“Acta_Mech_2013" — 2013/9/30 — 1:25 — page 1 — #1

Acta Mech 1-39 (2013)
DOI 10.1007/s00707-013-0934-y

E.A. lvanova

Description of mechanism of thermal conduction
and internal damping by means of two component
Cosserat continuum

Received: 17 July 2012 / Revised: 5 May 2013 / Published online: 27 September 2013
© Springer-Verlag Wien 2013

Abstract A new approach to derivation of the theory of thermoviscoelasticity is proposed. Neither the hy-
pothesis of fading memory nor the rheological models are used within the framework of this approach. The
proposed approach is based on the mechanical model of a one-rotor gyrostat continuum. In special cases,
the mathematical description of this model is proved to reduce to the equations of the coupled problem of
thermoelasticity, the self-diffusion equation, and the equation describing the flow of viscous incompressible
fluid. In the context of this model, we consider the original treatment of physical nature of the mechanism of
thermal conduction and internal damping. The first part of the paper contains the aforesaid theoretical results.
The second part of the paper is devoted to the determination of some parameters of the model. On the base of
the proposed theory we obtain the dependence of the acoustic wave attenuation factor on a signal frequency.
This dependence is in close agreement with the classical dependence in the low-frequency range and agrees
with the dependence obtained on the base of the phonon theory in the hypersonic frequency range. We discuss
some ways of determination of the volume and shear viscosities and the heat flow relaxation timescale by
using known values of the sound velocity and the acoustic wave attenuation factor. The obtained values of the
heat flow relaxation timescale are compared with the values derived from the phonon theory.

Part 1. Theory
1 Introduction

Accounts of the different theories of viscoelasticity and thermoviscoelasticity can be found, for example, in
[11, [2], [3], [4], 5], [61, [71, [8], [9]. Many models describing the properties of the real materials have been
proposed. A great number of the specific problems have been solved, see [1], [4], [7]. The general approaches
and some models are included in the textbooks on continuum mechanics (see, for example, [3], [4], [5], [6])
and the books meant for design engineers (see, for example, [8]). However, not all of the theoretical problems
concerned with dissipative processes in a continuous medium are solved within the framework of the classical
mechanics. In particular, it is generally agreed that in the hypersonic frequency range, the dependence of the
acoustic wave attenuation factor on a signal frequency can be described only by using the quantum-mechanical
approach which is based on the idea of an interaction of sound and thermal phonons [10], [11]. By using the
fundamental laws of classical mechanics, we evolve the theory of thermoviscoelasticity which allows us to
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obtain the dependence of the acoustic wave attenuation factor on a signal frequency which is in agreement
with the dependence obtained on the base of the phonon theory.

At present two conventional approaches to construct the mathematical models of thermoviscoelastic bodies
are evolved.

The first and the most general approach is based on the theory of media with fading memory (see, for
example, [2], [4]). The main point of this theory is the statement of the fact that the stresses depend not only
on the values of strains and temperature at the given time instant but also on their values at the previous time
instants, and the material “remembers” the recent past better than remote past. The equations of the linear
theory of thermoviscoelasticity obtained on the base of the hypothesis of fading memory have the form [4]:
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Here, 7 is the stress tensor, £ is the mass density of external forces, u is the displacement vector, ¢ is the strain
tensor, T}, is derivation of the temperature from its reference value 7'*. The quantities p, G4 (t), Ga(t), ¢(t),
k and m(t) characterize the mechanical and thermodynamical properties of the material. The first equation
in (1) is the equation of motion, the second and third equations introduce the strain characteristics, the fourth
one is the constitutive equation, and the fifth one is the heat conduction equation. Certainly, the relaxation
functions G4 (t), Ga(t), »(t) and m(t) have to satisfy the restrictions which follow from the second law of
thermodynamics and the hypothesis of fading memory, see [4].

Thesecond approachto derivation of the equations of thermoviscoelasticity is based on using the rheological
models (see, for example, [6], [7]). Different versions of the linear theory of thermoviscoelasticity obtained
on the base of the rheological models differ from each other and from the coupled problem of thermoelasticity
only by the constitutive equations. We give, as an example, the constitutive equations for the Kelvin—\oigt
solid [7]

de 2 2 de ~
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and for the Maxwell solid [7]
dr . _de T,
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Here, K is the bulk modulus, G is the shear modulus, « is the volume coefficient of thermal expression, 7, is
the strain relaxation time, and 7, is the stress relaxation time.

Neither the hypothesis of fading memory nor the rheological models are used further. We develop an
original method for describing the internal damping. Our model allows us to describe the internal damping
inherent to even the materials that are usually considered to be non-viscous, for example, the ideal crystals. So
we believe that the mechanism of internal damping inherent in our model has a physical nature different from
the physical nature of internal damping modeled by the traditional methods. We show that due to the aforesaid
mechanism, the attenuation of acoustic waves takes place, and some part of mechanical energy is transformed
into heat. Based on these facts, we can assert that we describe some kind of internal damping.

The physical object under consideration is a conventional isotropic homogeneous material without mi-
crostructure, inclusions, etc. This material has elastic, viscous, and thermodynamic properties. In order to
describe the thermodynamic processes in the material by means of a mechanical model without using sta-
tistical methods, we introduce the continuum possessing internal rotational degrees of freedom. The internal
degrees of freedom are used for modeling the thermal processes. Motions associated with the internal degrees
of freedom have no relation to the real motions of the material particles. Characteristics of the motions asso-
ciated with the internal degrees of freedom as well as characteristics of the interactions associated with the
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internal degrees of freedom should be considered as analogs of thermodynamic quantities. The main ideas of
the proposed theory consist in the following:

1. To model a material medium, we use the one-rotor gyrostat continuum (continuum possessing the internal
rotational degrees of freedom). This continuum is considered to be elastic. The interaction of carrier bodies
of the gyrostats is charged with the mechanical processes. The interaction of rotors models the thermal
processes. The interference of carrier bodies and rotors provides the interplay of mechanical and thermal
processes.

2. Particles of the material medium are considered to be embedded into some medium having infinite extent.
This medium represents the “physical vacuum”, the “field”, the “ether,” or something like that. In what
follows, it will be called the “thermal ether.” The rotors of gyrostats interact with the “thermal ether”
by means of elastic moments concerned with the rotational degrees of freedom. We suppose the heat
conduction mechanism to be provided just due to the interaction between the rotors and the “thermal
ether”.

3. The motion of the rotors of gyrostats causes the appearance of waves in the “thermal ether.” As a result,
certain part of energy of the material particles is spent on the formation of these waves. We suppose the
internal damping mechanism to be provided due to the material medium energy dissipation into the “thermal
ether.” Certainly, we do not rule out the existence of other internal damping mechanisms (in particular, that
are considered in the classical books on viscoelasticity).

Now we explain the physical meaning of the proposed model. We start with a discussion of modern views
on atoms and the simplest models of atoms which are used in physics and mechanics. According to the concepts
of modern physics, atoms have a very complex internal structure, so that they can be in different energy states
and possess the ability to radiate and absorb the energy quanta and elementary particles. However, in statistical
physics, atoms are considered as mass points. Similarly, when modeling the crystal lattices, very simple models
of atoms are used; to be exact, atoms are assumed to be mass points or infinitesimal rigid bodies. With the help
of long-wave approximation, one can pass from the discrete model of a crystal lattice to the continuous model.
If the atoms are modeled by mass points, then one obtains the equations of classical momentless continuum,
and if the atoms are modeled by infinitesimal rigid bodies, then one obtains the equations of the Cosserat
continuum. In both cases, one obtains a model possessing only mechanical properties. Suppose that after
passing from a discrete model to continual theory, we would like to have a continuum which possesses not
only mechanical properties but also some physical properties described by the partial differential equations.
We mean the continuous medium with electric, magnetic, and thermal properties which is able to radiate into
the surrounding space both the acoustic waves and waves of another physical nature. In order to construct a
discrete model of the medium with such properties, we should consider atoms to be complex particles with
internal structure and internal degrees of freedom rather than mass points or infinitesimal rigid bodies.

It is obvious that there are two types of particles with internal structure: the particles with internal trans-
lational degrees of freedom and the particles with internal rotational degrees of freedom. Particles of the first
type are able to deform. Continua consisting of such particles possess two kinds of strains and stresses: the
strains and stresses associated with the distance between the particles and moreover strains of the particles
themselves (the local strains) and the local stresses associated with the local strains. Such continua are called
micromorphic continua. Particles of the second type are the quasi-rigid bodies which are also called the multi-
spin particles or gyrostats. These particles consist of rotating rotors. The term “quasi-rigid body” means that
the distances between any two rotors are kept unchanged under arbitrary motions of the quasi-rigid body but
each rotor can rotate independently of rotations of other rotors. Continua consisting of such particles are called
micropolar continua. The peculiarity of these continua is the fact that each of the points has three transla-
tional and a few rotational degrees of freedom the number of which is determined by the number of rotors in
multi-spin particles. All additional strains and stresses in micropolar continua are associated with the rotational
degrees of freedom. In principle, both deformable particles and multi-spin ones can be used to model atoms
and, consequently, both micromorphic and micropolar continua can be used to model the media possessing
some non-mechanical properties. Let us consider a micromorphic continuum and assume the possibility of
large strains associated with internal degrees of freedom as well as the possibility of large relative velocities
and accelerations. In this case, we are confronted with the difficulties associated with keeping the atoms as a
whole and holding their characteristic sizes. These difficulties do not arise in the case of micropolar continua.
Therefore, in view of the fact that under certain conditions any physical processes are described by nonlinear
equations, it can be argued that micropolar continua are better suited for modeling media which possess not
only mechanical properties.
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Thus, for modeling media with a combination of various physical properties, we propose to consider atoms
as complex particles with internal rotational degrees of freedom. Number of rotors inside the particles depends
on the number of physical properties of the substance that should be taken into account. If only one non-
mechanical property of the substance (e. g., the ability to heat conduction) should be taken into account, then
one internal rotor is enough. When a continuum theory is considered, the radius-vector determining position
of some point of the medium, in fact, determines position of the mass center of a representative volume
which contains billions of atoms. The continuous characteristics of rotational motions represent the quantities
averaged over all atoms in the representative volume.

This paper is a continuation and evolution of [12], [13]. A new method of description of the rotational
molecular spectra lying in the infrared range (i.e., concerned with the thermal radiation) is proposed in [12].
This method is based on using the continual mechanical model possessing the rotational degrees of freedom.
The idea of description of thermoelastic and thermoviscoelastic processes by means of the mechanical model
of one-rotor gyrostat continuum was first stated in [13]. The derivation of the equations of one-rotor gyrostat
continuum can be found in the aforesaid paper. The concepts of temperature, entropy, and heat flow which are
introduced in the context of the proposed model are also contained in [13]. Unlike [13], in what follows we
consider a more complex mathematical model which describes not only the volume viscosity but also the shear
viscosity. Furthermore, proceeding from some theoretical considerations (a concept of the “thermal ether”) and
the analysis of model problems, we discuss the physical nature of the mechanism of thermal conduction and
internal damping. In contrast to [13] where the volume viscosity was assumed to coincide with the conventional
one, and the heat flow relaxation timescale was determined on the basis of quantum-mechanical consideration;
further, we determine these quantities by using known values of the acoustic wave attenuation factor.

In what follows, the direct tensor calculus is used. A summary of the basic rules and formulas of the direct
tensor calculus can be found in the appendices to books [2], [14]. The comprehensive description of the subject
is presented in [15].

2 Linear theory of the moment elastic continuum

Constructing a model of moment elastic medium, we will use a body-point (a one-spin particle) as the base
material object. The body-point is the material object occupying zero volume in space. The position of a
body-point is considered to be determined if the position vector R(¢) and the rotation tensor P(¢) are assigned.
The rotation tensor is a properly orthogonal tensor which represents the solution of the equations

P.P'=PT . P=E, detP=1. 4)

Here E is the unit tensor. The translational and angular velocities of a body-point are calculated by the formulas

v =T wn = (5 PT0) ®)

where “( ), denotes the vector invariant of a tensor.
Let us consider a body-point whose inertia tensors are the spherical part of tensors and the kinetic energy
has the form

K:m*<%v~v+3v~w+%jw~w>. (6)

Here m, is the mass of a body-point, 3 and .J are the moments of inertia. The momentum and the proper
angular momentum of a body-point are

K, =m.(v+Bw), Ky=m.(Bv+Jw). (7

In the moment theories of continua (such as the rod theory, the shell theory, the 3D theory of elasticity),
the elementary volume of a continuum is considered to be infinitesimal rigid body. Thus, inertia tensors in the
continuum mechanics have the same structure as the inertia tensors of macroscopic rigid bodies. It is important
to note that the body-points (6) and (7) differ from the infinitesimal rigid body by the additional parameter
B which equals to zero in the case of rigid body. For the first time, the body-points (6) and (7) have been
introduced by Zhilin, see [16], [17], [18], [19]. A substantiation of the model can be found in [20].
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Fig. 1 Elementary volume of continuum consisting of body-points

The material medium (see Fig. 1) consisting of body-points (6) and (7) is considered. Now we formulate
the basic equations of the linear theory of the continuum. We assume that in the reference configuration, the
tensor P(r, ¢) (rotation tensor of body-points) is equal to the unit tensor. Therefore, upon the linearization near
the reference position, it takes the form

P(r,t)=E+6(r,t) x E, 6)

where 6(r, t) is the rotation vector field of body-points. Kinematic relations in the linear approximation are

du de
Here u(r, ¢) is the displacement vector field of body-points.
The mass balance equation has the form
dp
sV v= 1
7 +pV-v=0, (10)

where p is the mass density in the actual configuration. Solving Eq. (10), we obtain relation between the mass
density in the actual configuration and the volume strain V - u:

p=p(1=V-u), (11)

where j is the mass density in the reference configuration.
The equations of motion of the material continuum are

