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Abstract

This research study focuses its attention on the local and temporal distribution of the entropy production generated by thermal irreversibil-
ities as well as on the fact that they contribute, together with the entropy flow through the frontier, towards raising the solid entropy, under
situations of thermal transient. For simplicity, a simple unidimensional model, the semi-infinite solid, for which several solutions depending
on the Fourier equation time are well known, is investigated; they are here discussed with respect to their aspects of second principle. More-
over, it should be noticed that both entropy and entropy production are not linear in temperature. The principle of superposition is, therefore,
not valid for them; this gets the remarks expounded in this paper to be considered as an exemplification of the entropic problems in simple
cases, rather than a method for working out entropic solutions in more complex cases.

0 2005 Elsevier SAS. All rights reserved.
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1. General remarks specific heat); hereinafter in this paper all the engine prop-
erties are assumed to be constants; in particular, the density
The object of this paper is to study the irreversibili- p is assumed to be a constant. This assumption relating to
ties, due to heat transfer, occurring in a homogeneous andthe solid perfect non-deformability leads to a great simplifi-
isotropic solid utilizing the finite time thermodynamic meth- cation as regards the thermodynamic properties of the solid
ods [1-6]. Thermal irreversibilities have been already taken under investigation, assuring the absence of any expansion
into consideration in the past, particularly as regards their work, and then the equality between the specific heat at con-
influence on mechanical performance (thermal friction) of stant volume and that at constant pressudte£ C,, = C).
thermodynamic systems [7—11]. Let us remind you that, for More precisely, a solid portion seems to look like a incom-
a homogeneous, isotropic solid standing idle, with constant pressible fluid; the absence of work makes each heat acqui-
thermal conductivity and without internal heat production, sition increase the internal energy in the system, while both
the thermal conduction equation (Fourier equation) can be entropic flow on the contour and entropy production further
written as follows: the increase in entropy. Hereinafter byc = pC) specific
oT 2 capacity per unit volume will be indicated, bythermal con-
9t aVT =0 (1.1) ductivity (thereforek = ca); by small letters the extensive
thermodynamic properties referred to volume unit will be in-

As a matter of fact, the most common solutions require dicated: he | : Vol q
the thermal diffusivitya characterizing the solid properties 9/Cat€d; moreover, the internal energy per unit voluna
t the specific entropy per unit volumecan be expressed (un-

in (1.1) to be a constant and its specific capacity per uni | h bi _
volume to be, then, constant too (the product of density and €SS there are two arbitrary constants) as:

u=cT +cost s=cInT + cost (1.2)

" Tel.: +39 (0)50 2217113; fax: +39 (0)50 2217150. _
E-mail address: c.bartoli@ing.unipi.it (C. Bartoli). with 7 absolute temperature.
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Nomenclature

a finite warmer solid thickness .............. m
d finite colder solid thickness ............... m
c specific thermal capacity per unit

volume ..., @-3.K-1
b thermal effusivity defined

asS,=/(Ck) v, dn2.K1.g05
H dimensionless parameter defined-as\7/T
k thermal conductivity ........... wh~1.K-1
L total thickness defined assa+b ........ m
0 heat ... ... J
q thermal specificflux ................ W2
S ENTOPY © vt ee e K1
s specific entropy per unit volume ..-nd—3.K~1
T temperature ........... .. K
t time ... s
t relaxationtime ........... ... ... .. ... S
t* normalized time
U internalenergy ............ ... o i J
u internal energy per unit volume . .......mJ3
X spatial coordinate ........................ m

Y dimensionless variable defined in Eq. (2.8)
z dimensionless variable defined in Eq.12")
Greek symbols
o thermal diffusivity .................. fs 1
A entropic production per unit of
surface ..., ng2.K-1
A entropic production per unit of time and
volume ... A2kt
@ quantity defined in Eq. (1.9) ........... nd-2
® quantity defined in Eq. (1.4) ..... Wwi—2.K-1
o characteristic time of problem .............. 5
) dimensionless variable defined in Eq. (2.13)
Subscripts
+ quantity refers to warmer solid
— quantity refers to colder solid
Superscript
* dimensionless parameter

