribution

Figures from (:-) to (:-~) show the variation
of non-dimensional entropy change with non-

dimensional distance for various values of the



non-dimensional time in a finite medium
subjected to a different values of constant heat
flux(.......). All figures show that at s-o0 the non-
dimensional entropy change starts with a
maximum value and then decreases with
Increasing of non-dimensional time, because the
values of non-dimensional heat flux constant
during all values of non-dimensional time and
the non-dimensional temperature increased
with increasing of non-dimensional. Also the
figures explain that along the medium at s-o
the non-dimensional entropy increases with
Increasing of non-dimensional time, because the
local non-dimensional heat flux increases with
Increasing of non-dimensional time due to the
accumulation effect of the heat flux and the
Increases of non-dimensional temperature with

Increasing of non-dimensional time. Also, a



wave front is noticed in figures during the
values of the non-dimensional time less than ...
when the non-dimensional time greater than ...,
the reflection effect takes place which increases
the non-dimensional entropy change due to the
Increase of non-dimensional heat flux and non-
dimensional temperature as shown in figure (:-
~.) for q'-os, figure (:-r) for ¢ =10, and figure (:-+»)
for o' -10. With increasing values of non-
dimensional time the effect of reflection is
decreased which causes a decreasing in non-
dimensional entropy change. Figure (:-:.) shows
the non-dimensional entropy change
distribution with non-dimensional distance at
the same non-dimensional time (s-o.1)for
different values of non-dimensional heat flux
(-er.-0+). The figure shows that the entropy

change distribution increases, this due to the



Increases of non-dimensional heat flux and
Increases the non-dimensional temperature

distribution.

nr‘oon (& TRV LV

The temperature distribution, heat flux
distribution, and entropy change for an
Aluminum media are presented and discussed
In this section. And the physical properties of

Aluminum are:

_1n012 | _10-5 _ sm? = W = kg = kJ
(F=107,L =10 "m0 =B418x10° M/ k=204W/ . p=2707 /ng,cp_o.s% or

(Q =10°w,10°w) and (t,... = 30 picosecond, pico =10"**second) .

€1 Temperature Distribution

Figures from (:-«) to (:-«») show the
temperature distribution of an Aluminum
finite medium subjected to a various values

constant heat flux (1omwi00omw) plotted against the

distance for various values of time. Figure (:-+)



and figure (:-«v) for q-10mw, figure (:-:-) and
figure (:-«) for q-100mw predict the propagation
of thermal waves traveling through the medium
at finite speeds of heat propagation. The
discontinuity predicted by the non-Fourier heat
conduction iIs due to this finite speed. Figure (:-
«r) for q-10mw, and figure (:-«) for q-1c00mw ShOW
that the thermal wave is bounces back to the
medium which causes an increase in the
temperature distribution profile which takes
place when time is greater thans+w0=). The
reason of the thermal wave bounces back to the
medium is the isolated end of the Aluminum
medium. In figure(:-:«) Aluminum reached to
the steady state, and at this heat fluxq-10mw) the
Aluminum is heating only but, in figure(:-:+) the
Aluminum reached to the steady state at heat

flux =100mwthe Aluminum under the time =«



picoseconds is heating above this time the
problem convert to phase change . When
Increasing the heat flux greater than omw the
problem becomes from one-dimensional non-
Fourier heat conduction to one-dimensional

non-Fourier phase change.

£y Heat Flux Distribution

Figures from (:-«) to (:---) show the variation
of heat flux of Aluminum with distance for
various values of time in slab subjected to a

constant heat fluxes goomwiooomw). At x=o, ItS

noticed that the heat flux is the greater for all
values of time (the input heat flux at the left
end). In all figures the wave nature of heat flux

IS noticed due to the finite speed of heat

propagation. The figures explain that along the
medium «-o, the heat flux is increased with

Increasing of time due to the accumulation



effect of the heat flux . When the values of time
are greater than @+0=seconaythe heat flux wave
bounces back from the right-hand side to the
medium which causes an increase in heat flux
and this is shown in figure (:--\) for q-10mw, and
figure (:---) for q-1o00mw.

ey Entropy Change Distribution

Figures from (:--) to (:--+) show the variation
of entropy change of Aluminum with distance
for various values of time in a finite medium
subjected to a constant heat fluxes @oomwiooomw).
The figures show that at x-o the entropy change
starts with a maximum value and then
decreases with increasing of time, because the
values of heat flux constant during all values of
time and the temperature increased with
Increasing of time. The figures explain that

along the medium at x-o the entropy change



Increases with increasing of time, because the
heat flux increases with increasing of time due
to the accumulation effect of the heat flux and

the increases of temperature with increasing of
time which is shown in figure (:--+) for q=1oomw/me,
and figure (:-+.) for q-10mwm> and a wave front is
noticed in the figures which are shown in
figures (:--v) and (:-+.). The reflection effect of
entropy change is introduced (time=z«o=se) IN
to account which increases the entropy change
due to the increase of heat flux as shown in
figure(:--») for q-=10mw, and figure (:-+) for q-1oow.