V-T+ﬁf:p~%(v+3w), V-T+TX+ﬁL:ﬁ%(Bv+jw). (12)

Here 7 and T are the stress tensor and the moment stress tensor, respectively, f is the mass density of external
forces, L is the mass density of external moments.
The equation of energy balance is

d _p de r dY _

7 (PUn) =71+ T 4 V- H 4 Q. (13)
Here the symbol *--” has the following sense: ab - - cd = (b - c¢)(a-d) and is called double scalar product; U,,
is the internal energy density per unit mass; € and «J are the strain tensors; @ is the rate of the energy supply
in volume; H is the energy flux vector. The strain tensors are determined by the formulas

e=Vu+Ex0, 9=V0. (14)
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If the supply of energy of “non-mechanical nature” is ignored, i.e., the body is considered to be isolated,
then Eq. (13) takes a more simple form:

d . o de o dY

E (pUm) =7 dt +7T dt’ (15)
In what follows, we consider only isolated elastic bodies. For the elastic material, the Cauchy—Green

relations follow from the energy balance equation (15):

U)o OU)
T=— T = 99 (16)

We represent the density of internal energy in the form:

1 - - 1 -
ﬁUm:TO--s+T0--19+§s~~4cl~~5+z-:~~402~-19+§19-~403~~19. (17)

The coefficients of the quadratic form (17) are called the stiffness tensors; the coefficients 7o and T are the
initial stresses. After substituting the expression for the density of internal energy (17) into the Cauchy—Green
relations (16), we obtain the constitutive equations:

TT:T§+461"E+4CQ"79, TT=T§+E~~4C2+4C3"19. (18)

The moment theory of the elastic continuum is formulated above. The equations of a moment continuum
and the method of derivation of these equations are well known. The only difference between the proposed
model and the known one is in the fact that the inertia properties of the continuum under consideration are

characterized by the additional parameter B.

3 Linear model of the“thermal ether.” Interaction of a body-point with the“thermal ether”
Accepting three important hypotheses, we consider a special case of the theory stated above.

Hypothesis 1 There are no the external forces and the force interaction between the particles of the medium:
f=0 7t=0. (19)
Hypothesis 2 The moment stress tensor T is the spherical part of tensor:
T =TE. (20)
Hypothesis 3 The external moments and the initial moment stresses are absent:
L=0, Ty=0. (21)

We will call the model of elastic continuum satisfying the hypotheses (19)—(21) the “thermal ether.” We
note two important properties of the medium under consideration. First, if a body is positioned in the medium
then the medium influences upon the body by moments and does not influence by forces. Second, a body in
the medium dissipates energy into the medium due to the moment interactions.

In view of assumptions (19)—(21), the equations of motion (12) take the form:

_d - d , - .
h (v+ Bw) =0, VT = pE<BV + Jw). (22)

In view of assumption (20), the last term on the right-hand side of the energy balance equation (15) can be

reduced as follows:

a9 & _dE-9) dtrd)
T _— = e— = =
T = TE s =T = T== (23)

By using the notation
Y=tr9=V-0 (24)
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and Egs. (23) and (19), the energy balance equation (15) is written as
d dg

—(p m) — T—.

i PUm) =T

The material medium being elastic, we obtain the Cauchy—Green relation which is analogous to the second
relation in (16) but has a simpler form

(25)

O(pUnm)
99

It is obvious from Eq. (25) that the density of internal energy is a function of single variable 1. Let us specify
the density of internal energy in the simplest form

T =

(26)

pUm = k92, (27)

where  is the torsional stiffness. Then, the constitutive equation takes the form
T = k9. (28)
As follows from Eqgs. (22), (9), (24), and (28), the “thermal ether” is described by the wave equation

p(J—B?) d*¥
AY - ——t —— = 29
— Gz =0 (29)
and the translational and angular velocities are calculated by the formulas

v:_ﬁ/vm, w:%/m. (30)
p(J-B?) p(J-B?)

It is obvious from the first equation in (22) that the displacement vector and the rotation vector are related
with each other by

u=-56+ (v0+§wo)t+uo+l§90, (31)

where v, wq are the initial translational and angular velocities, ug, 8 are the initial displacement vector and
the initial rotation vector, respectively.

Let us discuss the influence of the “thermal ether” on a particle imbedded in it. Further, we consider
two model problems, but we start with some opening remarks. The problem of motion of an oscillator on
an elastic waveguide has been solved in [21]. The statement of problem is: a semi-infinite inertial rod is
connected with a point mass by means of an inertialess spring; at the initial instant of time, the point mass
possessed an initial velocity and was removed from the static equilibrium position. It has been proved that
the mathematical description of motion of the system consisting of the inertia and elastic elements only can
be reduced to the equation of motion of a linear oscillator with viscous damping. The coefficient of damping
depends on stiffness of the spring and the quantities characterizing elastic and inertia properties of the rod. The
problem of interaction of a body-point with a one-dimensional semi-infinite continuum of body-points and the
problem mentioned above are the same except the fact that in the former case, the energy dissipates through
the rotational degrees of freedom, and the equation of motion of an oscillator contains a damping moment
instead of a damping force. To prove aforesaid and determine the structure of damping moment, we consider
the problem being one-dimensional analog to the problem of the interaction of a body-point with the “thermal
ether.”

Now we consider a semi-infinite inertial rod (see Fig. 2), consisting of the body-points (6) and (7). The
rod is connected with the analogous body-point by means of an inertialess spring working in torsion (rotation
about the axis of the rod). The inertia of the rod is characterized by the moments of inertia 3, J and the linear
density of mass op, where o is “the area of rod section” and p is the volume density of mass. The elastic
properties of the rod are characterized by the torsional stiffness ok, where the coefficient & is introduced in
order that stiffness % possesses the dimension in 3D problem. The inertia of the body-point is characterized by
the mass m and the moments of inertia B, .J. The torsional stiffness of the spring connecting the body-point
with the rod is equal to ok, /ro, Where rq is “the length” of the spring. The coefficients o and r( are introduced
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Fig. 2 Interaction of the body-point with the one-dimensional semi-infinite continuum

in order that stiffness k.. possesses the dimension like k. We suppose that the particles of the rod interact only
by the moments. The force interaction of the rod particles is assumed to be zero. At the initial instant of time,
the displacements and the rotation angles as well as the translational and angular velocities of the rod particles
are equal to zero. The body-point possesses a non-zero initial angular velocity directed along the axis of the rod
and a non-zero initial angle of rotation about the axis of the rod. It is evident that under such initial condition,
the system will be in motion which is the longitudinal-torsional oscillations.

It is proved that after elimination of variables characterizing the motion of the rod, the problem is reduced
to the set of equations [20]

ok,

m(Bjj + JU) + mB(Byj + Ji) + .
0

¥ =mfB(Bvg + Jwo), m(ij+ Bi) = F, (32)

where y(¢) is the displacement of the body-point along the axis of the rod, 1 (¢) is the angle of rotation of the
body-point about the axis of the rod, vy and wq are the translational and angular velocities of the body-point
at the initial instant of time. The coefficient 3 is calculated by the formula

5= Ckf _ k. /o (33)

ok Jka(i-B2)

According to Eq. (32), the moment of viscous damping characterizing the radiation of energy in the
surrounding medium is proportional to the angular momentum of the body-point, i.e., it depends on both the
angular velocity and the translational velocity. To be exact, the moment of viscous damping is proportional to
the difference between the value of angular momentum at the present moment of time and its value at the initial
time, i.e., it is equal to —3[m(By + J1) — m(Bug + Juwo)]. On the one hand, this means that the moment of
viscous damping does not depend on the choice of the inertial reference system. Indeed, if we replace 3 and v
by 5 + V, and vy + Vp, respectively, then the expression [m(By + Jv) — m(Bwy + Jw)] does not change.
On the other hand, the expression for moment of viscous damping, as well as any constitutive equation, must
be independent on the initial conditions. Therefore, using the inertial reference system in which the particles
of unperturbed rod are motionless, we can assume the moment of viscous damping to be proportional to the
angular momentum m(By + Jz/}). If the inertial reference system moving relative to the undisturbed rod is
used, then the expression for the moment of viscous damping should be modified by replacing the absolute
velocity of the particle to the particle velocity relative to the undisturbed rod. If B = 0, then the dependence
on the translational velocity vanishes. In this case, the problem under consideration becomes similar to the
problem of the motion of an ordinary oscillator on the elastic waveguide. Analysis of formula (33) for the
coefficient of damping S allows us to conclude that increasing the torsional stiffness of the spring connecting
the body-point and the rod causes increasing of the radiation in the surrounding medium.

The foregoing problem is the simplest model illustrating the process of dissipation of the body-point energy
into the “thermal ether.” The problem of the interaction of a body-point with the “thermal ether” in the case
of spherical symmetry is more complicated but a more appropriate model of the process of dissipation.

Now we consider the spherical source of radius r (see Fig. 3) consisting of the body-points (6) and (7).
We suppose that the source can pulsate, and the change of its radius is characterized by the variable £(¢). At
the same time, the body-points of the spherical source rotate about its radius. The angles of rotation of all
body-points are assumed to be the same, and they are characterized by the variable (¢). Thus, the kinematics
of the spherical source is described by the displacement vector and by the rotational vector

§=¢t)er, P=1y(t)er, (34)

where e, is the unit vector of the spherical coordinate system. The inertia properties of the spherical source
are characterized by the mass m evenly distributed on the source surface and the moments of inertia B, J. The
spherical source interacts with the “thermal ether” by means of an elastic connection. The elastic connection
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Fig. 3 Interaction of the spherical source with the “thermal ether”

constitutes the system of the identical springs working in torsion. Each of them connects the body-point of
the spherical source with the body-point of the “thermal ether” (see Fig. 3). The stiffness of the connection
per unit area of spherical source is characterized by the stiffness k. /7, where coefficient ;' is introduced
in order to the dimension of stiffness k. be the same as the dimension of stiffness of the “thermal ether.” At
the initial instant of time, the “thermal ether” is at rest. The following initial conditions are assumed for the

spherical source: £(0) = &o, £(0) = vo, ¥(0) = o, ¥(0) = wp.
It is proved that after elimination of variables characterizing the motion of the “thermal ether,” the problem
is reduced to the set of equations [22]

. . . . mk.

mk. .. .
+E§Gi§5RBW+J%ﬁ+B®+JM$ m(€+ B) = dmrif, (35)

(B§ + Jw) + dnroka = mﬁ(Bvo + on)+

where the coefficient 3 is calculated by the formula:

ck, k./To
rok\Jkp(J - B2)
Notice that Eq. (35), as well as Eq. (32) obtained for the case of the interaction of a body-point with the
one-dimension continuum, does not depend on the choice of the inertial reference system. A comparison of
Eqg. (35) with Eq. (32) shows that although these equations somewhat differ from each other, nevertheless, they
have one important similarity. Both of them have the dissipative terms proportional to the angular momentum,
and the dependence of coefficients of viscous damping on the parameters of models is the same in both cases,
see Egs. (33) and (36). Thus, the analysis of solutions of two model problems gives reason to believe that in
the general case, the moment of viscous damping characterizing the radiation of energy of a particle into the
“thermal ether” is proportional to the vector of angular momentum of the particle providing that the inertial

reference system fixed relative to the undisturbed “thermal ether” is used. This result is important for the
subsequent constructions.

(36)

4 Continuum of one-rotor gyrostats

We construct the linear theory of the elastic medium which is a continuum of one-rotor gyrostats. The one-rotor
gyrostat is a complex particle consisting of the carrier body and the rotor (see Fig. 4). The rotor can rotate
independently of rotation of the carrier body, but it cannot translate relative to the carrier body. The carrier
body of the gyrostat is a classical body-point whose inertial properties are analogous to that of a rigid body.
The rotor of the gyrostat is the body-point (6) and (7).
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Carrier body

Fig. 4 One-rotor gyrostat

Fig. 5 Elementary volume of a medium consisting of one-rotor gyrostats

Now we consider the material medium consisting of one-rotor gyrostats (see Fig. 5). Let vector r determine
the position of some point of space. We introduce the following notations: p(r, t) is the mass density of the
material medium in a given point of space, v(r, t) is the velocity field, u(r, ¢) is the displacement field, P(r, t),
w(r,t) are the fields of the rotation tensors and the angular velocity vectors of the carrier bodies, P(r, ),
w(r,t) are the fields of the rotation tensors and the angular velocity vectors of the rotors. In the reference
configuration, the tensors P(r,t) and P(r,t) are assumed to be equal to the unit tensor. Hence, upon the
linearization near the reference position, they take the form

P(r,t)=E+¢(r,t) xE, P(r,t)=E+0(r,t) x E, (37)

where ¢(r,t), 0(r,t) are the rotation vector fields of the carrier bodies and rotors, respectively. Kinematic
relations in the linear approximation are

,_du S _de _de

dt’ a’ YT (38)

The mass balance equation has the form analogous to (10), and the solution of the mass balance equation is
represented by the formula analogous to (11).

