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ABSTRACT

In this work, a thermodynamical approach for the de-
termination of the speed of heat propagation in a heat
conductive body is developed. It employs equations of
the First and the Second Laws of thermodynamics. The
present analyses show that no time delay exists between
time moments of heat extraction and heat supply. There-
fore, an infinite speed of heat propagation is proven.
It is also predicted that there is no time lag between
heat flow and temperature difference. A theoretical ap-
proach straightforwardly leading from basic equations of
the First and the Second Laws of thermodynamics to a ki-
netic equation describing heat conduction in an isotropic
continuum is also developed. It is shown that Fourier's
equation is a particular case of the derived kinetic equa-
tion. Based on the kinetic equation, the governing heat
conduction equation is of the parabolic type, thus, con-
firming that speed of heat propagation is infinite.

INTRODUCTION

In heat conduction theory, two different analytical ap-
proaches exist. The first one applies the parabolic type
governing equation, which assumes infinite speed of heat
propagation. In the second approach, the hyperbolic type
governing equation introducing finite speed of heat prop-
agation, is employed.

The first approach is based on Fourier's heat conduc-
tion equation [1]. This equation obviously satisfies the
Second Law of thermodynamics. Combining Fourier's
equation with equation of the First Law of thermody-
namics straightforwardly leads to the parabolic type gov-
erning equation proving infinite speed of heat propaga-
tion. In the last works [2]-[4] it is shown that according
to Fourier's equation, the final temperature disturbances
propagate with final and relatively low speed.

Recently Ozisik and Tzou D. Y. [5] gave detailed and
thorough review of works introducing and analyzing hy-
perbolic heat conduction. Traditional way in deriving
hyperbolic heat conduction governing equation is to ap-
ply Cattaneo's kinetic equation. Combining it with an
equation of the First Law of thermodynamics gives a hy-
perbolic governing equation. Further analyses led to a
conclusion that there are cases where Cattaneo's equa-
tion predicts that heat can spontaneously flow from cold
to hot regions in contradiction with the Second Law of

thermodynamics. In many works, attempts of deriving
hyperbolic heat conduction equation consistent with the
Second Law are made [5]-[7]. Their authors introduce
in classical expressions for internal energy and entropy
additional terms proportional to heat flux or the time
derivative of temperature, and prove that hyperbolic heat
conduction equation is consistent with this modified ther-
modynamics. However such modification leads to the
situation when internal energy and entropy loose their
fundamental property to be a function of thermodynam-
ical state only, which is equivalent to the First Law of
thermodynamics (for internal energy) and to the Second
Law (for entropy).

Intuitively, the concept of finite speed of heat propa-
gation is easier to accept, and it looks physically more
attractive than concept of infinite speed of heat propa-
gation. But not always intuition is a good advisor. In
described situation, the best way for the determination of
the speed of heat propagation is to apply thermodynam-
ical method, because heat conduction is a spontaneous
irreversible thermodynamical process. It means that de-
scription of its main principal features is hidden in the
First and the Second Laws of thermodynamics. There-
fore it is reasonable to expect that appropriate thermody-
namical analysis based only on the First and the Second
Laws of thermodynamics can explicitly answer the ques-
tions: "Is speed of heat propagation finite or infinite?"
and "Which kinetic equation for heat conduction follows
straightly from the First and the Second Laws of thermo-
dynamics?". Such analysis is missing and will be done in
sequel.

BASIC THERMODYNAMIC PROPERTIES
OF HEAT TRANSFER

For thermodynamical analysis of heat transfer pro-
cess, an insulated thermodynamic system consisting of
two subsystems 1 and 2 is considered. At moment of
time t = 0, thermal contact between subsystems is cre-
ated through heat conducting surface F, and heat trans-
fer process occurs until t = tg. During this process,
temperature of subsystem 1 is Ti(i), internal energy is
U\(t) and entropy is Si(t), while temperature of subsys-
tem 2 is T2(t), its internal energy is Uz(t) and entropy
is 52 (t). For subsystem 1 the instantaneous heat trans-
fer rate through surface F is Qi(t), and for subsystem
2 the instantaneous heat transfer rate through the same
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surface is Q2{t). It is assumed that temperature of every
subsystem is uniform, and in the general case T\ ^ T2.

According to the First Law of thermodynamics, in-
ternal energy of total insulated system is constant at
any instant of time: U = U\(t) + U2(t) = const,
therefore ~^- 4- -^f- = 0. The Second Law of ther-
modynamics requires entropy of total insulated system
S(t) = S] (t) 4- 52 (i) to increase or to be constant at any
instant of time, so ^ - 4- '-^f- > 0.

As Q\(t) = —gf- and Q2{t) = '~^t from the Fist Law
follows that Qi(t) + Q2(i) = 0. The Second Law expres-
sion may be presented in the form T3(t) -

because and
dt ~ T,(f) " • " " dt - T2(t) •

After simple transformations, the following expressions
defining basic thermodynamic properties of any heat
transfer process are obtained:

Qi{i)[I\{t)-T2{t)]>0

(1)

(2)

In these formulae, the heat transfer rate is considered
positive, when heat is supplied to an appropriate sub-
system, and it is negative, when heat is extracted from
the subsystem. The expression (2) is valid also in a case
where index "1" is interchanged by "2", and "2" by "1" .