With increasing values of time the effect of

reflection is decreased which causes a
decreasing in entropy change until equilibrium
which is shown In figure (:-:<) for q¢-1omw, and (:-

«v) for q-1000mw.

CHAPTER FIVE ;

| CONICILTICINONITC ANDCIICCCECTINONIC
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Based on the results obtained from the computer program, which is

presented in Chapter Four, and the discussions of the results in Chapter Five,

the following conclusions can be drawn:

It is found that for short times the non-Fourier temperatures are higher
than the corresponding Fourier values. When time increases which means
that the relaxation time approaches to zero, the non-Fourier heat
conduction converge to Fourier heat conduction.

It is found that the non-Fourier effects are important during the initial
stages of the heat transfer process or when the imposed thermal conditions
are characterized by short time scales that are less than the magnitude of
relaxation time, non-Fourier heat conduction equation is more suitable for
dimensions from nano to micro scales and times from Pico to femto second.
It is shown that the equilibrium entropy change in the framework of
classical irreversible thermodynamics is not compatible with the non-

Fourier heat conduction.
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The non-equilibrium heat conduction shows wave type characteristic and
sharp discontinuous in the temperature distribution, heat flux and entropy
change at the initial stage of the process .

It is found that when the surface heat flux is greater than Y Mw, the
classical Fourier heat conduction fails and the non-Fourier heat conduction

is suitable for this problem.

The following recommendations are suggested for further work:

Studying the non-Fourier Heat Conduction Equation with temperature
dependent thermal properties (thermal conductivity and specific heat).
Studying the non-Fourier Heat conduction equation with moving heat
source.

Using ANSYS to find temperature and heat flux distribution for non-Fourier
heat conduction equation.

Studying non-Fourier heat conduction equation in composite media.
Studying Ballistic-Diffusive heat conduction equation in gas flow in
microstructure with constant heat flux.

Studying non-Fourier phase change in solids.

Studying two dimensional non-Fourier heat conduction equation.

Studying the extended irreversible thermodynamics of non-Fickian mass

transfer or non-Newtonian fluid mechanics.
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Fig (£-¢): Temperature Distribution in a Finite Medium Subjected by Constant Heat Flux.
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Fig(£-A): Temperature Distribution in a Finite Medium Subjected by Constant Heat Flux.
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Fig(¢-) *): Temperature Distribution in a Finite Medium Subjected by Constant Heat Flux.
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Fig(¢-14): The Variation of Non-Dimensional Heat Flux with Non-Dimensional Distance in a Finite
Medium Subjected to a Constant Heat Flux.
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Fig(£¢-YY): The Variation of Non-Dimensional Heat Flux with Non-Dimensional Distance in a Finite
Medium Subjected to a Constant Heat Flux.
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Fig(£-Y¢): The Variation of Non-Dimensional Entropy with Non-Dimensional Distance in a Finite
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Fig(£-Y'V): The Variation of Non-Dimensional Entropy with Non-Dimensional Distance in a Finite
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Fig(£-Y4): The Variation of Non-Dimensional Entropy with Non-Dimensional Distance in a Finite
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Fig(£-¢1): Temperature Distribution of Aluminum in a Finite Medium Subjected by Constant Heat

flux.
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Fig(¢-£ Y): Temperature Distribution of Aluminum in a Finite Medium Subjected by Constant Heat
flux.
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Fig(£-¢ £): Temperature Distribution of Aluminum in a Finite Medium Subjected by Constant Heat
flux.
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Fig(¢-f°): Temperature Distribution of Aluminum in a Finite Medium Subjected by Constant Heat

flux.
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Fig(£-£¢1): Temperature Distribution of Aluminum in a Finite Medium Subjected by Constant Heat

flux.
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Fig(¢-£V): Temperature Distribution of Aluminum in a Finite Medium Subjected by Constant Heat