The equations of balance of linear momentum for the gyrostats and of angular momentum for the carrier
bodies of gyrostats have the form

d d -
V-1 + pf=ps v+BaJ), V-u—ﬁ—TX—ﬁ—p*m:p*E(Io-w). (39)

7
Here 7 is the stress tensor, v is the moment stress tensor characterizing the interaction of the carrier bodies
of gyrostats, f is the mass density of external forces, m is the mass density of external moments acting on the
carrier bodies of gyrostats, p. is the mass density of the material in the reference configuration, I, is the mass
density of the inertia tensors of carrier bodies in the reference configuration.
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The equation of balance of angular momentum for the rotors of gyrostats has the form

v-T+p*L=p*%(Bv+Jw), (40)
where T is the moment stress tensor characterizing the interaction of the rotors of gyrostats, L is the mass
density of the external moments acting on the rotors. Quantities B and .J in Egs. (39) and (40) represent the
mass densities of the moments of inertia of the rotors. In the expression for the kinetic energy of rotor, the
moment of inertia B is the coefficient of the production of linear and angular velocities, and the moment of
inertia .J is the coefficient of the squared angular velocity.

The constitutive equations are

" =710+ %Cy e+ *Cym+ 1Cy- 0,
p'=pi +e--"Ca+ 'Cs k4 'Cs -0,
TT:Tg+5-~4C4—|—KZ--4C5+406”19. (41)

Here ¢, o, T are the initial stresses, C;, are the stiffness tensors, €, x, 9 are the strain tensors. The strain
tensors are determined by the formulas

e=Vu+Ex¢, kK=Ve, I9=V0. (42)

The basic equations describing the dynamics of the elastic continuum of one-rotor gyrostats are stated
above — see Eqs. (38)—(42). The detailed derivation of these equations can be found in [13].

5 Continuum of one-rotor gyrostats asa model of medium with thermoviscoelastic properties

A two-component medium is presented in Fig. 6. One component of this medium is a continuum of one-
rotor gyrostats and other component is a continuum called the “thermal ether.” We are not going to study the
interaction of media constituting the two-component continuum. In what follows, we consider the gyrostats
continuum as an object under study. The “thermal ether” positioned in space between gyrostats is an external
factor with respect to continuum under study. We will model the influence of the “thermal ether” on the
gyrostats by an external moment in the equation of the rotors motion (40).

Accepting three important hypotheses, we consider a special case of the linear theory of one-rotor gyrostat
continuum (38)—(42).

Hypothesis 1 Vector L (the mass density of external actions on the rotors of gyrostats) is a sum of the moment
L, characterizing the external actions of all sorts and the moment of linear viscous damping

Ly = —p(Bv + Jw). 43)

Fig. 6 Elementary volume of one-rotor gyrostat continuum deep in the “thermal ether”
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The moment (43) characterizes the influence of the “thermal ether.” Structure of the moment is chosen based
on the analysis of two model problems considered above — see Egs. (32) and (35). In accordance with the
results of solution of the aforesaid problems, the velocity v in Eqg. (43) is the absolute velocity of a particle in
the inertial reference system fixed relative to the “thermal ether.” The model of thermoviscoelastic medium is
constructed in the reference system fixed relative to the Earth. Consequently, accepting Eq. (43), we suppose
that the “thermal ether” does not move relative to the Earth. This is a physical hypothesis which has no relation
to the choice of the inertial reference system. Rejecting this hypothesis, we have to solve more complicated
model problems, and as a result, we will obtain a different expression for the moment of viscous damping.
This study is beyond the scope of this paper. In what follows, we use the moment of viscous damping (43). Itis
important to keep in mind that Eq. (43) is true only in the reference system related with the Earth. If one wants
to use the reference system moving at a constant velocity —V g relative to the Earth, then Eq. (43) should be
replaced by the expression

L; = —B[B(v — Vg) + Jw], (44)
where the difference v — V is the particle velocity relative to the Earth or, what is the same, relative to the
“thermal ether”.

Hypothesis 2 The moment interaction between the carrier bodies of gyrostats is supposed to be characterized
by the antisymmetric tensor; there is no influence of external moments upon the carrier bodies of gyrostats;
and the inertia tensors of the carrier bodies can be neglected

u=—p, xE m =0, Ip =0. (45)
Notice that when the moment stress tensor p is not equal to zero, the force stress tensor  can have a non-zero

antisymmetric part, i.e., 7« # 0.

Hypothesis 3 The moment stress tensor T characterizing the interaction between rotors is the sum of the
spherical part of tensor and the antisymmetric tensor

T=TE-M x E. (46)
Hypothesis (46) differs from supposition (20) accepted in the case of the “thermal ether” by the presence of

the antisymmetric part of the moment stress tensor.

In view of assumptions (45), the motion of carrier bodies of gyrostats is described by the equations
d
V-T—i—p*f:p*a(v—i—Bw), VX p, ="Tx. 47)
Representing = as a sum of the symmetric and antisymmetric tensors

T=7"—qxE, qz%rx, (48)
we rewrite Eq. (47) in the form
V~T5—qu+p*f:p*%(v+3w), V x p, = 2q. (49)
In view of assumptions (43) and (46), the equation of motion of the rotors takes the form
VT —V xM — Bp.(Bv + Jw) + p.Ly, :p*%<Bv+Jw). (50)

The energy balance equation for the elastic continuum of one-rotor gyrostats is written as

d(p«Un) 7 de r dk o dd

T_T ”E_FN ”E_FT ”E’ (51)
where U, is the internal energy density per unit mass; the strain tensors e, , ¢ are determined by formulas
(42).
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In view of Eq. (48), the first term on the right-hand side of Eq. (51) can be reduced as follows

de de de de® dvy
T.._: S.._ « v — = S.. - —_—
T T g Pax B =T A g (52)
where the following notations are used
1
ES:§(Vu+VuT), N =V xu-— 2. (53)

Let us note that the trace of e is equal to the trace of £°. That is why we will use the notation e = tre = tre®.
In view of assumption (45), the second term on the right-hand side of Eq. (51) takes the form

T x
o = (u, X E)— =y, - —
lt ( v X ) lt v lt 9

We suppose that the strain vector ., on which the moment vector g, works, is equal to zero

u Ky =V X . (54)
V x ¢ =0. (55)

However, the moment vector p,, has the finite value. Itis possible if the corresponding stiffness tends to infinity.
In that case, the constitutive equation becomes indeterminate, and vector g, is found as a result of solution of

Eq. (49).
In view of assumption (46), the last term on the right-hand side of Eq. (51) can be reduced as follows
dyg dy ddg d(tr9) dy
T _ = PO - —_ = . X
T =TE— (M x E) = =g+ M —= (56)

Using the results of transformations (52), (54), and (56) and taking into account assumption (55), we write
down the energy balance equation (51) in the form

d(p.Uy) ., de® dy . d dop
a T Ty T M (67)

where the following notations are used

d=trd, Pp=19y, I=V6. (58)
In view of elasticity of the medium under consideration, we obtain the Cauchy—Green relations

5= 9(p+Unm) q= (psUn) T — (psUn) (psUnm)

des 7 oy oy oy

According to the energy balance equation (57), the energy density is the function of four independent variables:
e®, v, 9, and 1. Let us define the energy density as

M — (59)

piUpm =70 €+ qy v+ T +M,-1p+Gdeve® - -deve’+
1 1 1 1
+§K,,,d52+Taz9+§K192+§A7-7+D7~1/)+§F1/)-1p. (60)

Here o, q4, Tk, M., are the initial stresses, K, is the adiabatic modulus of compression, G is the shear
modulus, 7", K, A, D and I" are constants whose physical meaning will be discussed further. The notation
“dev” is used for the deviator part of tensor.

Substituting Eg. (60) into the Cauchy—Green relations (59), we obtain

T8 =70+ Ko cE+2Gdeve + TYE, q=qu+ A~y + D,
(61)
T=T.+Te+ K9, M=M.+Dvy+IT.

Further, we show that the one-rotor gyrostat continuum whose dynamics is described by Eqgs. (38), (49),
(50), (53), (55), (58), and (61) can be interpreted as a model of thermoviscoelastic medium.
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6 Thermodynamic analogy
6.1 Temperature and entropy

Suppose that the model constructed above describes behavior of the classical medium which possesses not
only elastic properties but also the viscous and thermic properties. Now for a simplicity sake, we assume that
q = 0and M = 0. In this case, the energy balance equation (57) takes the form

d(pUn) _ o de* | do

- a
If we consider Eqg. (62) to be the energy balance equation for the classical medium, then we interpret the last
term on the right-hand side of this equation as thermodynamical one. In this case, the quantity 7" acquires
meaning of temperature and the quantity 9 acquires meaning of volume density of entropy.
Dimensions of the temperature and the entropy introduced in the framework of the proposed model are
different fromthose in classical thermodynamics. This problem can be solved by introduction of anormalization
factor a

(62)

T—al, 9=1g, (63)
a

Here T, is the absolute temperature measured by a thermometer, +,, is volume density of the absolute entropy.
Let us introduce the similar relations for the remaining variables

1 1 1
9: 59,,,, w = Ewa, M:CLM{L, '(/): E'lpa, Lh:CLLz. (64)

By introducing new parameters

B J Y K D
a

Ba:_7 Ja:_27 Ta:_v Ka:_27 Da: (65)
a a a

the normalization factor a can be eliminated from all equations.

6.2 Hyperbolic type thermoelasticity and classical thermoelasticity

Now using the notations (63)—(65), we resume the set of equations describing the dynamics of the one-rotor
gyrostat continuum.
According to the accepted suppositions, the stress tensor and the moment stress tensor have the form

T=17"-qxE, pu=-p,xE T,=T,E—M, xE. (66)

It is well known that applying the linear theory is admissible in certain range of temperatures and entropy
densities. That is why we introduce deviations of the quantities introduced above from their reference values
T, M (which are not zero) and 9%, 1) (which can be considered to be zero without loss of generality):

Ta :T:+Taa Ma :M2+Ma7 790, :792+1§a7 d’a :¢Z+1l~’a~ (67)

In view of Eq. (67), the equations of motion (49) and (50) are rewritten as

d
V-TS—Vxq+p*f:p*—(v+Bawa), V xp, =2q,

dt ) (69)
VT, —V x My — p.8 (BaV + Jawa) + p L = p*%(Bav + Jawy).
Kinematical and geometrical relations (38), (53), (55), and (58) take the form
‘,:d_ll7 wa:d;od’ ES:E(VU—I—VUT), €:tr58,

y=Vxu—2p, Vxe=0, 19,=V-0, ¢,=Vx80,.
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In view of Eq. (67) and the simplifying assumptions =, = 0 and q, = 0, the constitutive equations (61)
are reduced to the form

9 - -
7'8:(Kad——G)eE+2GeS+Ta19aE, a=A~y+ Datp,,
3 (70)
Ta:Ta€+Ka1§aa Ma:Da7+Fa1Za'
The mass density in the actual configuration is determined by the formula: p = p. (1 — ¢).

Now we consider a special case when the parameters A, D,, I, B, are equal to zero, and the remaining
parameters are calculated by the formulas
oK, TF

T T
= —= ) Ka = = ; Ta = ; (71)
Pr PxCo PxCo

BJa

where ¢, is the specific heat at constant volume, X is the heat conduction coefficient, K, is the isothermal
modulus of compression, « is the volume coefficient of thermal expansion,

KT, LTy
Kua=Ki 2, ¢j—c,= 20 o K=K, + =0 (72)
Cy P PxCo

where ¢, is the specific heat at constant pressure.
In [13], it is shown that the special case under consideration is described by the set of equations

s d2u s 2 s T
Vertapf=p o 1= (Ki . §G>5E+2Gs — oK, T,E,
- pecy (dT, 1 d2T, oK. T (de 1 d?e
AT, — — = o =4 =-——)—pV-LY 73
A <dt+6dt2 N \at "Fae) PVl (73)

e = % (Vu+vu®), e=tre’

Equation (73) follows from Egs. (66)—(70). The second equation in (73) is obtained from Eq. (70) by
eliminating ¥,. The third equation in (73) is obtained by taking the divergence of both sides of the third
equation in (68) and eliminating V - w, by means of Eq. (69). The quantity p.V - L} in the third equation in
(73) plays role of the source term characterizing the heat energy supply.

It is easy to see that if 5~! = 0, then the set of equations (73) is equivalent to the classical statement of
coupled problem of thermoelasticity (see, for example, [23]). If the parameter 3~ (which is usually called the
heat flow relaxation timescale) is not equal to zero, then Eq. (73) is the statement of problem of the hyperbolic
type thermoelasticity (see, for example, [24]). Two ways of determination of the parameter 3! based on
comparison with the phonon theory are considered in [13]. The first way is based on the data taken from [25]
(p. 141). According to these data, the velocity ¢, of heat wave propagation in the crystal solids is related to the
velocity c,, of longitudinal acoustic wave propagation by ¢, = c¢,/+/3. The second way is based on the data
taken from [10] (p. 239). According to these data, the velocity of phonon motion is equal to the group velocity
of acoustic wave in the crystal lattice: ¢, = ¢,. In [13], one can find two formulas for calculating 5~ in the
case of solids, the methods of extrapolation of these formulas in the case of liquids and gases, and the results
of calculations for a number of substances. Estimations of the heat flow relaxation timescale can also be found
in [26] for metals, in [27] for some liquids, and in [24] for gases.

The asymptotic analysis of Eq. (73) shows that if the macroscopic objects and not very high frequencies
are considered, then the terms containing the second time derivatives can be ignored in the heat conduction
equation. Inthis case, the solution possesses the properties analogous to the properties of solution of the classical
problem of thermoelasticity. When the acoustic wave propagation is studied, we can find the asymptotically
principal term of the solution by neglecting the term A7, in the heat conduction equation. When the process
of heat conduction is studied in order to find the asymptotically principal term of the solution, we can solve the
heat conduction equation neglecting the volume expansion ¢ and then find the stress—strain state as a solution
of the quasi-static problem where the temperature is assumed to be known. If the nano-objects and very high
frequencies (lying in the gigahertz frequency range) are considered, then the terms containing the second
time derivatives cannot be ignored in the heat conduction equation. In this case, the asymptotic solutions are
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meaningless and the coupled problem of hyperbolic type thermoelasticity (73) must be solved in the exact
statement.