The idealized solid will be supposed to occupy the half
spacex > 0, and only the unidimensional solutiofis=
T (x,t) of Eqg. (1.1) will be taken into account; Eq. (1.1) can
be, therefore, rewritten as follows:
aT 92T
g
Jat 9x2
If the heat fluxes; (x, t) are introduced as well as the en-
tropic onesp (x, t)

oT q

=—k—, S
1= " ox =TT T
it is easy to discern that Eq. (1.3) identifies itself with the
local formulation of the first principle
u g
at  dx

Besides, resorting to some manipulations the following is
also obtained:

as J
L9 _
oT 19T 2
_i_:_’_k ¢
T2 ox TBx k

ar  dox
representing the local formulation of the second principle;
inside it the term\.(x, ¢), always positive, represents the en-
tropy production, per time and volume unit, quantifying the
extent of the irreversibilities imputable to heat transfer.

The considered solutions of Eq. (1.3) refer to the case o

-0 (1.3)

kor (1.4)

(1.5)

where) = (1.6)

perturbation of a preexistent balance state of the solid, by

an excitation localized on the plane= 0 and acting from
the timer = O; the initial temperature distribution inside the
solid is a constant' (x, t = 0—) = T;, as well as uniform are

the internal energy and the specific entropigsands; . If by

AU andAS the internal energy and entropy variations, per
front surface unit of the solid, undergone by the whole solid
between the starting instant= 0— and the generic ong

are indicated

[e¢]

AU(t):/[u(t)—u c/

T(t)—

0 0
AS(t):/[s(t)—sl cfln (t) (1.7)
0 0

the first and the second law of thermodynamics, in their in-
tegral formulation, can be respectively expressed by

AU(1) = Qo(1)

AS(1) = ®o(t) + A(r) (1.8)

In Eqg. (1.8),00 and®q represent, respectively, the entropy
and heat quantity coming into the solid from a unitary por-
tion of the front surface, placed in = 0, from the initial
instant to the generic one

t

Qo(t) = f (0.7 dr,

0

t
Do(t) = f ¢0,t)d’ (1.9

f (the corresponding fluxes localized on the surface to infinity

are, obviously, null). The term

1 oo

/dt’/k(x,t’)dx

0 0

Alt) = (1.10)
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represents the whole entropy production, originated in the
whole solid between the initial instant and the generic one
¢t and referred to the front surface unit of the solid itself. In
other words, while the increase in internal energy is only
caused by the heddq incoming from the front surface, the
increase in entropy is made possible both by the entropic flux
@ and the entropy production.

2. Temperaturewith stepped increase

At first, the case in which the solid frontier temperature
x = 0 is abruptly varied from the balance initial vall@igto
a new constant valu& + AT is considered [12,13]; it is
well known that the solution of Eq. (1.3) according to the
conditions

Tx,00=T; forx>0
TO,0)=T;,+ AT fort>0 (2.2)
can be expressed as follows
X
T =T, + AT erfc| —— 2.2
(57) (22)

where the time scale is arbitrary and erf) is the com-
plementary the error function:

2 o0
erfc(z) = ﬁ/e‘xzdx
Z

From Eqg. (2.2) entropic flux and heat flux are drawn:

(2.3)

kAT x2
B kAT exp(—22) 25)
Jrat[T; + AT erfe( 2\)/‘07)]

while the entropy production just follows immediately from
the last of Eq. (1.6):

$2
Tk

A (2.6)

Entropy production space-time distribution. The previous
relations allow to discuss the space and time distribution
of the entropy sources. In Fig. 1 the dimensionless co-

ordinatex* = \/% is reported in abscissa and the dimen-
o o Ti¢

sionless entropic flu % TAT] in ordinate (with

o problem-characteristic period that in this case may be cho-
sen arbitrarily) forH = AT /T; = 0.5. This figure provides
information about entropy production in that, according

to Eq. (2.6), it is proportional to the square of Analo-
gously, Fig. 2 refers to the entropy flux per time and volume
unit for H = —0.5. Let us distinguish the case in which
H > 0, corresponding to a heating of the solid withal-
ways positive, from that in whicti{ < 0, where the solid
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Fig. 1. Temperature with stepped increase: spatial trend of dimensionless
entropic flux forH = 0.5 atr* =¢/0 =0.2,0.5, 1, 2, 5.
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Fig. 2. Temperature with stepped increase: spatial trend of dimensionless
entropic flux forH = —0.5 attimes™* =¢/0 =0.2,0.5, 1, 2, 5.