flux.
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a Constant Heat Flux.
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Fig(£-°1): The Variation of Hear Flux of Aluminum with Distance in a Finite Medium Subjected to
a Constant Heat Flux.
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Fig(£-°Y): The Variation of Hear Flux of Aluminum with Distance in a Finite Medium Subjected to
a Constant Heat Flux.
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Fig(¢-°Y): The Variation of Hear Flux of Aluminum with Distance in a Finite Medium Subjected to
a Constant Heat Flux.
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Fig(£-°£): The Variation of Hear Flux of Aluminum with Distance in a Finite Medium Subjected to
a Constant Heat Flux.
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Fig(¢-°1): The Variation of Hear Flux of Aluminum with Distance in a Finite Medium Subjected to
a Constant Heat Flux.
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Fig(£-°V): The Variation of Entropy Change of Aluminum with Distance in a Finite Medium
Subjected to a Constant Heat Flux.
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Fig(¢-°A): The Variation of Entropy Change of Aluminum with Distance in a Finite Medium

Subjected to a Constant Heat Flux.
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Fig(¢-°4): The Variation of Entropy Change of Aluminum with Distance in a Finite Medium

Subjected to a Constant Heat Flux.
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Fig(£-1 +): The Variation of Entropy Change of Aluminum with Distance in a Finite Medium

Subjected to a Constant Heat Flux.
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Fig(£-11): The Variation of Entropy Change of Aluminum with Distance in a Finite Medium

Subjected to a Constant Heat Flux.
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Fig(¢-1Y): The Variation of Entropy Change of Aluminum with Distance in a Finite Medium

Subjected to a Constant Heat Flux.

REFERENCES

[']- Yang, H.Q., “Non-Fourier Effect on Heat Conduction During Welding”,

Int.J.Heat Mass Transfer, Vol. ¥¢, No.\Y, pp.YaY)-yaye yaay,

[Y]- Herwing, H., and Beckert, k., “Fourier Versus Non-Fourier Heat Conduction
in Materials With a Nonhomogenous Inner Structure”, J.Heat

Transfer,)YY,pp.7iv-vie ...,



[¥]- Glass, D.E.,Ozisik, M.N., and McRae, D.S., “On the Numerical Solution of

Hyperbolic Heat Conduction”, Numerical Heat Transfer,A,pp.£av-c+¢ YaAe,

[¢]- Antaki, P.J., “Solution for Non-Fourier Dual Phase Lag Heat Conduction in
a Semi-Infinite Slab With Surface Heat Flux”, Int.J.Heat Mass

Transfer,¢)()¢),pp.YYOr-YYoA 1444,

[¢]- Vedavarz, A., Kumar, s., and Moallemi, M.K., “Significance of Non-Fourier

Heat Waves in Conduction”, J.Heat Transfer,) )1, pp.)V1-YY¢ va4dg,

[1]- Tang, D.W., and Araki, N., “Non-Fourier Heat Conduction in a Finite
Medium Under Periodic Surface Thermal Disturbance”, Int.J.Heat Mass

Transfer,v3(A),pp.)oAc-104. 1aa1,

[V]- Qiu, T.Q., and Tien, C.L., “Heat Transfer Mechanisms During Short-pulse

Laser Heating of Metals”, J.Heat Transfer, Y1o,pp.Ave-A¢Y 134y,

[A]- Tzou, D.Y.,“An Engineering Assessment to the Relaxation Time in Thermal

Wave Propagation”, Int.J.Heat Mass Transfer, ¥1(V),pp.)A¢o-1A2) yaay

[-]- Cattaneo, C., “A Form of Heat Conduction
Equation Which Eliminates the Paradox of
Instantaneous Propagation”, C.R. Acad. Sci.
Paris, «,pp.m-crryen,



[.]- Vernotte, P., “Les Paradoxes de la Theorie
Continue de I’Equation de la Chaleur”, C.R.
Acad. Sci. Paris,m,pp.nn-nu,w.

[\]- Ozisik, M.N., and Tzou, D.Y., “On the Wave
Theory in Heat Conduction”, Int.J Heat Mass
Transfer, «,pp.r-srs s

['1]- De Groot, S. R., Mazur P., “Non
Equilibrium Thermodynamics”, North-Holland,
Amsterdam, i .

[-]- Prigogine, L., “Introduction to
Thermodynamics of Irreversible processes”, - rd
ed. Wiley-Interscience, New-York, s,

[V¢]- Hutter, K., “The Foundations of Thermodynamics”, Actam. Mech., pp.¢°)-

oo YAVY
’ .

[-]- De Groot, S. R., Mazur P., “Non
Equilibrium Thermodynamics”, North-Holland,
Amsterdam, v .

