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Possible experiment to check the reality of a nonequilibrium temperature
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An experiment is proposed to check the physical reality of a nonequilibrium absolute temperature pre-
viously proposed from theoretical grounds in the framework of extended irreversible thermodynamics.
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with s the entropy (or the specific entropy per unit mass),
u the internal energy (or specific internal energy per unit
mass), and v the volume (or specific volume per unit
mass).

The generalized entropy arising in extended irreversi-
ble thermodynamics for a rigid heat conductor has the
following form

s(u, q)=s, (u) —(v 2'/. T )q.q, (2)

where s,z(u) is the local-equilibrium entropy, T the
local-equilibrium absolute temperature, q the heat flux, A,

Some of the most basic questions in nonequilibrium
thermodynamics are those concerning the fundamental
thermodynamic concepts, namely, the definition and
meaning of entropy and of absolute temperature out of
equilibrium. Most of the nonequilibrium thermodynamic
theories have assumed that these concepts do not need
any reformulation out of equilibrium, and that the usual
equilibrium concepts may be applied locally in nonhomo-
geneous nonequilibrium situations.

For some years, we have proposed a nonequilibrium
absolute temperature [1—4] stemming as the partial
derivative of a nonequilibrium entropy that incorporates
as variables the dissipative fluxes, in the framework of the
so-called extended irreversible thermodynamics (EIT)
[5—10]. Up to now, we have analyzed such a nonequili-
brium temperature from a theoretical point of view, ei-
ther from a formal point of view involving dissipative
Carnot cycles [2] or, from a more specific point of view,
by studying some of the possible indirect consequences of
such a generalized temperature in the propagation of heat
waves in nonequilibrium steady states [3,4] or in the ap-
parent thermal conductivity in Poiseuille phonon flow
[4].

The purpose of this paper is to suggest an experiment
to directly check the physical reality of such a nonequili-
brium temperature. First of all, we review the introduc-
tion of the generalized temperature; afterwards, we sug-
gest the experiment and, finally, we evaluate the order of
magnitude of the expected effects.

We recall that the standard thermodynamic definition
of the absolute temperature is

the thermal conductivity, and ~ the relaxation time of the
heat flux, defined according to the relaxational evolution
equation

r

+q= —
A,V8Bq

Bt
(3)

where the quantity 8 is a generalized absolute tempera-
ture defined according to (1), i.e.,

8 '=T ' —yq q, (4)

with y=B(v r/2A, T )/t)u.
An equation of the form (3), with T instead of 8, is

known as Maxwell-Cattaneo-Vernotte equation, and has
been used in several occasions to describe heat waves in
solids at low temperatures [11]. For a detailed discussion
of this equation and of its thermodynamic consequences,
the reader is referred to [5(b)]. The appearance of 8 in-
stead of T is imposed by thermodynamic requirements
which are a direct consequence of the use of the general-
ized entropy (2) instead of the local-equilibrium entropy,
and which are examined at length in [3—5]. It must be
noted that EIT does not pretend to be an exact theory,
but rather a model which allows for formulation of a
nonequilibrium thermodynamic theory not based a priori
on the local-equilibrium hypothesis, and which allows for
exploration of the limitations of this hypothesis and for
new questions which are out of the scope of the classical
theory.

It must be pointed out that a nonequilibrium absolute
temperature is a concept that does not arise in the classi-
cal local-equilibrium theory [12—13], but that is not ex-
clusive of extended irreversible thermodynamics. For in-
stance, different concepts of "nonequilibrium tempera-
tures" have been considered in other contexts by other
authors, such as Meixner (who sets the concept of a
"dynamical temperature" [14]), Miiller (who introduces a
"coldness" [15]), Muschick (who postulates a "contact
temperature" [16]), and Keizer (in the framework of his
formulation of nonequilibriurn thermodynamics based on
statistical considerations of molecular fluctuations
[17,18]). To our knowledge, none of these abstract tem-
peratures has had any direct experimental confirmation.
As compared with these other temperatures, the non-
equilibrium temperature of extended thermodynamics
and that of Keizer have the advantage of having an expli-
cit expression allowing for an evaluation of the nonclassi-
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cal effects.
In order to check whether the quantity 8 defined in (4)

is a mathematical artifact arising from an undue exten-
sion of the classical definition (1), or whether it is an actu-
al physical quantity, we propose the following experi-
ment. We connect by means of a plate of a good thermal
conductor (such as, for instance, Cu or Ag) two thermo-
dynamic systems. One of such systems is at equilibrium,
whereas the other one is in a nonequilibrium steady state
characterized by a heat flux q perpendicular to the con-
nection between both systems (Fig. 1). Such a connection
is installed in such a form that the local-equilibrium tem-
perature of the nonequilibrium system at the position of
the connection is equal to the temperature of the equilib-
rium system. According to (3), a heat flux q„should be
observed between both systems. Such a flux would be
given by

q, =A, (8—T)/I, (5)

where A, is the thermal conductivity of the metallic
plate providing the connection between both systems and
It is the separation between them. In contrast, in the
local-equilibrium theory q, should be given as

q =A, ( T —T) /1 =0, because we have assumed that
both ends of the connection are at the same local-
equilibrium temperature T.

According to (4), the heat flux q„should be, up to the
second order in q,

q„=(A, /l)yT q (6)

The presence of such a heat flux q„as predicted in (6)
would be a strong support to the physical reality of the
generalized absolute temperature 8.