Usually, the heat conduction equation is obtained from the equation of energy balance. We derive the heat
conduction equation from the equation of motion of rotors (50). This fact should be explained. First of all, we
note that the aforesaid peculiarity of our model is a consequence of the proposed mechanical interpretation of
temperature. In our model, the spherical part of moment stress tensor characterizing the interaction of rotors
is analog of the absolute temperature. In accordance with the classical ideas, the absolute temperature has an
energetic sense, namely the absolute temperature is proportional to the average kinetic energy of chaotic motion
of molecules. Analysis of the situation leads us to the question: what is the temperature as the average kinetic
energy? Is this a reflection of the physical reality or is it just a mathematical model? To answer this question,
we discuss the available experimental data. First, we note that the temperature cannot be measured directly. In
order to measure the temperature, we should choose a physical quantity whose change is a sign of changes in
temperature and measure this physical quantity. Then, using the formula which relates the change in chosen
physical quantity with the change in temperature and taking into account the fixed point of temperature scale,
we should calculate the temperature. Consequently, when we measure the temperature, we do not measure the
average kinetic energy of the chaotic motion of molecules. Hence, the interpretation of temperature accepted
in the kinetic theory is the mathematical model and nothing more. That is why any alternative model of thermal
processes whose mathematical description is reduced to the known equations can be considered. We believe
that any mechanical interpretations of the temperature and other thermodynamic quantities are of interest if
they can be useful for description of thermal processes within the framework of continuum mechanics and by
using the methods of continuum mechanics.

6.3 Description of thermal processes near the zero temperature

Above we set out a linear theory of thermoelasticity that is correct in a certain temperature range near 7'*
provided that 7' is far from the zero temperature. Under these conditions, the entropy varies near the value ¥
which is not close to zero and corresponds to the temperature 7.*. The aforesaid theory can be extended over a
more wide temperature range if the linear constitutive equations (70) will be replaced by nonlinear ones. For
example, in order to describe the thermal processes in a non-deformable body in the case of wide temperature
range down to the zero temperature, we can assign the following expression to the energy density:

Pl = Ay [sinh(39,)] *, (74)

where Ay and s« are constant. Substituting Eq. (74) into the third equation in (59) and taking into account
Eqg. (63), we obtain
T, = AU% [sinh(5 )] 1/3 cosh(s9,). (75)

From Eq. (75), it follows that

4 2
[sinh(s¢ 0,)] T, = Ay = (1+ 4sinh® (3¢ 0,)) d,. (76)

As seen from Egs. (75) and (76), if the absolute temperature tends to zero, then the entropy and its increment
also tend to zero:
To—0 Te—0
Vg —— 0, d¥, —— 0. 77
It is obvious that Eq. (77) is in agreement with the Nernst principle.
By definition the specific heat at constant volume C, is calculated as

6U7",
Co= 7" (78)
In view of the fact that 7,, = T,,(¢,,), the expression (78) can be rewritten in the form
Uy, 89 To (OT,\ "
= L _ @ ) 7
0%, 0T,  ps (am) (79)
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Substituting Eq. (75) into Eq. (79), we obtain

- 3 sml;l(%ﬂa) cosh(‘% 19;) . (80)
ps3¢ [cosh®(309,) + 3sinh? (¢ 9,)]

It is easy to show that in the case of 9, close to zero, Egs. (75) and (80) take the following approximate form

3/ 1
T, ~ Ay Va0 3 (81)
3 Pr

According to Eq. (81) for temperatures near absolute zero, we have

81T3
Cy = 764p*%414?[’] . (82)
For large values of ¥, the expressions (75) and (80) can be approximated by the formulas
3 4 4 a
Ta%AU\/_%exp G , C, ~ 3 . (83)
3 3 4 pyo

Consequently, at temperatures close to absolute zero, the specific heat C, is proportional to 7'2, whereas at
sufficiently high temperatures, C,, is constant. This fact gives reason to assert that the expression for the specific
heat (80) is in agreement with the Debye law.

7 Model of internal damping
7.1 Classical models of viscous damping

Now we put a stop to discussion of the proposed model and consider the motion of a viscous fluid in which
the pressure obeys the Stokes law

de

cl

— 4
p My it’ (8 )

where 1! is the volume (acoustic) viscosity whose values for the different substances can be found, for example,
in [28]. By using the constitutive Eq. (84), we obtain the well-known self-diffusion equation

de
cl
Ae — po— = —p. ¥, 85
My A& = pamy = —p (85)
where p,.¥ is the source term.

Let us consider the equations of motion of an incompressible Newtonian viscous fluid

dv

V-T+p*f=0*dt’

dev T =1 dev (Vv + VVT), e=0. (86)
Here n¢! is the shear viscosity whose values for the different substances can be found in almost every handbook
(see, for example, [29]). The notation “dev” is used for the deviator part of tensor. In view of the second equation
in (86) and the assumption of potentiality of external forces by taking the curl operator of both sides of the
first equation in (86), we obtain the following equation of vortex motion of a viscous fluid

AV x v = p*%v X V. (87)

Thus, the coefficients of the derivatives with respect to spatial coordinates in Eqs. (85) and (87) represent,
respectively, the coefficients of volume viscosity and shear viscosity in their classical treatment. Certainly,
the use of different rheological models leads to other viscous characteristics. However, discussion of these
characteristics is beyond the scope of the paper.
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7.2 Mechanism of volume viscosity

Let us return to the model proposed above. Now we abandon the assumption that the parameters A, D,, I,
B, are equal to zero. We consider the model of internal damping based on the supposition that the terms in
Egs. (66)—(70) containing parameter B, (inertia parameter responsible for the interference of the translational
and rotational motion of rotors) are concerned with the internal damping mechanism. In accordance with our
hypothesis, the mechanism of internal damping consists in the following. The energy of translational motion
turns into the energy of rotational motion of rotors, and the dissipation of energy on the rotational degrees of
freedom is the result of interaction of the rotors with the “thermal ether.”
An isentropic process is considered, i.e., the volume density of entropy is assumed to be constant

Vo =0 =const = J,=0 = T,=7,e. (88)

We take the divergence of both sides of the third equation in (68) and transform the obtained equation taking
into account Egs. (69) and (70). As a result, we have

. de dd, d2e d2d,
AT{L_ * Ba_ a - - Px Ba_ a—/ = —Px La
P ﬂ( i e ) P ( iz T ) p<V - L (89)

Reducing Eqg. (89) in view of the condition of isentropy (88), we obtain

d’e "
L VL. (90)

de
Ta A - Px Ba T *Ba
 Ae = pufiBa o — puBa -

Equation (90) contains the dissipative term p. 5B, d—i which is in no way concerned with the heat conduc-

tion phenomena. In what follows, we show that the entropy balance equation contains the non-negative term
p«BB;

the entropy production due to the dissipative process, i. e., it characterizes the transfer of mechanical energy
into heat. It is easy to see that the coefficient of this term is proportional to 8B, . Hence, if the parameter 5B,
is equal to zero, then the internal dissipation is ignored. That is why we consider the term in Eq. (90) which
contains the coefficient 3B, to be the dissipative term.

In order to clarify the physical meaning of the coefficients in Eq. (90), we compare this equation with the
self-diffusion equation (85). It is easy to see that these two equations are equivalent with the only difference
that the former contains the inertial term. We introduce the following notation

proportional to the kinetic energy of translational motion, namely the term

v - v. This term represents

1,
Ny = 3B, (91)
Eliminating 7, from Eq. (91) by means of the third equation in (71), we get
5B, — =T (92)
PxCyTy

As evident from Eq. (92), parameter B, is negative for finite positive values of the volume viscosity 7, and is
equal to zero when 7,, — oc. In view of Egs. (72), (91) and (92), we rewrite Eq. (90) in the form

d’e Q CyMy a
ﬁ = p*![/m WU - H V . Lh' (93)

de 1
T Ae P dt ﬁ Px
It is evident that the parameter 7, has the sense of volume viscosity. Since this parameter is the coefficient
in Eq. (93) describing the isentropic process, it will be called the isentropic volume viscosity.
Now we consider an alternative approach to derivation of the self-diffusion equation in the framework of
the proposed model. An isobaric process is considered, i. e., the quantity p. determining the deviation of elastic
pressure from its equilibrium value is assumed to be equal to zero

- K,
pe=0 = ﬂa:—Tada

(94)

~ KoKaq
= T,,,:(T,,,— T, d)e
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We transform Eq. (89) in view of the isobaric condition (94) and the expressions for parameters of the model
(71), (72), and (92). As a result, we obtain

c Ccp — Cy \ de c cp —Cy \ d’e
Ne—p, (222 g1, (2 _ "™ )2° _ _, 4V.L% 95
cop (o) E g (220 ) T v (95)
By using the notations
1 c cp — Cyp o
n_:Xp_ch7 Uy =mpaV- Ly, (96)
D v'!fv
we rewrite Eq. (95) in the form
de ., d’
UpAg—P*%—B 1P*ﬁ:—0*g’p- (97)

For concreteness, ), will be called the isobaric volume viscosity. The structure of Eq. (97) is the same as
the structure of the self-diffusion Eq. (93). However, the expressions for the volume viscosity and the source
term obtained under the condition of isentropy differ from the expressions (96) obtained under the isobaric
condition. The relation of the isobaric volume viscosity to the isentropic volume viscosity can be represented
in the form

1 1 1 1
Ll -
M T A Gl
Now it is hard to say whether or not one of these viscosities can be identified with the volume viscosity n¢
whose values is given in handbooks. The answer this question is in what follows.

7.3 Mechanism of shear viscosity

Now we pass on to the discussion of a mechanism of shear viscosity. We assume 1), to be constant that is
counterpart of the condition of isentropy

P, =, = const = Y,=0 = M, =D,"~. (99)

We take the curl operator of both sides of the third equation in (68) and transform the obtained equation taking
into account Egs. (69) and (70). As a result, we get

¥ x (v x 1\710,) —p.B (Bav X v+ J d:f;) 4 pV x LE = p, (B,,,dvd: Yo, d;/’t“) . (100)
In view of condition (99) and expression (69) for vector ~, we reduce Eq. (100) to the form
DaAVxu:p*ﬁBanv—i—p*Ba%VXv—p*VxLZ. (101)
Next, we introduce the notation
= (102)

Neglecting the inertia term and the term containing external moment L} in Eq. (101) and differentiating the
obtained equation with respect to time in view of notation (102), we get

Ns AV X v = p*%v X V. (103)

Comparing Eqg. (103) with the equation of vortex motion of a viscous fluid (87), we reveal that these equations
are the same. Consequently, the parameter 75 has the sense of shear viscosity.
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Now we discuss an alternative approach to derivation of the equation of vortex motion of a viscous fluid.
Let us consider the process such that the antisymmetric part of the stress tensor remains equal to zero

~ A ~ AT,
q_O = fd]a__D_apy = Ma—<Da_ Da)’y. (104)

We reduce Eq. (100) taking into account Eq. (104). Next, we neglect the inertia term and the term containing
external moment L} and differentiate the obtained equation with respect to time. As a result, we get

g Ava:p*%V X v+ p. Wy, (105)
where the following notations are used

D2 — AT, 24J,  d%*p

9= B(DyBa — AJa)’ Vo= DB AL az (106)

Vector ¥, in Eq. (105) plays role of the source term. Parameter 7, represents the shear viscosity whose value,
generally, differs from the value of 7,.

By using Egs. (71), (92), (102), and (106) the parameters D, and I, can be expressed in terms of the volume
and shear viscosities 7, 75, 7, and the known mechanical and thermodynamical constants. The parameter D,
[see Egs. (92) and (102)] does not depend on the unknown elastic modulus A, while the parameter I, depends
on it

E @ _ 773(77q - ns)(Kad - K?z)

I, = 107
=15 T (107)
Let us choose the elastic modulus A as follows:
A= >\(77q _Ws)(fgad_Kiz) ) (108)
Coy Ty
Finally, by using Egs. (92), (102), (107), and (108), we obtain the expressions for D, and I,:
. * — N, T*
Da _ _aKZZTa 778 , Fa _ (77q 77 ) a . (109)
PxCyTly A Px

In what follows, we discuss the methods of determination of the shear viscosities n and n, for solids. Now
we consider fluids and gases.

Suppose that in the case of fluids and gases, the shear viscosities 1, and », are equal to each other and
equal to the shear vilscosity n<. Then, the parameters A, D, and I, are determined by Egs. (108) and (109)
where 11, = 15 = 115"

K17T* cl
A=0, D,=-22%talls  po_ g (110)
PxColly
Let us take the curl operator of both sides of the first and third equations in (68) and transform the obtained
equations taking into account the kinematical relations (69) and the constitutive equations (70). Eliminating
the external moments and taking into account the fact that for fluids and gases G = 0, A =0and I, = 0 we
obtain

d?V x u a4
DaA = Px Ba = )
Ya=0 ( az e )
i . (111)
AV xu o dip,\ 2V xu  d*p,
Dy, AV xu p*5<Ba 7 + Ja dt)_p* (Ba 2 + Ja dtQ)
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Eliminating variable v/, from the system (111), we get

D? B,D, d 2B,D, d?
a AA _ a G_A _ a G_A _
B, V xu T d V xu 5. a2 V xu
B2 dS D B2 d4
—pe [1— =2 ) — - — - =2 ) — =0. (112
p < Ja)dt3qu 5( Ja)dt4qu (112)

In the case of a slow process, the asymptotically leading term of Eq. (112) is determined by the first two
terms. In view of the foregoing formulas for the model parameters, the asymptotically leading term of Eq. (112)
can be represented as

d

A [UEZAVX U=y

V x u] =0. (113)
It is evident that Eq. (113) is the counterpart of Eq. (103).