[:]- Lebon, G., ""From Classical Irreversible
Thermodynamics to Extended Thermodynamics™,
Acta Physica Hungarica «« (i-<), Pp. ro-res, vaas,
[v]- Jou, D., Casas-Vazquez, J., Lebon,G.
“Extended Irreversible Thermodynamics™,
Springer, Berlin,:..



[+]- Nettleton, R. E., and Sobolev, S. L.,
“Application of Extended Thermodynamics to
Chemical, Rheological and Transport Processes: A
Special Survey Part I11. Wave Phenomena”,
Journal of Non-Equilibrium Thermodynamics,
VOl.n, NO.\, PP.i-y, vass,

[+]- Truesdell, C., “Rational Thermodynamics”,
MeGrew-Hill Book, New-York,s..

[Y:]- Liu, I. S., “Method of Lagrange Multipliers for Exploitation of Entropy

Principle”, Arch-Ration, pp. £¢1-)7), 1avy,

[v']- Bataille, J., Jr., and Kestin, J., “Irreversible Processes and Physical
Interpretation of Rational Thermodynamics”, J. Non-Equilibrium.

Thermodynamics, ¢,0A-YY3,1ava,

[1]- Lebon, G., Jou, D. and Casas-Vazquez, J.,
“Question and Answers about a Thermodynamic
Theory of the Third Type”, Contemporary
PhySiCS, Vol. v, NO., PP. c1=e1, 1aar,

[-]- Jou, D., Casas-Vazquez, J. and Lebon, G.,
“Extended Irreversible Thermodynamics”,
Springer, Berlin, 1.

[]- Jou, D., Casas-Vazquez, J. and Lebon, G.,
“Recent Development in Non-Equilibrium
Thermodynamics”, Springer, Berlin, .



[-]- Garcia-Colin, L. S., de la Selva, S.M.,
“Extended Irreversible Thermodynamics™, J. Non-
Equilibrium Thermodynamic, Vol. 1, 1.

[:]- Hussein, A.K., “Thermodynamics Analysis of
Non-Equilibrium Conduction Heat Transfer”, M.
Sc. Thesis Mech. Engineering, Babylon, Iraq,

1444,

[+]- Fort, J., Casas-Vazquez, J. and Mendes, V.,
“Extended Irreversible Thermodynamics of
Chemical Reacting ”, J. Phys. Chem., B, v.r, av.-

ARV,

[+]- Bhalkar, A.A., “Extended Irreversible
Thermodynamics and the Quality of Temperature
and Pressure”, Journal of Physics, Vol. -+, NO. -,

pp YrITEYe, 1444,

[+]- Bourhaleb, A., Salhoumi, A., Boughaleb,
Y., and Fliyou, M., “Ballistic Heat Transport in
Semi Conductors within the Extended Irreversible
Thermodynamic Theory ”, M.J. Condensed
Matter, Vol. +, No. ,, July ...

[-]- Vavruch, L., “Conceptual Problems of
Modern Irreversible Thermodynamics”, Chem.
Listy «, pp. m=rve, ...



[]- Sieniutycz, S., Berry, R.S., “Variational
Theory for Thermodynamics of Thermal Waves”,
Physical Review E, Vol. -, April «....

[]- Lebon, G., Gremla, and Lhuilier “A
Comparative Study of the Coupling of Flow with
Non-Fickian Thermo Diffusion”, J. Non-
Equilibrium Thermodynamics., Vol. «, pp. -,

YooV,
[¥¥]- Jou, D., and Casas-Vazquez, J., “Temperature in Non-Equilibrium States: A

Review of Open Problems and Current Proposals”, Rep. Prog. pp. avr-Y.yy,

Yooy,

[v¢]- Morse, P.M., and Feshbach, H. “Methods of Theoretical Physics”, Part |,

Mc Graw-Hill Book Company, New York, pp. A1e-A13, 14ey,

[ve]- Maurer, M. J., Thompson, H.A., “Non-Fourier Effects at High Heat Flux”,

ASME J. of Heat Transfer, Vol. 3¢, pp. YA£-YAT 1avy,

[¥1]- Sadd, M. H., and Didlake, S. E., “Non-Fourier Melting of a Semi-Infiniti
Solid”, ASME J. of Heat Transfer, Vol. 33, pp. Yo-YA, 1avy,

[¥V]- Wiggert, D. C., “Analysis of Early-Time Transient Heat Conduction by

Method of Characteristic ”, ASME Journal of Heat Transfer, Vol. 43, yavy,

[*A]- Glass, D. E., Ozisik, M. N., “Non-Fourier Effect on Transient Temperature

Resulting from Periodic on-off Heat Flux,” Int. J. Heat Mass Transfer, Vol.v+,

NO.A, pp. YIYF-117Y, 14AY,



[¥4]- Cheng, K. J., “Wave Characteristic of Heat Conduction Using a Discrete

Microscopic Model”, ASME J. Heat Transfer, Vol. Y1), No.Y pp. YYe-Y¥), YaA4,

[¢+]- Qiu, T. Q., and Tiene, L., “Short Pulse Laser Heating on Metals”, ASME J.