cools andg is always negative; in both cases the remark-
able values of; are localized near the front surface within
a thickness of about some timg&ar): this implies that the
entropy flux¢ and the entropy productioh too have re-
markable values within the same solid portion. Moreover,
while at any given instant, the module ofg always de-
creases autonomously while penetrating into the solid, in
the cased < 0 the quantitie$p| andx behave analogously,
but in the cased > 0 the higherH is the more evident the
maximum shown by them are. In other words, even though
they are localized within a thickness layer widening out in
time, equalling about/(«t), the maximum entropy produc-
tion keeps localized on the front surface in case of cooling,
while, in case of heating, it penetrates into the solid. This
penetration concerning the cale> 0 can be studied quan-
titatively, by seeking the value of maximizing ¢, for an
assigned value aof going to zero the derivativa¢ /dx, the
following transcendental equation is obtained:

Hexp(—Y?)

1+ HerfeY) — ————~ =0
Y7

2.7)
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in the dimensionless variable
_ X
= 2_\/07

A numerical solution of Eq. (2.7) allows to deduce the func-

tion Y(H): the abscissa for which the maximum entropy
production occurs is the following:

X =2Y(H)vat

As far as the solid global behaviour is concerned, the in-
crease in internal energy till the instants completely de-
termined by the heat quantity coming in from the front plane;
according to the first of Eq. (1.9), it clearly turns out to be

AU(t) = Qo(t) = 2kAT,| L
T

Moreover, it rises in time proportionally to/z. Corre-
spondingly, according to the second of Eqg. (1.9), the incom-

ing entropy
AT 1
Bo(r) = 2k |t _ Qo(?)
anaT;,+AT 1+H T,;

turns out to be proportional to the heat quantity. On the other
hand, the increase in entropy, according to the second of
Eg. (1.7), turns out to be the following:

(2.8)

2.9)

(2.10)

(2.11)

(0.¢]
X
AS(t) = In|1+ H erf d
(1) c/ n[ + erc(zﬁﬂ [x
0
—2c %y (m) 2.12)
b4
in which the quantity
(2.13)

W (H)= ﬁ/ In[1+ H erfe(¢)] d¢
0

Owing to the presence of the entropy production, in the
case of heatingH > 0), the incoming entropy is not suffi-
cient for determining the whole increase in entropy, while,
in the case of coolingH < 0), an entropy higher than the
solid decrease in entropy comes out of the front surface. In

any case, the relation between the quantities being here in-

vestigated
@ =Z(H) whereZ(H)= L (2.14)
AS 1+ H)¥Y(H)

depends on the parametHr only, and is independent both
of time and solid physical characteristics. Besides, the to-
tal entropy production turns out to be (at each instaihe
following:
1

AZAS_¢O=¢O<E_1> (2.15)

For instance, for a heating varying from 300 to 360 K
(H = 0.2) we haveZ = 0.880. The 88% of the solid
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increase in entropy is therefore imputable to the incom-
ing entropy and the remaining 12% to the entropy pro-
duction localized within the solid; moreover, connected
with each AU = Qg = 1 Jm~2 of energy absorbed by
the solid, we have an incoming entropfp = 2.78 x
102 Jm2.K~1, an increase in entropAS = ®g/Z =
3.15x 102 Jm=2.K~! and an entropy productiort =
AS — dp=0.38x 103 Im2.KL,

Obviously, forr — oo itresultsAU — co andA S — co.

3. Square-wave thermal excitation

In this section the excitation of a solid, caused by an in-
creaseAT of its surface temperature, kept for a time interval
to (which is the time peculiar to the problem = 1g), is con-
sidered [14—16]. In other words, the following conditions are
assumed:

T(x,00=T; forx>0
TO,t)=T,+AT forO<t <t
TO,0)=T; forrn<t 3.1

This excitation turns out to be the superposition of an excita-
tion of the type shown in Section 2 switched on at the instant
t = 0 and of a second excitation, of opposite sign, switched
on at the instant = #p; for the Fourier equation linearity the
sought solution turns out to be the following:

X

T; + ATerfc(zM)
forO<t <1g

T; + AT[erfC(z%/o7 )]
fort >1g

In particular, fort < g the temperature trend coincides with
Eq. (2.2): it follows that also the expressions of the various
guantities(q, ¢, A, ...) are identical to those reported in Sec-
tion 2: hereinafter the expressions fos 1o only are, there-
fore, reported. In particular, according to thermal power, we
have for:

T = (3.2)

X
a(t—to)

) — erfc(

2

_KATTL (X
q_«/na At P Aot

! ex x* fort > ¢
T—1o 4 do (1 — 1g) =10

From these relations follow immediately those relating to
¢ anda.