In the case of a fast process, the asymptotically leading term of Eq. (112) is determined by the terms
containing the odd time derivatives. The terms containing the even time derivatives are small due to the
presence of coefficient 5~ which is of the order 10~19s for gases and 10~ s for fluids. These terms should
be taken into account only when the terahertz frequency range is considered. Thus, a fast process is described
by the equation which (in view of the foregoing formulas for the model parameters) takes the form

d &2 ANKag — K2 )t
4 pav R —0, k= E—
dt P o2 — BN (K — o)

(114)

In what follows, we show that the coefficient k is positive. Therefore, Eq. (114) describes the time-increasing
processes rather than oscillating ones.

A distinctive feature of the foregoing model of internal damping is the fact that the shear viscosity does
not influence on the dynamical processes concerned with the volume change. In accordance with the classical
theory, this is not the case. In the case of fluids and gases, the formula for the sound attenuation factor is well
known. According to this formula, the sound attenuation is determined by three factors: the shear viscosity, the
volume (acoustic) viscosity, and the heat conductivity. This formula is usually used to determine the volume
viscosity. The proposed treatment of internal damping leads to the theory of thermoviscoelasticity which allows
one to calculate the sound attenuation factor by another formula. This formula differs from the classical one,
particularly, by the fact that it does not depend on the shear viscosity. That is why, in general, the values of
volume viscosity taken from the handbooks have to coincide neither with 7,, nor with 7,,.

8 Entropy balance equation and second law of thermodynamics

We start the discussion of second law of thermodynamics with the introduction of energy characteristics of
thermal and dissipative processes in the framework of proposed model. For this purpose, we consider the
equation of energy balance for the material medium consisting of one-rotor gyrostats

d
7 p*(Km—i—Um)dV:/p*<f-v+m~a~;+L-w—|—Q)dV+
V) V)
+ /(Tn VA4, @+ Ty w+ Hy,)dS. (115)
()

Here K, is the kinetic energy of gyrostats per unit mass; (Q and H,, are the rates of “non-mechanical nature”
energy supply in control volume V" and through surface S, respectively. Vectors r.,, u,,, T, are the force and
moments acting on a unit area of the surface S. These vectors are related with the stress tensor and moment
stress tensors by the standard formulas

Tpn=mn-7, p,=n-pu, T,=n-T. (116)

The remaining quantities in Eq. (115) have been introduced above.
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In accordance with our approach, the quantities associated with carrier bodies describe the mechanical
processes, whereas the quantities associated with rotors describe the thermal processes and processes connected
with transfer of mechanical energy into heat. Thus, the terms f - v and m - & characterize the energy supply
in control volume V" due to the power of forces and moments, whereas the term L - w can be interpreted as the
rate of thermal energy supply per unit mass. Then, the quantity @ has the sense of the rate of supply of energy
of “non-mechanical and nonthermal nature.” Similarly, the terms =, - v and p,, - @ represent the mechanical
energy flow through the surface S, whereas the term T, - w characterizes the thermal energy flow through this
surface. Correspondingly, the quantity H,, has the sense of flow of energy of “non-mechanical and nonthermal
nature” through the surface S.

Since we consider the continuum of one-rotor gyrostats to be isolated body, we assume the supply of energy
of “non-mechanical and nonthermal nature” to be equal to zero, i. e.,

Q=0 Hy,=0. (117)

Notice that by standard line of reasoning in view of Eq. (117), one can obtain the local form of energy balance
equation (51). Now we introduce the notations

Qr=L" w, h, =T,  w. (118)
In view of Egs. (117) and (118), the energy balance equation (115) takes the form

d

o px (K + Uy )dV = /p*(f-v+m~a:+QL)dV+/(rn~v+un-a)+h")d5. (119)

V) V) (5)

If we consider Eq. (119) as the energy balance equation for the classical medium, then we interpret @, and
h., as the rates of thermal energy supply in control volume V' and through the surface S, respectively.

Taking into account the foregoing assumption that L = L + Lj where L is the moment of viscous
damping given by Eqg. (43), we get

QL =—B(Bv+Jw) w+Lj - w. (120)
Using standard line of reasoning, we introduce the vector of thermal energy flow h, namely
h, =n-h. (121)
According to Egs. (116), (118), and (121), we have
h=T-w. (122)

In view of Eq. (46) for tensor T and Eqgs. (63) and (64) relating the mechanical and thermodynamic quantities,
the vector of thermal energy flow h can be represented as a sum

h =hy + hy, hr =Tw=T,w,, hy=—-Mxw=-M, X w,. (123)

Here vector hy has the sense of the heat flow vector, h, is that part of thermal energy flow which should be
taken into account if we aim to describe the attenuation of transverse waves and the transfer of mechanical
energy of shear vibrations into heat.

After the introduction of the energy characteristics of thermal and dissipative processes, we turn to the
derivation of the entropy balance equation. We start with the consideration of an approximate form of Eg. (50)
which describes the motion of rotors

VT —V xM — Bp.(Bv + Jw) + p.L, = 0. (124)

Notice that Eq. (124) is obtained under the assumption that the inertia terms in Eq. (50) can be neglected that
corresponds to the parabolic heat conduction equation. Taking the scalar product of both sides of Eq. (124) on
the angular velocity of rotors w and performing simple transformations, we obtain

V- (Tw)—T(V-w) = V- Mxw)+ M- (VXxw)—Bp.(Bv+Jw) w+ pLp-w=0. (125)
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Taking into account Egs. (38), (58), (63), (64), (120), and (123), we rewrite Eq. (125) in the form

dd, dip
T,—2 =V -hr+V-hy+M, —2
a7 T+ M+ 7

Let us introduce the entropy flow hy as

+ pQrL- (126)

_ hr + hy,

hy T

(127)

By simple transformations in view of Egs. (38), (58), (63), (123), and (127), the first three terms on the
right-hand side of Eq. (126) can be rewritten as follows:
d;/;a — T,V by P Ve F 1;/1 - (Vxhr) (128)

Taking into account Egs. (64) and (65), the expression (120) can be reduced to the form

V-hyr +V -hy +M,-

_ BB

QL—4Ja

2
v~v—5Ja<wa+25i]a v> + L7 - w,. (129)

Next, dividing both sides of Eq. (126) by T, and substituting in it the expressions (128) and (129) we obtain

dd,
= . h'l 1
ar v 9 + 0 (130)
where o is calculated by the formula
_ hy VT, +M,-(Vxhy) p,SB psBJa Be \' pe(LE-wy)
o= T2 1T, V-V T wg + 27 v + T . (131)

Let us discuss the physical meaning of Egs. (130) and (131). The first of these equations is known as the
entropy balance equation, and it is one of the fundamental equations in non-equilibrium thermodynamics. The
term o has the sense of entropy production. Non-equilibrium thermodynamics is the science that considers
the interplay of various physical processes. That is why the entropy balance equation often involves the terms
characterizing the entropy production due to the various physical processes, for example, the dissipation, Joule
heating, chemical reactions, etc. Analogously, the entropy flow can contain the components that are associated
with the heat flow, the electromagnetic energy flow, the radiation flow, etc. In the proposed model, the entropy
flow hy consists of two parts — see Eq. (127): the component associated with the heat flow and the component
associated with that part of thermal energy flow which allows us to describe the attenuation of transverse waves
and the transfer of mechanical energy of shear vibrations into heat. The entropy production o consists of four
terms — see the expression (131). The first term in this expression is the entropy production due to the heat
conductivity. It is easy to see that if the Fourier law of heat conduction hy = AVT, is used, then this term
is non-negative. We do not postulate the constitutive equation for the heat flow because we derive the heat
conduction equation using a different method. In accordance with our method, the heat flow vector is calculated
by the second formula in Eq. (123) after the coupled problem of thermoviscoelasticity is solved. Hence, we can
determine the sign of the first term on the right-hand side of Eq. (131) only when the problem is solved. The
second term in the expression for o is the entropy production due to the dissipative process. Really, this term is
non-negative and it is proportional to the kinetic energy of translational motion. Therefore, it characterizes the
transfer of mechanical energy into heat. It is easy to see that the coefficient of this term is proportional to B2.
Hence, if the parameter B, isequal to zero that corresponds to the problem of thermoelasticity, then the internal
dissipation is ignored. The third term in the expression for ¢ is non-positive. This term is accounted with the
radiation of energy into the “thermal ether,” i. e., it has the sense of thermal radiation. One of the features of
the proposed model is the account of thermal radiation that is usually ignored in continuum mechanics. The
last term in the expression for o characterizes the entropy production due to the heat supply from an external
source.

Constructing the model of thermoviscoelastic medium, we suppose that the “thermal ether” in the un-
perturbed state is not moving relative to the Earth, and we use the inertial reference system related with the
Earth. On passing to another inertial reference system (without abandoning the assumption of immaobility of




“Acta_Mech_2013" — 2013/9/30 — 1:25 — page 24 — #24

24 E.A. lvanova

the “thermal ether” relative to the Earth), we should replace the expression (43) for the moment of viscous
damping by the expression (44). If Eq. (44) is used instead of Eq. (43), then the expression (120) and all sub-
sequent equations are modified so that the translational velocity v is replaced by the difference v — V. Thus,
the entropy production due to the dissipative process [the second term on the right-hand part of Eg. (131)] and
the radiation of energy into the “thermal ether” [the third term on the right-hand part of Eq. (131)] depend on
the velocity of particles of the medium relative to the “thermal ether” and do not depend on the choice of an
inertial reference system. The assumption of immobility of the “thermal ether” relative to the Earth is a physical
hypothesis being the basis for the proposed model of thermoviscoelasticity. As shown above, the equations
which are well known in continuum mechanics and thermodynamics follow from the aforesaid hypothesis. If
we reject the assumption of immobility of the “thermal ether” relative to the Earth, then in order to obtain the
constitutive equation for the moment of viscous damping, we have to solve the model problems different from
the model problems considered above. It is obvious that the solution of these model problems leads to a more
complicated law of viscous damping. As a result, all subsequent formulas including the expression for the
entropy production (131) are modified. In this case, as in the circumstances discussed above, both the law of
viscous damping and the expression for the entropy production should depend rather on the velocity relative
to the “thermal ether” than on the absolute velocity.

Now we turn to a discussion of the second law of thermodynamics. First of all, we note that now there
are a number of statements that express the second law of thermodynamics. For example, in [30] one can find
18 formulations of the second law of thermodynamics, and [31] contains 21 formulations. Not all statements
expressing the second law of thermodynamics are equivalent. Let us discuss some formulations adopted in the
non-equilibrium thermodynamics and continuum mechanics. In non-equilibrium thermodynamics, the entropy
change d¥, during time interval d¢ is divided into two parts: d¥, = d.¥, + d;1, Where d.¥, is the entropy
change due to the matter and energy exchange with the surrounding medium and d;4, is the entropy change

due to the irreversible processes in the system. The second law of thermodynamics states that —— > 0.

This formulation is not strictly unambiguous when it is applied to continuum because on going to the local
formulation it is not clear what part of the entropy production o causes the entropy change due to the irreversible
processes in the system and what part of o causes the entropy change due to external factors. It is obvious
that the last two terms in the expression (131) are responsible for d.1}, and the second term is responsible for
d;v,. However, the first term in (131) can be interpreted both as the cause of change d.¥, and as the cause of
change d,;¥,. In the first case, the second law of thermodynamics is satisfied since the second term in (131) is
non-negative. In the second case, the second law of thermodynamics is satisfied provided that

. . 2
hr - VTa + 1;/1;’ (V x hr) Z*f?a v-v > 0. (132)

We can verify whether the condition (132) is satisfied only when the coupled problem of thermoviscoelasticity
is solved. In continuum mechanics, the situation with the second law of thermodynamics there is similar to
the situation in non-equilibrium thermodynamics. For example, in [3] (see p. 245), two different formulation
of the second law of thermodynamics can be found. The first one is the Clausius—Planck inequality

dv,
dt

where h is the heat flow vector, ¢ is the heat supply from an external source per unit volume. The second
formulation is the Clausius—Duhem inequality

T,2% >V .h+gq (133)

dd,

T,
o dt

> Tv(Tﬁ) p (134)

a

where h and ¢ have the same meaning as in Eq. (133). In the proposed theory, the Clausius—Planck inequality
(133) takes the form

>V .-hy+ 5 " (135)

dd, hy - VT, + M, - (V xhy)  p.BJa . B 2+p*( @ w,)
dt T2 T, “ '

Since the right-hand side of inequality (135) differs from the right-hand side of the entropy balance equation
only by absence of the non-negative term — see Eqgs. (130) and (131), it is obvious that the second law of
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thermodynamics in the form of the inequality (135) is satisfied. For the proposed model, the Clausius—Duhem
inequality (134) is formulated as

v, e Ba \* pu(Li-wy)
>V hy— B Zh Fa)
Ve 2 hy - O (wa+ 2. v) + el (136)

In view of Egs. (130) and (131), the inequality (136) is equivalent to the inequality (132). Hence, we can
verify whether the second law of thermodynamics in the form of the inequality (136) is satisfied only when
the coupled problem of thermoviscoelasticity is solved.