Heat Transfer, Vol. 11, pp. ov1-ov1, yaar,

[¢V]- Joshi, A. A., and Majumdar, J., “Analysis of Extended Surface”, J. Appl.

Phys., ve, vy, vaay,

[¢¥]- Cheng, H. T., Liu, J. Y., “Numerical Analysis for Hyperbolic Heat
Conduction Equation”, International J. of Heat and Mass Transfer, Vol. 3,

No.", Pp. YAIY-YAIA 144y,

[r]- Liu, J.Y., Tan, H.P., “Non-Fourier Effects on
Transient Coupled Radiative-Conductive Heat
Transfer in one-Dimensional Semi Transport
Medium Subjected to a Periodic Irradiation”,
Journal of Quantitative Spectroscopy and
Radiative Transfer, Vol.»,, pp. vw-r, , v,

[<]- Lu, Y., Zhang, S., and Zhou, Q., “Depth
Profile Reconstruction of Thermal Relaxation
Time", Analytical Science, Vol. v, r....

[:-]- Cheng, K. J., “Ballistic-Diffusive Equation
for Transient Heat Conduction from Nano to



Micro Scales”, Transactions of the
ASME, Vol. yve, Aprll Yo,

[¢1]- Deng, Z.S., and Liu, J., “Non-Fourier Heat Conduction Effect on Prediction
of Temperature Transient and Thermal Stress in Skin Cryopreservation”,

Journal of Thermal Stresses, Vol.Y1, pp. YYavaA, y..r,

[¢V]- Kozlowski, M., “Against the Possibility of the Observation of the Free

Quarks in the Melting of Nucleons”, Physics Department , Warsaw, Y-,

[¢A]l- Kundian, 1., “Numerical Investigation of Thermal Transport
Mechanisms During Ultra-Fast Laser Heating of Nano-Films Using Y-D
Dual Phase Lag (DPL) Model”, Mech. Eng., Kentucky, July Y- <.

[¢4]- Haiquan, N. M., Yanhue, A. B., and Haiyan, M. A., “Non-Fourier Heat
Conduction Effects During High-Energy Beam Metal Working”, Tsinghue
Science and Technology ISSN, Vol. 4, No.e, pp. e41-1.¢, Yo g,

[¢+]- Gembarovic, J., “Non-Fourier Heat Conduction Modeling in a Finite

Medium”, Mech. Eng. USA, Y. ¢,

[V]- Szekers, A., “The Second Sound Phenomena: Pro and Contra”, Periodica

Polytchnica Ser.Mech, Vol.¢A, No.\pp. AT-AY, Y. ¢,

[¢Y]- Pakdemirli, M., and Sahin, A.Z., “Approximate Symmetries of Hyperbolic
Heat Conduction Equation with Temperature Dependent Thermal

Properties”, Mathematical and Computational Applications, Vol. '+, No., pp.

\Ya-vEo Yeuo,



[-]- Shiomi, J., and Maruyama, S., “Non-Fourier
Heat Conduction of Single-Walled Carbon Nano
Tubes”, Thermal Science and Engineering, . ...

[-:]- Ai, X., and Li, B. Q., “Numerical Simulation
of Thermal Wave Propagation During Laser
Processing of  Thin Films”, Journal of
Electronic Materials, Vol. -, No. -, +....

[--]- Ishikawa, M, “On the Temperature Control
for Stochastic Hyperbolic Heat Systems with Free
Boundaries”, Faculty of Eng., Japan, . ..

[e1]- Banerjee, A., Ogale, A., Das, C., Mitra, K., Subrmanin, C., “Temperature
Distribution in Different Material Due to Short Pulse Laser Irradiation”, Heat

Transfer Engineering, Vol.Y1, No.A, pp. £)-£4, Y« o,

[-x]- Mirzael, M., Nayeenyan, S.M., and
Makaremi, M., “Analysis of Non-Fourier Heat
Conduction Using Hybrid Numerical Scheme”,

Mech. Eng., Tehran, -....

[¢A]- Volz, S., and Carminat, R., “Thermal Response of Silicon Crystal to Pico-
Femto Second Heat Pulse by Molecular Dynamics”, ENSMA, Futurscope

Codex, France, Y+ e,