Finally, we proceed to make an estimation of the order
of magnitude of the predicted nonclassical effect. For an
ideal gas and for a metallic conductor, the explicit ex-
pressions of the generalized temperature (4) are given by

8 '=T '+(2/5)(m/n k T )q q,
8 '=T '+(9/vr )(mcF/n k T')q q,

(7)

T qg

FIG. 1. Two thermodynamic systems are connected through

a highly conducting metallic plate. The system on the left is at

equilibrium at temperature T. The system on the right is in a
nonequilibrium steady state under a heat flux q„. Both ends of
the conducting plate are at the same local-equilibrium absolute

temperature T. According to the classical theory, no heat

should flow from one system to the other one. In contrast, EIT
predicts a flow q from the left to the right because the non-

equilibrium thermodynamic temperature of the right-hand side

system, 8, is not equal to the local-equilibrium absolute temper-

ature T.

where m is the mass of the molecules in (7} or the elec-
tron mass in (8), n is the number particle density, eF is

the Fermi energy of the metal, and k is the Boltzmann
constant (k =1.38X 10 J/K).

To estimate q, assume, for instance, that the subsys-
tems are composed of CO2 at 300 K and 0.1 atm. Then,
m =4X 10 kg and n =2.6X 10 particles/m, and we
have for (6) q„=(A, /I)(9. 6X10 ' )q, with q expressed
in W/m . Thus, for q of the order of 10 W/m, the
effective temperature difference 8—T would be of the or-
der of 9.6X 10 K. We think it would be better to mea-
sure q„rather than 8—T itself because of the conceptual
diSculties in the definition and measurement of tempera-
ture in nonequilibrium. Note that to achieve q =10

2W/m one would need a temperature gradient in the y
direction of the order of 10 K/m because the thermal
conductivity of the gas is of the order of 10 W/Km.
Such a temperature gradient is easy to achieve. At such
conditions, and using a copper plate ( A. = 3.8 X 10
W/Km) of 1 cm in length to connect both systems, one
would have q„=3.65X10 W/m, which should be per-
ceptible.

If the two subsystems are made of copper
[n =8.45 X 10 cm, TF =Ez/k =8.12X10 K,
m =9.1X10 ' Kg], the difference 8—T for a tempera-
ture gradient in the y direction of the order of 10 K/m
would be of the order of 2X10 K, less than for the gas
of the previous example. In this situation, the heat-flux

q due to the difference 8—T would be q, =76 W/m .
It is worthwhile to point out that the entropy (2} is

confirmed from kinetic theory of gases in the 13-moment
Grad's approximation [19]. More general expressions for
s as a function of q may be found in more sophisticated
developments in kinetic theory [20]. But in kinetic
theory of monatomic gases the temperature is identified
through the expression u'=(3/2)kT, u' being the mean
kinetic energy per molecule, whereas the thermodynamic
definition (1) is not used. Our suggested experiment
could contribute to clarify the physical significance of
both temperatures. Thus the interest of such an experi-
ment is not restricted to extended irreversible thermo-
dynamics, but may be of more general interest in non-

equilibrium thermodynamics and statistical mechanics.
The relation between the generalized temperature of

extended thermodynamics and that of Keizer deserves
some special mention. In fact, both temperatures are
different than the local-equilibrium absolute temperature,
and both depend on the fluxes besides on the classical
variables. The difference between both theories is found
in their respective starting points: extended thermo-
dynamics is motivated by the dynamics of the fluxes con-
sidered as independent variables; Keizer's theory has its
origin in the second moments of nonequilibrium fluctua-
tions. It would be of interest to explore whether both
theories lead to a same expression for the nonequilibrium
temperature in a given definite situation: it is likely to ex-

pect a confluence of both theories in this point. One
must note, however, that the experiment we are propos-
ing would lead to the conclusion that a thermometer does
not measure the local-equilibrium temperature; but the
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generalized temperature, because the heat exchange be-
tween the system and the thermometer is related to
differences in the latter one rather than to differences in
the local-equilibrium temperature, according to extended
thermodynamics. This point of view is different from
that of Keizer, who assumes [17] that the thermometer
reads the local-equilibrium temperature and that the
effects of the nonequilibrium temperature would be seen
through an analysis of nonequilibrium fluctuations.

Temperature would not be the only thermodynamic
quantity to contain nonequilibrium corrections: they
would also arise in the pressure or in the chemical poten-
tial. Keizer has studied theoretically and experimentally
the corrections to the electromotive force in a nonequili-
brium situation [21]. The experimental consequences of
the nonequilibrium contributions to the chemical poten-
tial in polymeric solutions have been studied in the
framework of extended irreversible thermodynamics [22].
In both analyses, the corrections turn out to be measur-
able. However, the corrections have been more elusive in
the analysis of temperature. This is not surprising, as the
measurement of temperature in nonequilibrium steady

states is still an open problem. Though our experiment
does not set a completely general nonequilibrium temper-
ature, as it is restricted to situations where the heat flux is
the only dissipative quantity, it is evident that the
confirmation of the physical reality of a nonequilibrium
absolute temperature would be a very important fact in
nonequilibrium thermodynamics, either from a theoreti-
cal point of view concerning the foundations themselves
of irreversible thermodynamics, or from an experimental
point of view, since intense heat fluxes may be found in
actual physical systems as, for instance, in the sun and
other stars, in gravitational collapse, in explosions, or in
implosions of hydrogen pellets in laser-induced fusion re-
actions.
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