The foregoing reasoning holds for the case when the inertia terms in the equation of motion of rotors (50)
are neglected. The statement of problem without the inertial terms in Eq. (50) leads to classical theory of
thermoelasticity (73) which contains the parabolic heat conduction equation (an equation without the second
time derivatives). For lack of the second time derivatives, the classical equation describes the heat propagation
with infinite speed. This is not an obstacle for solving most of practical problems since the solution of parabolic
heat conduction equation decays exponentially and therefore only infinitesimal quantity of heat propagates
with infinite speed. However, from the theoretical point of view, the infinite speed of heat propagation is
unacceptable. That is why in 1948 the hyperbolic type heat conduction equation was proposed by Cattaneo,
see [32], and in 1967 the formulation of coupled problem of thermoelasticity with hyperbolic type heat
conduction equation was proposed by Lord and Shulman, see [33]. Let us briefly discuss the derivation of the
hyperbolic type heat conduction equation with the help of arguments standard for continuum mechanics.

In the theory of thermoelasticity, the heat conduction equation has the form

dd,
T,— =V -h+gq. 137
7 +4q (137)
Taking into account the constitutive equation
Vo =5+ B (T, — ) + ake (138)

a

we eliminate the entropy from Eq. (137) and linearize the obtained equation near the temperature 7. As a
result, we have

drT, de
wCy—— K;.T;— =V -h+q. 139
Next, the constitutive equation for the heat flow vector should be taken into account. The classical heat
conduction equation is derived by using the Fourier law: h = AVT,. To obtain the hyperbolic type heat
conduction equation, the Fourier law should be replaced by the Maxwell-Cattaneo law which has the form

5*1% +h = AVT,. (140)

. . . . . . dh
It is easy to see that in comparison with the Fourier law, Eq. (140) has the additional term 5~!—. Due to

this term, Eqg. (140) takes into account the inertia of the heat conduction process, i. e., the fact that response to
appearance of a temperature gradient does not occur instantaneously. The delay of response to appearance of
a temperature gradient is determined by the coefficient of the heat flow derivative. Eliminating vector h from
the system of Egs. (139) and (140), we obtain

_ T, 4T, o d%e  de _d
PsCo <5 ! =t ) + oK. T; (5 1@*%) = \AT, + 8 1d—§ +q. (141)

It is obvious that Eq. (141) coincides with the third equation in (73). Thus, if the standard approach to
derivation of the heat conduction equation is used, then the presence of the second time derivatives in this
equation is the result of the presence of the time derivative of heat flow in the Maxwell-Cattaneo law (140).
If the heat conduction equation is derived by the method proposed above, then the second time derivatives
are presented in this equation due to the presence of inertia terms in Eq. (50). Consequently, the neglect of
inertial terms in Eq. (50) is the same as leaving out the first time derivative of the heat flow in Eq. (140). Ifitis
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permissible to neglect the first time derivative of heat flow in the law of heat conduction, then it is permissible
to neglect the inertial terms in Eq. (50).

The heat conduction Eq. (141) is a hyperbolic equation. According to this equation, the heat propagates
at a finite speed. However, this equation has wave properties resulting in difficulties related to the second law
of thermodynamics. Thus, due to the presence of second time derivatives in the heat conduction equation, the
problem of infinite speed of heat propagation is solved but there is a problem with the satisfaction of the second
law of thermodynamics.

The theories including the hyperbolic type heat conduction equation have long been known and studied
by many authors. A review of literature on these issues can be found in [34], [35]. It is known that difficulties
related to the second law of thermodynamics are taken place in all such theories, see [36], [37], [38], [39]. There
are various approaches and methods to overcome these difficulties, see [27], [40]. Now there is no generally
accepted approach. All approaches and methods have advantages and disadvantages, and it is difficult to
prefer one of them. Notice that studying the hyperbolic heat conduction problem we are confronted with
difficulties when trying to satisfy the local form of the second law of thermodynamics. This is due to an
oscillatory character of solution. If we average the solution over time or spatial coordinates (using the period
of oscillation as a characteristic time and wavelength as the characteristic distance), then we can show that
for the average values, the second law of thermodynamics is satisfied. Consequently, the consideration of
inertia of the heat conduction process does not contradict to the second law of thermodynamics in the form
adopted in the equilibrium thermodynamics. There is contradiction with the local formulations of second law
of thermodynamics which are adopted in continuum mechanics and non-equilibrium thermodynamics. The
local formulations are more restrictive than those adopted in the equilibrium thermodynamics. In view of the
fact that avoiding wave processes we cannot solve the problem of an infinite speed of heat propagation; it is
quite possible that the local formulations of the second law of thermodynamics should be modified so that
they would allow for existence of the wave processes in the heat conduction problem. This is what is done
in all studies related to overcoming the contradictions between the second law of thermodynamics and the
hyperbolic type heat conduction problem.

9 Conclusion

In the second part of the paper, we examine the coupled problem of thermoviscoelasticity formulated on the
base of the proposed theory. We obtain the dependence of the acoustic wave attenuation factor on a signal
frequency and show that this dependence is in close agreement with the classical dependence in the low-
frequency range and agrees with the dependence obtained on the base of the phonon theory in the hypersonic
frequency range. We discuss the ways of determination of some parameters of the proposed model by using
known values of the sound velocity and the acoustic wave attenuation factor.

Part 2: Determination of the model parameters
10 Introduction

In the first part of the paper, we construct a new theory of thermoviscoelasticity. The method of derivation of the
basic equations of this theory which describes both the mechanical and non-mechanical (thermal) processes
is based on the idea of using the purely mechanical model of a continuum with internal rotational degrees of
freedom (a one-rotor gyrostat continuum). We use this mechanical model to describe behavior of the ordinary
material medium (medium without internal degrees of freedom) possessing not only mechanical properties
but also the thermal ones. Therefore, we interpret the spherical part of the moment stress tensor characterizing
the interaction between rotors as the temperature of the ordinary material medium and the corresponding
deformation acquires meaning of volume density of entropy. We consider the interaction of carrier bodies
of the gyrostats to be charged with the mechanical processes. Then, the interference of carrier bodies and
rotors provides the interplay of mechanical and thermal properties. In the first part of the paper, we discuss the
physical nature of the mechanism of thermal conduction and internal damping and show that in the context
of the proposed model these concepts acquire the original treatment different from the conventional one.
The volume and shear viscosities introduced in the context of the proposed model differ from the analogous
quantities used in the known theories. That is why the volume and shear viscosities should be determined by
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means of quantities which can be found by direct measurement, for example, the acoustic wave attenuation
factor. The second part of the paper is devoted to determination of the volume and shear viscosities and some
other parameters of the model.

11 Thermoelastic and thermodynamic forces

Now we reduce the equations describing dynamics of the one-rotor gyrostat continuum (see the first part of

the paper) to the form which is standard for the classical continuum without microstructure. It is well known

that an arbitrary vector can be represented in terms of the scalar and vector Helmholtz potentials. We use

this representation for dynamic term containing vector w, on the right-hand side of the momentum balance

equation

dw,
dt

Here p is the scalar potential, t is the vector potential. As will be seen from further consideration, the quantities
p and t have the sense of mechanical stresses. According to the definition (142), these quantities vanish in
the case of static problems. By using the notation (142), we write down summary of the basic equations of
coupled problem of thermoviscoelastisity for the Cosserat continuum without microstructure

=Vp-Vxt, V-t=0. (142)

_p*Ba

2

V-7 =V xq+pf= Vxp,=2q, Vxe=0,

u
P dt2 9

(Vu+vu’),

N =

2 ~
75 = [(Kl —gG)a—ozKizTa—‘rp]E—‘rQGES, e’ =

A (nq - n‘e)(Kad - K?z) _ aKizT; Ns =~

C~1: 2 1pa+t7 ’Y:VXH_QCP7
Cv% P*Cv%
A, _ Ok 2T, oK, T d A¢ = KTy a2, S
= « -5 | = 3 = Ur 3
P~ Ty, | ¢y, dt? Beyn,  dt? (143)
- pec, [dT, 1 d2T, 1 1 de 1d% Y
AT, — 22 ot —aK, T (- — ) | =4+ ==—| — p,V-LY,
) [ a " gae | e\ o) a T EaE| Y e

- dp. 1 d%p
(nq—ns)Awa—p*< ;pt“ +B d:ﬁ“) =

_ AaK; dV xu 1d2vxu>]—>\inxLZ.

9A — Mx -
Collo {”‘ Vxu p( @ B ae T

The first and second equations in (143) are the dynamic equation of the Cosserat continuum consisting of
classical particles whose force interaction is characterized by the symmetrical stress tensor 7 * = 75 + p E and
the stress vector § = q + t. We consider the quantities p and t to be thermodynamic stresses. The constitutive
equations for p and t are represented by the differential equations [the eighth and ninth equations in (143)].
The eleventh equation in (143) is the heat conduction equation. The twelfth one is an auxiliary equation which
is necessary to determine vector t. Notice that the eleventh and twelfth equations follow from the angular
momentum balance equation for the rotors of gyrostats. It is easy to see that the thermodynamic stresses p
and t vanish when 7, — oco. In this case, the problem of thermoviscoelasticity turns into the hyperbolic type
problem of thermoelasticity.

12 Coupled problem of ther moviscoelasticity

The equations of the coupled problem of thermoviscoelasticity written down in the form corresponding to
the Cosserat continuum are interesting from the theoretical point of view. For practical purposes, the original
equations are more convenient. Now we write down these equations upon using the expressions (see the first
part of the paper) for parameters of the model
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d*a oK. T* d*6,

Pz Beyny  dt?
aK;, T? (du 1d2u> T (de,,, 1d29,,,>

e Nat TEaE) T n

V15—V xq+pf =

VXIJ‘UZQqa VXQOZO,

VT, —V x M, +

dt B a2

a
= —Pxlip,

2 ~ 1
5= [(KZ —§G>a—aKizT,,]E+2Ges, es:§(Vu+VuT), € =tre’, (144)

A (ng = 1s) (Kad — Kiz) L ok,
Cv "7721 PxCouTly

V~GGZ&TQ+QK&57 Ma:—aKZZT“nS +(nq_ns)T”’Vx0a.
Tz PxCoTly A pi

Here the reference values of ¥, and 1, are assumed to be equal to zero. Consequently, ¥, = V - 8, and
@Za = V x 60,. The first equation in (144) is the linear momentum balance equation for the gyrostats. This
equation differs from the analogous equation for the Cosserat continuum by the last term on the right-hand
side of the equation. The second equation is the reduced angular momentum balance equation for the carrier
bodies of gyrostats, and the third one represents the kinematic restriction related to the rotation of the carrier
bodies. The fourth equation in (144) is the angular momentum balance equation for the rotors of gyrostats. It
has the thermodynamical sense. If we take the divergence of both sides of this equation and eliminate V- 8 , by
using the tenth equation in (144), we obtain the heat conduction equation. The remaining equations in (144)
are the constitutive equations and the expressions for the strain tensors.

It is well known that the classical problem of thermoelasticity can be split into two independent problems.
One set of equations describes the volume thermoelastic vibrations. Another set of equations describes the
shear vibrations. The proposed statement of the problem of thermoviscoelasticity possesses the same property.

1. The volume thermoviscoelastic vibrations. Now we take the divergence of both sides of the first and
fourth equations in (144) and reduce obtained equations by applying the remaining equations of this system.
As a result, we get the closed set of equations for unknown functions e and 7},. This set of equations describing
the volume thermoviscoelastic vibrations has the form

q= Vx0, ~v=Vxu-—2p,

4 . Q2K2T*\ d?c  p.aK,;. d*T,
K, —G)A —aKg,, AT, + p.V -f=(p, — —tz o)~ _ L2 7
< MR ey (p Bewe ) dt? Bn,  dt?

~ PxCy dTa 1 d2Ta L1 1 de 1d% o
AT, - ] ok T (Lo )| e L v s
A [ a Tpae | TR\ o) [ T e Y b (149

Comparison of Eq. (145) with the classical equations of the volume thermoelastic vibrations (see, for
example, [23]) reveals the following facts. The dynamic equation in (145) contains the second time derivative
of the temperature. Such term is absent in the classical dynamic equation. The heat conduction equation in
(145) contains the second time derivative of the temperature and the volume strain. Such terms are absent in the
classical heat conduction equation. If 3=1 = 0, then these terms vanish. In this case, the proposed formulation
of the problem differs from the classical one only by the coefficients of the volume strain in the heat conduction
equations. In Eq. (145), this coefficient depends on the isentropic volume viscosity, whereas in the classical
heat conduction equation, it does not depend on this parameter.

2. The shear viscoelastic vibrations. Let us take the curl operator on both sides of the first and fourth
equations of (144) and reduce obtained equations by using the remaining equations of this system. As a result,
we obtain the closed set of equations for unknown functions V x uand V x 8,,. This set of equations describing
the shear viscoelastic vibrations has the form

aK;, Tins A’V xu oK, T* d®°V x 6,
a A -——A 00, * f= * - = )
Gaq AV X u il V x 04+ p.V x P 2 Beun, e
dV x 0, 1d°V x80,
— s A ea — Px . =
o )\OéK,jz

1 2 2
dV xu _deu)]_/\Tp:VXLZ’ (146)
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where the parameter G is calculated by the formula G4 = G + A4, i.e.,

)‘(nq - 775)(Kad - Kiz) .

Goa =G+ 5
Co My

(147)

We call G, the adiabatic shear modulus. It is easy to see that if 75, 1, and 3~! are equal to zero, then the first
equation in (146) passes into the classical equation of shear vibrations.