Formula (1) shows that heat is instantaneously ex-
tracted from one body and supplied to another body.
It means that in heat transfer no time lag exists between
heat supply and heat extraction. Therefore the first basic
property of any heat transfer process is infinite speed of
heat propagation. For developing a better understanding
of nature of this phenomena, a hypothetical case of heat
transfer with a time lag between heat extraction and heat
supply is analyzed (Fig. 1). It is assumed that heat is
extracted from subsystem 1 ( Qi(t) < 0 ) and is supplied
to subsystem 2 ( Q2(t) > 0 ) with a time shift tA / 0.
Because of this, the following three stages of the heat
transfer process appear:

1. The first stage: 0 < t < tA, Qi(t) < 0, Q2(t) = 0.
2. The second stage: tA < t < in, Qi(t) < 0,

Q2OO > 0.

3. The third stage: tB < t < tc, Qi(t) = 0, Q2{t) > 0.

Figure 1 shows that in the first stage •—*• = Qi (t) <
0, ^2- = Q2(t) = 0, and therefore internal energy
of the total insulated system is not constant: —^ =
-jf- + —gf- < 0. It spontaneously decreases in contra-
diction with the First Law of thermodynamics. In this
stage also ^- = % (\l < 0, -£*- = %ft\ — 0. Therefore
entropy of the total insulated system also spontaneously
decreases: ^ = ^dt~ ~^~ lu' ^ "• This decrease of entropy
obviously contradicts to the Second Law of thermody-
namics. Thus, a non-zero time shift between heat supply
and heat extraction is physically impossible. The only
option left is tA = 0, which means infinite speed of heat
propagation.

Expression (2) represents the second basic property of
heat transfer. Necessary and sufficient condition of this
inequality validity is

where // is a positive coefficient. Formula (3) shows that
the instantaneous heat transfer rate is affected by sub-
systems instantaneous temperatures corresponding to the
same moment of time to which the heat transfer rate re-
lates. Thus, it is proven that there is no time lag between
the heat transfer rate and temperature. This is the sec-
ond basic property of heat transfer.

Obviously, expression (3) is Newton's formula for heat
transfer, proven fully thermodynamicaHy, where // is a
product of heat transfer area by heat transfer coefficient.
In the general case, coefficient // is not constant and de-
pends on temperatures of subsystems and other physical
parameters influencing process.

KINETIC EQUATION FOR HEAT
CONDUCTION IN AN ISOTROPIC

CONTINUUM

By using thermodynamic inequality (2), the kinetic
equation for heat conduction in an isotropic continuum
can be formulated purely theoretically, without any ad-
ditional assumptions and model concepts. In the con-
tinuum, an arbitrary system of cartesian coordinates
x, (1 = 1,2, 3) is introduced, and characteristics of tem-
perature field T(xi,l) and heat flux field q(x,,t) are ana-
lyzed. Applying formula (2) to heat flows parallel to axes
x, gives the following three inequalities

and therefore

q. VT'= |q| |VT[ cos a < 0

(4)

(5)

where heat flux components qXt and temperature gradi-
ent components ~- are determined for the same time
moments, and a is the angle between vectors q and VT.

Inequalities (4) are valid in all cartesian coordinate
systems. It can be proven that these inequalities are
necessary and sufficient conditions of a = n.

Necessary condition is: "If a = v, formulae (4) are
valid". When a = x, it is always possible to introduce
a positive scalar £ such that q = — £ VT. Therefore
•̂T. §s~ ~ ~Z (§x~S)2 — 0- Thus, the necessary condition

is proven.

Sufficient condition is: "If expressions (4) hold, then
a = •K" . Suppose that a =̂  x. In this case, always is
possible to find a cartesian coordinate system where, at
least for one i, qXl Ĵ p > 0 in contradiction to inequalities
(4). So it must be a = x. Thus, sufficient condition is
proven.

Therefore the following vector equation is valid

q = -( VT (6)

t) = H [T,(t)-T2(t)} (3)

In this equation, £ is a positive scalar coefficient which
does not depend on coordinate system, while q and VT
correspond to the same instant of time. It means that
£ is a local physical characteristic of heat conduction in
an isotropic continuum. Formula (6) represents kinetic
equation for heat conduction in an isotropic continuum.
It was formulated as a consequence of the First and the
Second Laws of thermodynamics only.
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Kinetic equation (6) may be linear or nonlinear. In
a linear case, kinetic coefficient £ depends only on local
thermodynamic parameters of the continuum, and equa-
tion (6) represents Fourier's law. In a nonlinear case,
kinetic coefficient can depend on magnitude of tempera-
ture gradient.

For a rigid body, the following equation represents the
First Law of thermodynamics

pc ~

where p and c are material density and heat capacity,
respectively; Fv(xi) is a volumetric heat source.

Combining equations (7) and (6) gives the governing
heat conduction equation of the parabolic type confirm-
ing thermodynamical prediction of infinite heat propaga-
tion speed in heat conduction.

CONCLUSIONS

Thermodynamical approach for determination of
speed of heat propagation in heat conduction is devel-
oped. It employs equations of the First and the Second
Laws of thermodynamics. Provided analyses show that
there is no time delay between moments of heat extrac-
tion and heat supply. Therefore infinite speed of heat
propagation is proven. It is also predicted that there is
no time lag between the heat transfer rate and tempera-
ture.

A theoretical approach straightforwardly leading from
basic equations of the First and the Second Laws to a ki-
netic equation describing heat conduction in an isotropic
continuum is also developed. It is shown that Fourier's

equation is a particular case of the derived kinetic equa-
tion.

Heat conduction governing equation, based on the ki-
netic equation, is of the parabolic type, thus confirming
infinite speed of heat propagation in heat conduction.
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Fig. 1. A hypothetical case of heat conduction with a time lag between heat extraction and heat supply.
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