(3.3)

Entropy production space-time distribution. The previous
relations allow to discuss the space and time distribution
of the entropy sources. In Figs. 3 and 4 the dimension-
less entropic flux is reported, respectively fdr= 0.5 and

H = —0.5. For a qualitative examinatio®d7 > 0 is con-
sidered at first. While for each @ ¢ < 79 the temperature
profile in the solid decreases monotonically withpassing
from the surface valu&; + AT to the asymptotic valué;,

for ¢t > 1g itincreases fronf; till it reaches a maximum peak
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0.2 tually localized, for the most part, within the surface layer
1 : having thicknessy.
07 : ' As far as the solid global behaviour is concerned, the in-
091 crease in internal energy till the instanis still given by
' Eq. (2.10) ift < tp, while the following is valid:
0.4
AU () = Qo(?)
057 2kAT
phi = Vi—Ji—1] fort>to (3.5)
0.8 v : ] -
In other words, ifAT > 0, the increase in energy assumes
1 the maximum value at the end of the impulse, where it as-
121 sumes the following value:
1o
Fig. 3. Square-wave thermal excitation: spatial trend of dimensionless en- AU (fo) = Qo(to) = 2kAT | o (3.6)

tropic flux for H = 0.5 attimes™ =¢/0 =0.2,0.5, 1, 2, 5.
and then decreases tending to zero as time increases. The
incoming entropy is still given by Eq. (2.11)if< 7o, while

121 ! .
] it results to be the following for > g
' UAT[ Jio  JT—fo— i+ /o
0.5 Do(t) = — 3.7)
T AT Tl + AT T,
phi 064 Therefore, ifAT > O, it rises during the excitation till it
WE reaches the maximum value
2kAT to
0.2 Do(tg) = ———,/ — 3.8
5 o(to) T,-+AT‘/7Ta (3.8)
0 in 7 = tg, and then decreases monotonically, going to zero at
-0.21 the instant
_D..q-f 1+ 2H +2H27?
=05 (3.9)
- . o 2H(1+ H)
Fig. 4. Square-wave thermal excitation: spatial trend of dimensionless en- .
tropic flux for H = —0.5 at times* =1/ = 0.2, 0.5, 1, 2, 5 (cooling). Vice versa, forAT < 0, the entropic flux keeps always nega-
tive. Finally, forr — oo it tends to the asymptotic value
in a positionxg, and then decreases again. Correspondingly, 2kAT?2 10
the fluxg is everywhere positive (and decreasing) in the first Poo = T + AT 7

case, while, in the second case, it results to be negative for

1 1
x < xp and positive forx > xg, with a maximum inx,,: the = —Qo(to)[i — 7} (3.10)
values of the positionsp andx,, vary in time according to Li+AT i
the following relations: The increase in entropy is expressed by Eq. (2.12Xiftg,
while the following is valid
5 2at(t —tg)
x5 =————[In(®) = In(t — 10)] 0
AS(t) = 2c\/5/ In{1+ H[erfc(;)
Gt (t —t
X2 = u[|n(t) —In(r —10)] (3.4) )
10
Moreover, the entropic fluxp, as discussed in Section 2, _erfc(;- /L)”dg fort > 1o (3.11)
shows a maximum peak for< #g, while for ¢ > #g it shows r—1o

a qualitative trend similar to that @f, with a zero inxg and This quantity keeps always higher thé(z) and assumes
a maximum near a value a little higher thgjp. The entropy its maximum value at the end of the excitation, and then de-
productioni, while for < ro shows a maximum peak ix, creases tending to zero for-> oo; in particular, Eq. (3.10)
for t > 1o decreases, at first, monotonically till it annuls it- shows an entropic flux coming out from the solid, due to a
self inxg and then reaches a maximum peak (having a value total entropy productiom ., = —®+,, corresponding to the