13 Overview of classical and quantum theories

We start with the classical statement of the problem of volume thermoelastic vibrations [23]:

4 ~ d?e ~ PxCy dTa aK;, TF de  p.q
Kiz o )A - Kiz ATa * £ = * B A a = L . 148
(K + 36) A< - TNV =0 N ooa a1
By representing the solution of Eq. (148) in the form of
c = AE eiu.ztf(’}wkié)s7 Ta, = Ap eiu.ztf(’}wkié)s7 (149)

we obtain the dispersion relation

- 4 o 2 9. PeCo 4 2 PGy 3
Kw+3G (v4+130)" + pu(y + i) w* — i 5 Kad+3G (y+id)°w = = 0. (150)
Let us introduce the notations
_v s
=5 =5 (151)

Here c is the phase velocity, 4 is the dimensionless characteristic of wave attenuation. Using the notations
(151) and separating Eq. (150) into the real and imaginary parts we get

STl

PxCy 4 _ _ 4 .
N [P*Cz - <Kad + §G> (1- 72)] =27 [p*c2 - Z(Kiz + gG) (1- 72)}

PxCoy
A

4 4
Qag (Kad + §G> —puct (1-7%) + (K + §G> (1-6%*+7') =0. (152)
An examination of Eq. (152) based on using numerical values of sound velocity, sound attenuation factor

and thermomechanical parameters taken from the handbooks reveals that the following approximate form of
Eqg. (152) can be used

C PxCy
o A

4 4 4
puc? — (Kad + gG) =0, 2% (Kad + gG) — puc® + (K + gG) =0.  (153)

By using the notations (151) from Eq. (153), we obtain

4
Ka,d + = G _
2 37 2y Mep = ev) , (154)

x 2 4
P w C3p*Cp Cy (1 + 3 GKad1>

According to Eq. (154), the ratio -/w? should be constant.

Let us discuss the experimental data. In the case of fluids and gases, just the ratio v/w? can be found in
handbooks. However, along with a value of v/w? the frequency at which it was measured is usually indicated.
From this, we can conclude that the dependence of the sound attenuation factor on frequency /w? = const
is not accurate. Moreover, Eq. (154) cannot be used to determine the numerical values of the ratio +/w? at all
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w

Fig. 7 Dependence of the sound attenuation factor on frequency (Akhiezer mechanism and Landau—Rumer mechanism)

since it is known that the sound attenuation factors of fluids and gases essentially depend on their viscosities.
The classical formula describing the sound attenuation in fluids and gases is

2 1 4 A - v
2 o (e g+ 2oy, (155)
w C° Py 3 Cp Cy

Notice that every so often Eq. (155) is written down without the volume viscosity n<! (see, for example, [29]).
According to quantum-mechanical ideas [10], [11] in solids, the dependence of sound attenuation factor
on frequency w is determined by the formula (see [41], p. 658)

w2T

=1,le,T, [? ———
TEhe * Bpe(1 4 w?r?)

, (156)

where I, is the Griineisen constant (I, = aK,q/c,), 7 is the relaxation timescale (of order 10~1! s). The
diagram of the dependence (156) of - on w is given in Fig. 7.

According to the quantum-mechanical concepts, we should apply different models of the phonon absorption
subject to a signal frequency and the ratio of the sound wavelength to the mean free path of thermal phonons. In
the range of relatively low frequencies (wr < 1), the Akhiezer mechanism of absorption takes place [11]. The
essence of this mechanism consists in that the acoustic wave disturbs the equilibrium distribution of thermal
phonons and, as a consequence, the irreversible process of energy dissipation occurs. In the range of hypersonic
frequencies (wr ~ 1), the Landau—Rumer mechanism of absorption takes place [11]. In accordance with
this mechanism, the sound absorption is a result of three-particle interaction of sound and thermal phonons.
According to Eq. (156) in the range of relatively low frequencies, ~ is proportional to w? (the Akhiezer
mechanism); in 10'° — 10'! Hz frequency range, ~ is proportional to w (the Landau-Rumer mechanism); and
at higher frequencies, ~ tends to a constant value.

14 Ther moviscoelastic volume vibrations

As a result of analysis of the problem (145) of thermoviscoelastic volume vibrations (see Appendix A) anal-
ogous to the foregoing analysis of the problem of thermoelastic volume vibrations in the case of the classical
thermoelasticity, we obtain the approximate form of the dispersion relations

1 MK — Kiz) puC? 1) - AMKaa — Kiz) 1 Ny
Beyn? Koq+4G/3 a Com? B Kuqa+4G/3)’
2 AMKaa — Kiz) 1 A pxC?
A I = — 1) | =—————=—-1). (57
w? < CoTly (Kad + 4G/3) C?’p* Cy K Kad + 4G/3 ( )
According to the second formula in Eq. (157), the ratio of attenuation factor to squared frequency is a
constant. This fact agrees with the classical theory of viscoelasticity [29] and the Akhiezer theory of sound

absorption [11]. Let us attempt to determine the parameters of the proposed model by means of Eq. (157). We
discuss several ways.
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Method 1. Let us use the approximate value of sound velocity (154) whose high accuracy is well known.
Then, from the first equation in the system (157), we obtain the following relation between the parameters:

gt = #”461/3 and from the second equation of the system (157), we conclude that v = 0. Certainly,

this solution is unacceptable.

Method 2. Now instead of Eq. (154), we use the experimental values of sound velocity. All data required for
calculations (including the values of sound velocity ¢ and sound attenuation characteristic v/w?) were taken
from [29], [42], [43], [44], [45], [46], [47]. In addition to the listed handbooks, we used [28]. By means of
Eq. (157), we calculated values of the volume viscosities 7,,, 1, and the heat flow relaxation timescale 31,
and also all remaining parameters of the proposed model. An examination of the results shows that for many
substances, the values of quantity 1 — B2 /.J, are negative. This is unacceptable from the theoretical viewpoint
since positivity of 1 — B2/.J, is the necessary condition of positive definiteness of kinetic energy. Therefore,
this method of determination of the parameters should be considered as unsatisfactory.

Method 3. Assuming that the first equation in the system (157) is satisfied approximately, we exclude it
from consideration. Instead of this equation, we use the formula for determination of the heat flow relaxation
timescale which is obtained from the statement that the velocity of thermal wave propagation is equal to the

A
co(Kaq +4G/3)
substituting the experimental values of ¢ and ~/w? in it. As shown by calculations, sufficiently high accuracy
of determining the value of n, is provided by the approximate form of this equation

A 3 (27 pxC?
T Rt puc <w2>/<1 Ko +4G/3 )" (158)

The results of calculation of viscosity characteristics and the heat flow relaxation timescale carried out by
using (157) and (158) for some solids, fluids, and gases are given in Table 1. It is easy to see that the isentropic
volume viscosity can be both positive and negative. The first term on the right-hand side of Eq. (158) being
small compared to the |, |, the sign of the second term on the right-hand side of this equation determines
the sign of n,. If 2 < (K.q + 4G/3)/p. then n, is positive, otherwise it is negative. The isobaric volume
viscosity 7, is always positive. The results of calculation of the parameters B, J, and D, for some fluids and
gases are given in Table 2. It is easy to see that the values of 1 — B?2/.J, are positive for all substances. This
fact guarantees the positive definiteness of kinetic energy. Consequently, this method of determination of the
parameters does not contain any theoretical contradictions, and it can be recognized as wholly satisfactory. The
last column of Table 2 contains the values of coefficient of the derivative with respect to the spatial coordinate
in the equation of vortex motion of a viscous fluid in the case of a fast process (see the first part of the paper).
Let us pay attention to the fact that this coefficient is positive for all substances.

sound velocity [13]: 57! ~ . To determine 7, we use the second equation in the system (157)

Table 1 Volume viscosities and the heat flow relaxation time scale for solids, fluids and gases calculated by using the sound
velocity and the sound attenuation factor

kg A kg -1

Substance Mo <ﬁ> - Np (m,s) BT (9)

Helium (g) 1,10-1072 4,53-107%  2,98-107° 2,92.107 %
Air (g) —1,24 —2,88-107° 2,55-107° 2,52.10°%°
Glycerin (f) 8,87 1,50-107° 1,18-10"% 2,57-107
Water (f) -3,33-100' —4,31-107* 1,43-107* 6,50-10"
Glass (s) —2,78-10° —=3,55-1077 9,87-107* 1,37.10"%
Copper (s) —8,62-10° —1,22-107%4 1,03 5,51 10712
Aluminium (s)  —3,61-10° —7,76-107° 2,69-10"' 2,69-10"'2
Mercury (f) 5,90 - 1071 4,12-107Y  2,23-107* 8,12-107*2
Lead (s) —1,42-10*  -1,97-107% 2,67-107* 7,00-10"'?
Lead (f) 5,14 2,12-1072  1,00-107" 3,33-10"*2
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Table 2 Values of the parameters of proposed model for fluids and gases calculated by using the sound velocity and the sound
attenuation factor

Substance B, (KT“‘z) Ja (K?\E#) D, (K) k(22)

Helium (g)  —4,85-10"¢ 2,87-107° —3,14-107% 5,31-107"

Air (g) 2,21-1078 2,07-1076 1,51-107%  1,62-107°
Glycerin (f) —7,25-107* 2,11-107'4 —39,2 1,35 - 10°
Water (f) 4,52-1072  3,18-107*  7,31.1072 10,4

Mercury (f) —1,16-10"%  6,03-10"*° —2,28 4,48 - 10°
Lead (f) —6,78-1071° 1,23.-107*% —4,30-107! 2,38-10°

Now we consider the hypersonic frequency range. By means of the asymptotic analysis of the dispersion
relations that is based on the assumptions valid for hypersonic frequencies (see Appendix B), we obtain

CoyTly _ Kiz +4G/3 Kiz + 4G/3

72 pc?
1-— = — —1]. 1
A D (w) Kaa+4G/3 (Kad+4G/3 > (159

We suppose the velocity of longitudinal acoustic wave propagation to be approximated by the expression
2 Kad + 4G/3

¢ = ————"—to a high degree of accuracy, i.e.,
i< (2) (160)
Koq +4G/3 “\&)

In this case, the second term on the right-hand side of Eq. (159) is small compared to the first one. Hence,
Eqg. (159) can be simplified by retaining only the first term on the right-hand side of this equation

Ccony _ Ki: +4G/3 192
S S (w) . (161)

According to Eq. (161), the ratio of sound attenuation factor to frequency is a constant. This fact agrees
with the Landau—Rumer theory of sound absorption [11]. If the ratio ~/w is known and inequality (160) is
valid, then Eq. (161) allows us to determine the isentropic volume viscosity:

T = Ci [1 _ Ki: +4G/3 (1)2] . (162)

v p* w

To calculate the heat flow relaxation timescale 5, we can use Eq. (175) obtained in Appendix B and the
approximate formula for the volume viscosity 7, based on the assumption of smallness of the second term in
the expression in square brackets in Eq. (162):

1 Mo A -1 A
pom Koq+4G/3° o = Cy - o co(Kaa +4G/3) " (163)
The last expression in (163) coincides with the expression for 3~! derived on the basis of statement that
the velocity of heat wave propagation is equal to the sound velocity. Consequently, the estimation of heat flow
relaxation timescale based on the asymptotic analysis of the dispersion relations of the proposed model in the
hypersonic frequency range coincides with the estimation based on the quantum-mechanical considerations.
The experimental values of the ratio v/w for solids are given in handbooks. However, these values cor-
respond to the low-frequency range in which another relation (y/w? = const) should be satisfied. According
to the Landau—Rumer theory, the relation +/w = const is satisfied in the hypersonic frequency range. The
experimental data corresponding to this frequency range are absent in handbooks. That is why we cannot use
Eqg. (162) to determine the numerical values of the isentropic volume viscosity.
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15 Viscoelastic shear vibrations

Now we consider the problem (146) of viscoelastic shear vibrations. Representing the solution of problem as
Vxu=A,e 005 g xg, =Aget0H)s (164)

we obtain the dispersion relations the asymptotic analysis of which can be found in Appendix C. It is proved
that for low frequencies, the dispersion relations can be written in the approximate form

1_ )\(Kad - K’LZ) P*02 1) = A(Kad - K’L ) l - s
501;7712, Gad N C117712; B Gad ’

_ K. _ K. 2
27 (1 o Ans(Kad Kzz)) o 1 <7]q - 2773 - 2>\778(Kad Kzz)) <P*C N 1) . (165)

w? Gad Cvn% Cgﬂ* 5%7712; Gad

If the well-known appoximate formula ¢ = G,4/p. for the velocity of transverse wave propagation is
used, then from the first equation in Eqg. (165), it follows that 3~ = 7, /G .4, and from the second equation in
Eq. (165), we obtain that v = 0. This solution is unacceptable.

By using the experimental values of the velocity of transverse wave propagation ¢ and the attenuation
characteristic v/w? from Eq. (165), we can find the values of the shear viscosities 7, n,, and after that, we
can calculate all remaining parameters concerned with the shear vibrations. However, as well as in the case of
volume vibrations, this method of determination of parameters of the proposed model does not give satisfactory
results.

Assuming that the first equation in the system (165) is satisfied approximately, we exclude it from con-

)

sideration. To determine 7, and 7,, we use the relation n, — s ~ 7’”] substantiation of which is given in

Appendix C, the second equation in the system (165) and the experimental values of ¢2 and ~/w?. As shown
by calculations, the sufficiently high accuracy of determination of the shear viscosities is provided by the
following approximate form of the second equation in (165)

2 pxc’
Ng — 2ns = P*03 (ﬁ)/ (G—ad — 1> . (166)

The results of calculation of the shear viscosities and the third elastic modulus A for some solids are given
in Table 3. For substance marked by asterisk, we failed to find the value of transverse wave attenuation factor.
Instead of it, we used the value of longitudinal wave attenuation factor. It is easy to see that the shear viscosity
71, can be both positive and negative, but the difference », — 7, is always positive. The third elastic modulus
A is negligibly small compared to the shear modulus. The results of calculation of the parameters B, J,,
D,, and T, for some solids are given in Table 4. It is easy to see that the values of 1 — B?2/.J, are positive
that guarantees the positive definiteness of kinetic energy. An examination of the values of parameters A4, D,
and I, shows that if the stability for shear disturbances is not ensured by the shear modulus, then the vortex
motions would occur in the matter.

An asymptotic analysis of the dispersion relations that is based on the assumptions valid for hypersonic
frequencies can be found in Appendix C.

Table 3 Shear viscosities for solids calculated by using the velocity of transverse wave propagation and the transverse wave
attenuation factor

A
Substance s (ﬁ) Mg — Ns (mﬁ%) A() o
Glass* (s) —1,87- 102 3,29-107% 7,59-1077  3,16-10"Y
Copper (8) 7,84 -102 3,63-107" 12,2 2,56 -1071°
Aluminium (s) —1,08 - 107 6,62-102 4,12 1,67-107%

Lead (5) 4,09 -10° 4,50 1072 8,39-1072 1,31-107*
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Table 4 Values of the parameters of proposed model for solids calculated by using the velocity of transverse wave propagation
and the transverse wave attenuation factor

-1112 2~m4 2~m2
Substance B, (—KN ) Ja (KN2 ) Do (K) Ta (—K 2 )
Glass* (s) 2,62-1071¢ 2,17-107%° —3,58 5,21-107°
Copper (s) 3,39-1071% 4,49 .1071¢ 48,2 2,15-107°
Aluminium (s)  4,54-107'%  1,23.107"° —18,2 3,03-107°
Lead (s) 2,60-107*  5,20-107% 1,52-10* 3,34-107°

16 Conclusion

The new theory of thermoviscoelasticity is proposed. Neither the standard approaches based on the hypothesis
of fading memory nor the method of rheological models are used to construct this theory. The proposed
approach is based on the idea of using the mechanical model of a one-rotor gyrostat continuum in order to
describe behavior of the ordinary material medium possessing not only mechanical properties but also the
thermal ones. The analysis of mathematical formulation of the proposed theory shows the following.

1.

In special cases, the mathematical description of the mechanical model of a one-rotor gyrostat continuum
can be reduced to the equations of the coupled problem of thermoelasticity, the self-diffusion equation,
and the equation describing the flow of viscous incompressible fluid.

. Proceeding from some theoretical considerations based on the concept of the “thermal ether” and the

analysis of some model problems the original treatment of physical nature of the mechanism of thermal
conduction and internal damping is proposed. The volume and shear viscosities introduced in the context
of the proposed model are proved to be different from the analogous quantities used in the known theories.

. In the framework of proposed theory, the generalized equation of the vortex motion of a viscous fluid is

obtained. Emphasize that the foregoing equation is obtained in the framework of a linear theory. In the
case of slow process, the asymptotically principal term of this equation coincides with the equation of the
vortex motion of an incompressible Newtonian viscous fluid. In the case of fast process, the asymptotically
principal term of this equation contains increasing in time solutions.

. The proposed theory (constructed in frame of the classical mechanics) describes the acoustic wave absorp-

tion law being in quantitative agreement with the law obtained on the basis of phonon theory. Namely, in
the range of relatively low frequencies, the attenuation factor is proportional to the squared frequency (the
Akhiezer mechanism of absorption), and in the area of hypersonic frequencies, the attenuation factor is
proportional to the frequency (the Landau—Rumer mechanism of absorption).

. The formula for the heat flow relaxation timescale obtained on the basis of the asymptotic analysis of the

dispersion relations in the area of hypersonic frequencies coincides with the formula obtained by means
of the quantum-mechanical approach.

. The proposed theory of thermoviscoelasticity is the hyperbolic type theory. The terms ensuring the hy-

perbolicity of the heat conduction equation are not important to describe the process of heat transfer in
macroscopic objects. However, leaving out these terms we cannot describe the quantum-mechanical effects.

Acknowledgements The author is deeply grateful to A. K. Belyaev and D. A. Indeitsev for useful discussions on the paper. The
work was supported by Grant of RFBR N 12-01-00815-a.

A Analysis of dispersion relationsin the case of thermoviscoelastic volume vibrations at low
frequencies

Representing the solution of problem (145) of thermoviscoelastic volume vibrations in the form of (149), we
obtain the dispersion relation
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Now we rewrite Eq. (167) by using the notations (151) and separate this equation into its imaginary part

C picy AMKaa — Kiz)\ o 4 MNKaa — Ki2) 2\ | _
o5 o (1= 25 ) - (e 56— AREEE) (9] -
o= Z(Kad_Kiz) Cy 4 2 . é _z2
—25 |:p* (1 - Sme 5<Kad+ ga)) A - 2(Klz + 3G) (1 5 )] (168)

and its real part

- K 2 _ K.
nygp*c”(Kad+§G_M)+p*c” (1—M)c4—(1—7y2)><

A Col BA Beony
x p*( - Mgin—ff) + % (Kaa + %G)) 4+ (1-677+5") (K + %G) =0. (169)

Notice that the diagram of dependence of sound attenuation factor on frequency that corresponds to the
dispersion relations (168) and (169) has the same form as the diagram corresponding to the quantum-mechanical
concepts — see Fig. 7.

As a result of the analysis of Egs. (168) and (169) analogous to that carried out in the case of classical
theory of thermoelasticity, we obtain the following approximate form of Eqgs. (168) and (169)

. (1_ AMKoqd — K; ))62_ (Kad+§G_ ANKaa — K )) _o,

Beun? CoThy
~ E PxCoy é _ )\(Kad - K’LZ) pzcv _ )\(Kad - K’LZ) 4
2957 (K‘“”L 3G CoTlo N BA ! Bewvns ¢
Q(Kad - Ki ) Cy 4 2 4
—ps |1 — ——+ — (K, = Ki.+-G=0. (170
p( o +6A< d+3G>)c+ +3G=0. (70

Transforming Eqg. (170) by using the notations (151), we get the more convenient form of these equations

(1 _ A([(cl,cl - Kz )) ( P*CQ _ 1) o )\(Kad - K’LZ) (l _ Mo )
Bewn? Kaq +4G/3 N Ccon? B Kaea+4G/3)’
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B Analysisof dispersion relationsin the case of ther moviscoelastic volume vibrations at hyper sonic
frequencies

Now we consider Egs. (168) and (169). Assuming that in the case of acoustical vibrations 4 is small we neglect
the second-order and higher-order terms of 5 in the foregoing equations. Next eliminating 4 from the obtained
set of equations, we get the equation for phase velocity

2 [ pacy2 4 MKaa — Kiz) AMKaa — Ki2)\ 2 4 MNEKoa — Ki2)
= Kog+ ;G- ———— ) |ps (1 -~ = (Kua+ ;G- 2| =
62 ( A ) ( at SG CoMy ) [p ( Beon? ) ¢ ( @t SG CoMo )}

_ _[p* (1 - L;;—nfiz) + 22 (Kuat ga)) ¢ 2K, + ge)} «

pe, MNEKaq — Ki2)\ 4 2Kag — Kiz)  co 4 5 o4
X [ B)\ (1_T175)C _p*(l_T+/B_)\(Kad+§G)>c +(K12+§G):| (172)
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The velocity of acoustic signal propagation is known to weakly depend on frequency. Therefore, we suppose
that the phase velocity does not depend on frequency (or, equivalently, the wave number) with asymptotic error
O(7?), i.e., with the accuracy of Eq. (172). It is obvious that ¢? does not depend on 6 if and only if a root of
the polynomial on the left-hand side of Eq. (172) coincides with one of the roots of the polynomial of third
degree with respect to ¢2 on the right-hand side of this equation. There are two possibilities. The root of the
polynomial on the left-hand side of Eq. (172) coincides either with the root of the polynomial of second degree
or with the root of the polynomial of first degree on the right-hand side of this equation. The latter case leads
to meaningless results. Therefore, we consider the case when the root of the polynomial on the left-hand side

of Eq. (172)
= (Kad 1 ig AlHaa = Kir) ))/[p* (1 _ Ao — Kir) ))] 173)
3 Cvnv BCUU’?/

coincides with the root of the polynomial of second degree, i.e., satisfies the equation

2
PiCo _)\(Kad_Ki) 1 _Z(Kad_Ki) Co 4 )2 _ 4 .
5 (1 Py )c p*( S (Kad n 3G) A+ (Kw + 3G) — 0. (174)
It is easy to show that Eq. (173) satisfies Eq. (174) only when the following relation between the parameters
takes place:
-1 U
pow Kaa+4G/3° (7
We emphasize that Eq. (175) is approximate since we obtained it proceeding from the idea of behavior of the
asymptotically principal term of phase velocity. It is easy to show that the exact satisfaction of Eq. (175) leads
to the acoustic oscillations turn out undamped.
Substituting Eq. (175) into Eq. (173) after simple transformations, we obtain the well-known expression
for the longitudinal acoustic wave propagation velocity

C2 ~ Kad + 4G/3
P '

(176)

Now we return to Egs. (168) and (169). Eliminating the ratio ¢/6 from this set of equations, we transform
the obtained equation in view of Egs. (175) and (176) retaining only the asymptotically principal term ¥ in it.
In view of ¥ = v/d and ¢ = w/d, we get

cone  Kiz +4G/3 (1)2 K. +4G/3 ( puc’ 1)
- K

1— _
A P w Kaq +4G/3 ad +4G/3

77)

C Analysisof dispersion relationsin the case of viscoelastic shear vibrations

Representing the solution of problem (146) of viscoelastic shear vibrations in the form of (164), we obtain the
dispersion relation

R R (R

Colly Bewny
1 2215 (Kaa — K; .
+ pe |:77q_775+B(Gad_—17 (C:;Q ))}(7—%@5)%2_
. A s Ka - K’L . . A Ka — Kl 3
— 1 Px (Gad - %) (v +z5)2w —ip: (1 — (#7]5)) w?=0. (178)

We rewrite Eq. (178) by using the notations (151) and separate this equation into its imaginary part

R =

— 925 _ 1 _ 2Ans(Kaa — Kiz) 2 2 _ _Anz(Kad_Kiz) a2
- 2’\/|:(77q G B (Gﬂd Cv'r]zzz )) ‘ P ((nq 775) Gad C’Unlz) <1 v )

*
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and its real part

e Ans(Kaa — Kiz) P AN Koa— Kiz)\ 4
25 (Gaa — e R A
75 (G ¢ Com? ) N B Beun? ¢
~ Gad 2>\775(Kad _K’LZ) 2
Y (5 —ns 1 28\ red heE)
(1-7 {”q =t ( Gaaca? o
o -4\ Ga A2 (Kaqg — Kiz
+(1—6v2+74) pd (nq—ns——" é, d‘i - )> —0. (180)

Notice that the structure of the dispersion relations (179) and (180) is the same as the structure of the
dispersion relations (168) and (169) corresponding to the problem of volume vibrations. Let us carry out the
analysis of Egs. (179) and (180) analogous to what was carried out in Appendix A for the case of volume
vibrations. The approximate form of Egs. (179) and (180) is

A([(cl,cl_[(iz)) 2 Gad ( )\7]9( ))
1-—— —— (1
( Beon? C T Gad cvm 0
- C o Ans( Px 12) 4
27 d (Gad Cv77v ) B - /3Cv17v ¢

Transforming Eq. (181) by using the notations (151), we obtain the more convenient form of these equations:

1— A(Kad - Klz) ,0*62 1 _ )\(Kad - K’Lz) l o Ns
Beon? Gaa B con? B Gaa)’

a(l_w): 1 (nq_%_w)(wl). (182)

w? Gad con? c3p. Beons Gaa

Now we carry out the analysis of Egs. (179) and (180) analogous to what was carried out in Appendix B
for the case of volume vibrations. In view of the fact that in the case of mechanical vibrations 5 is small we
neglect the second-order and higher-order terms of 4 in Egs. (179) and (180). Eliminating 4 from the obtained
set of equations, we obtain the equation for phase velocity

5 [~ 2 [ (- AT ) - e A ]
=[5 (o) (s S (- B o
oG (=2 (e S (- B ) -
-5 (-] e

It is easy to show that ¢? does not depend on 42 (i.e., ¢? is the root of the polynomial on the left-hand side
of Eq. (183) and the root of the polynomial of second degree on the right-hand side of this equation) if the
following conditions are valid

(184)

The relations (184) are approximate since we obtained them proceeding from the idea of behavior of the
asymptotically principal term of phase velocity. It can be shown that the exact satisfaction of the first equation
in (184) leads to the shear vibrations turn out undamped.
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We return to Egs. (179) and (180). Eliminating the ratio ¢/J from this set of equations, we transform the
obtained equation in view of Eq. (184) retaining only the asymptotically principal term 4 in it. As a result, we
get

_ . ~ ANEad — Kiz) \ [Gad (7?2 puC? B
g = 2 = B Gad (1 Beon? P <w) e (185)
Suppose that the velocity of transverse wave propagation is accurately approximated by the expression

02 ~ Gad
P

,l.e.,

pxc?
Gad

_1‘ <<02(%)2. (186)

In this case, Eq. (185) can be simplified by retaining only the first term in the expression in square brackets:

Gaa A(Kaa — Kiz) 7)?
—9p, = Zad (1 _ 1)". 187
m- = Gt (1= M) (1) (0
Assuming the right-hand side of Eq. (187) is small and using the approximate expression for shear viscosity
Gad .
Ns & we obtain
Go
Mg —2Ms R0 = g 5d~ (188)
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