inferior to the surface value) neay,. For AT < 0 the en- heat quantityQo(7p) passing from a temperatui® + AT
tropic flux forz > #p shows a maximum peak near the origin to 7;.
and a minimum peak for am a little lower thanx,,; two In Figs. 5 and 6 the temporal trends of the entropy varia-

distinct entropy production maximum peaks correspond to tion, of the entropic flux in the origin and of the total entropy
them. In any case, the entropy production seems to be ac{roduction defined as
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o 1 2 3 4

t

Fig. 5. Square-wave thermal excitation: Trends of spatial distribution of en-
tropy (solid line), of entropic flux in the origin of the axes (dashed line) and
of entropy production (dotted line) vs time féf = 0.5; all the quantities
are normalized.

0.4

Fig. 6. Square-wave thermal excitation: Trends of spatial distribution of en-
tropy (solid line), of entropic flux in the beginning of axes (dashed line) and
of entropy production (dotted line) vs time, féf = —0.5; all the quantities

are normalized.

AS | do |
AS =22 pp=2 |

2c \V ao 07 2¢Vao
A*=£ 1

2c\ ao

are represented in a normalized form both in case of increase

in temperature4AT > 0) and in case of decrease in tempera-
ture (AT < 0); while fort < g these quantities vary with the

square root of time, keeping proportional to each other (as in pared to the axis; clearly,

the case of Section 2), for> 19 they show a more complex
behaviour. In particular, it can be noticed that a short while
after the impulse end?{ ~ 2) almost all the entropy produc-
tion has fully developed, being close to its asymptotic value,
while the entropy keeps on varying (with little dissipation)
due to the entropic flux through the origin.
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4. Sharp thermal contact between two semi-infinite
solids

The above-obtained results can be used in the follow-
ing problem [17-20]: at the instamt= 0 let us bring into
perfect thermal contact two solids (schematized as two half
spaces), the first keeping, at the beginning, its balance at the
temperaturel,, the other at the temperatufe . Let the
two solids have distinct thermal properties, marked by the
pedicest and—; moreover,I. > T_ can be considered, the
hotter body can be localized in the half space 0 and the
colder one in ther < 0, without losing generality. The ther-
mal transient trend can be obtained by solving the Fourier
equation for the two solids, imposing the above-stated initial
conditions as well as the equality conditions of temperatures
and heat fluxes on the separation plane 0.

It is easy to check the temperature trend

Ty + (Teo — Tgerfc(ﬁ) forx >0

| T+ (T - T_)erfc(d%) forx <0

to satisfy all the above-listed requirements, on condition that
the following expression is chosen for the asymptotic tem-
perature
_ T_b_+Tyby
T b_+b,

(4.1)

(4.2)

with b the effusivity, defined a$ = +/ck, representing an
average weighing of the initial temperatures. In other words,
both solids undergo a thermal development of the type stud-
ied in Section 2, with a temperature jump in the axes origin
to the asymptotic valu&,, (reached abruptly in=0+). In

the formulae of Section 2 the following should be meant:

Too —T- (T4 —T_)by

H_= =
T T_(b_ +by)
Too — T T, —T_)b_
Hy= T =Tv _ (T4 )b 4.3)
Ty Ty (b-+by)

which, according to the above-stated conditions, turn out to
be, the first positive, the second negative. In particular, the
heat quantity passing through the origin within the time
can be written as follows:

Oo(t) = —2b+\/§ (Ty — Too) = Zb_\/;(Too ~T)

_2\/2&(T+ ~T)
T b_ +b+

having negative sign since it has retrograde direction com-
the heat quantity absorbed by

the solid inx < 0 has the opposite sign and this is the rea-
son why in the formulae concerning fluxes the sign is to be
changed for this solid. Besides, the entropy transferred in
x = 0 by a solid is completely absorbed by the other, that is:

_ Qo) _ [T (T =T )b by
TOO T T_b_+ T+b+

(4.4

o(t) (4.5)
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As far as thermal irreversibilities are concerned, the maxi-

mum entropy production of the hotter solid is always local-
ized inx = 0, while for the colder one it penetrates into the
solid, according to the (2.9), i.e.

X = —2Y(H_)Ja_t

while, as far as the total entropy production in the two solids
is concerned, we have, respectively:

1
A :_¢°<Z<H> _1>

1
A+ =¢°(m B 1)

As an example, the case in whigh. = 360 K, 7_
300 K is going to be considered with the two solids
made of the same material: it follows th@, = 330 K,
H_ =1/10, Hy = —1/12, Z(H-) = 0.9352, Z(Hy) =
1.0639. For Qg = —1 Jm~2 (i.e., for each Joule trans-
ferred from the area unit of the hot solid to the cold
one) an analogous entropy transfer ocoigs= Qo/ Teo
—3.03x 103 IJm~2.K~1, with entropy productionsi_ =
—00.0692=0.21x103Im2.K~1, A, = ¢o(—0.0600 =
0.18 x 10-3 Jm~—2.K~1. A slightly higher entropy produc-
tion can be noticed in the initially coldet_/(A_ 4+ Ay) =
0.54, equalling the 54% of the total amount.

Holding the same initial temperature® (= 360 K, 7—
300 K), let us consider two solids with different properties
and, more exactly, witth, /b_ = 2; T,o = 340 K, H_ =
2/15,Hy =—-1/18,Z(H_) =0.9160,Z(H,) = 1.0414 are
calculated. ForQp = —1 Jm~2 an entropy transfe®y =
00/ T = —2.94 x 1073 Im~2.K~1 occurs, with entropy
productionsA_ = —@¢0.0917= 0.27 x 1073 Jm=2.K1,

Ay = Pp(—0.03989 =0.12 x 10~3 Im~2.K~L. Notice that

(4.6)

4.7
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5. Finite solid

In the previous sections it has been pointed out how, due
to a thermal perturbation imposed on a solid surface, the
consequent thermal transient leads to an entropy produc-
tion exhausting itself soon in the course of time, concerning
zones of the solid being aboyt(ar) in depth; more pre-
cisely, it seems to be a quite general rule that in connection
with an abrupt heating of the solid front surface, the max-
imum entropy production is just localized on the solid per-
turbed surface, while in connection with an abrupt cooling,
the maximum of the instantaneous entropy production pene-
trates, fading drastically, into the solid itself.

From a global point of view, most of the entropy pro-
duction develops during the first instants, as, for instance,
is quantified in Section 3, whera can be observed to ap-
proximate its asymptotic value after few units of normalized
time. Moreover, the treatment of the previous sections, even
though it simplifies the entropy production due to abrupt
thermal transients, says nothing on the achievement of ther-
mal balance; in Section 4 too, this balance is not achieved
because of the infinite dimensions assumed for the two
solids brought into contact. If, more realistically, two finite-
dimensional solids are considered, a “relaxation times
introduced for the balance achievement; only for very short
times, compared tg, the above-considered entropic proper-
ties are obtained due to the abrupt thermal transient. In order
to analyze also the entropy production occurring during the
relaxation towards the balance (for times of abgt the
bringing into thermal contact of two portions of the same
material, provided with plane symmetry and isolated at the
free extremities, is considered; in this case we have a simple
solution of the Fourier equation allowing an easy discussion
of the problem.

In this section the case of two solid layers being respec-

the highest entropy production occurs in the solid situated tively a andd = L — a in thickness, with a and d being equal

on the left, where a dissipation equallidg_/(A_ + A}) =
0.70 occurs.

in their size, is examined: therefore, the relaxation timne
turns out to be about?/8. From a qualitative point of view

Then the positions of the two solids are exchanged, but it can be deduced that, for very short times compared to

keeping that situated on the right & 0) initially always
hotter: i.e., the case in whicliy = 360 K, 7_ = 300 K
with by /b_ = 1/2 is considered; notice that, time being

t,, the thermal development is that considered in Section 4:
the temperature of the contact point abruptly jumps to the
valueT = (T4 + T-)/2, arithmetical mean of the tempera-

equal, the exchanged heat quantity turns out to be theture values of_ the solid’s two portions, and keeps practically
same as in the previous case, but the exchanged entrop)ﬁonstant, while the temperature perturbation tends to con-

turns out to be differentT, = 320 K, H_ = 1/15, H; =
—1/9, Z(H-) = 0.9556, Z(H;) = 1.0876 are calculated.
For Qo = —1 Jm~2 an analogous entropy transfer occurs
Do = Qo/Two = —3.13 x 1073 Im~2.K~1, with entropy
productionsA_ = —®g0.0465= 0.15 x 103 Jm~2.K~1,
AL = Pp(—0.0805 = 0.25 x 10~3 Im~2-K~1; in this

cern both the solid’s parts. Farther on, when the perturbation
reaches the extremities, phenomena of subsequent reflec-
tions of the perturbation itself on the adiabatic extremities
occur with a consequent temperature change in the whole
solid (and then in the contact point as well); the balance, fi-
nal temperaturdeq , which is reached asymptotically at the

case the highest entropy production occurs in the solid end of the process, can be easily assessed according to a sim-

situated on the right, where the 63% of the total dissipa-
tion takes place. Therefore, the highest entropy dissipa-

tion clearly seems to occur in the solid with the lowest
value of effusivity, even if it is that being, initially, hot-
ter.

ple energy balance

a d
Teq= ZT_ + zT+
At the same time, the whole solid undergoes a global en-

tropy variation equalling

(5.1)
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ASeq=cLIN(Teq) — caln(T-) — cdIn(T) 132
arp 4 dr, 1.34
=CLIn[ﬁ:| (5.2) 190
-+ Ty 1.34
entirely attributable (owing to the process adiabaticity) to the 1.287
entropy production by thermal transfer. Teont 22 3
More exactly, a detailed solution of the thermal trend 1247
can be achieved considering the well-known solution of the 1224
Fourier equation [21] for an indefinite plane wall with thick- 1.2
nessL, adiabatic at the two extremities, with an arbitrary LUl
initial temperature profilef (x) HE

L T T T

1 L, 2l n2m2at e-2 Ae-1 e 1.

T:z/f(x)dx +zZexp<— T2 ) | |
0 n=1 Fig. 7. Trend of normalized contact temperat{ifeont= 7' (x = 0)/T—]

between two parts of solid in function of normalized time & = 0.25

L
/ (upper curve) and fag/L = 0.75 (down curve)
X cos(m—x) / f(x’)cos(mm )dx’ (5.3)
L L
0

It can be interesting to study the entropy temporal devel-
Notice that in this section, unlike the previous, the ori- OPMeNt in particular, it can be noticed that it tends “very
gin of the axisx is assumed to coincide with the solid left apidly” to the limit value (5.2); for this purpose the follow-
extremity. Putting in Eq. (5.3) the temperature initial profile N9 entropy variation is reported:

T. for0 [
o= { T, fora By 5-4) AS(t)zc/In(T)dx —caln(T-) — cdIn(Ty)

0
1

—er [ Z)d(E) = cam( =
T(x,t)=T_+(T+—T—)|:(1—%) —¢ / (Teq) <L>_w (Teq)

characterizing this problem, the required solution is obtained

0

Ty
2  (nma nwx —cdIn| —— ) =cLJ + ASeq
— > —sin[ — Jco —~ Teq
nmw L L

with

conf-25)] ()

Teq L
the heat flux is
2k(Ty — T_) always negative quantity, describing the entropy increase de-
qx,1) = I viation from its asymptotic valué Seq, an analysis of the
o - integral, not to be reported hereinafter, shows the term fad-
% Zsin(m—a) sin<nn—x> exp(—n T ‘”) ing more slowly thary to be
= L L L2

1 /7T, -T- 2 2™ 220t
o (o) 2
Fig. 7 points out the contact temperature temporal devel- (fading as the square of the first term in the above-reported

opmentin agreement with the above-reported qualitative dis- expansion of).
cussion; moreover, it shows the process part, characterized Besides, during the initial phenomenon of bringing into
by contact phenomena, to last just some hundredth of thecontact, the increase in entropy can be approximated, ac-
length peculiar to the problem, while the equilibrium con- cording to the considerations of Sections 2 and 4, summing
dition is reached, in practice, after some timés=aT/L. the increases in entropy of the solid’s two parts, according to
This figure shows that in the first instants after the thermal Eq. (2.12); we, therefore, have:
contact the temperature coincides with the arithmetic mean
with value 1.25. Then this value develops and tends to the AS() ~ 2t [q/(T"O _ T—) + W(M)]
equilibrium temperature (values 1.375 and 1.125, respec- cL Tl T Iy
tively); the solution of infinite solid appears reasonable until Fig. 8 represents the trend of dimensionless entropy increase
t* is of the order of a few hundredth. AS/(cL) vs t* =t/t. in the range between 0.001 and 1;
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