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MOMENTUM AND ENERGY EXCHANGE
IN NONEQUILIBRIUM MULTICOMPONENT MEDIA

V. F. Kuropatenko UDC 532.529

In multicomponent media, the equilibrium states are defined by thermodynamic equilibrium conditions
in the form of the equalities between the pressures and temperatures of the components, the mazximum
entropy principle (or the free-energy minimum) for the mixzture, and the equality of the velocities of
the components. The conservation laws for the components allow for their interaction with each
other in the form of forces and energy flures containing the differences of the velocities, pressures,
and temperatures of the components. The form of momentum and energy exchange between each
component and the continuum expressing the collective properties of the ensemble of components, is
also considered. It is shown that these momentum and energy fluzes are different from zero only for
the states of multicomponent media with velocity nonequilibrium.

Key words: equilibrium, multiphase multicomponent medium, interaction of components, closure
of the system of equations.

Introduction. The great diversity of multicomponent media of natural and man-made origins makes their
investigation an extremely difficult problem. Dynamic processes in multicomponent media, accompanied by phase
transitions of separate components, are especially complex. The components move at different velocities, which
leads to variations in their concentrations in the four-dimensional space 1, x2, x3, t. Because of the interaction of
the components, a nonequilibrium multicomponent medium reaches an equilibrium state after a certain relaxation
time. The relaxation processes of pressures, temperatures, and velocities in multicomponent media have been
studied both for particular mixtures and in general formulations [1-7]. In these studies, the sum of the functions
defining the momentum and energy exchange between all components was usually set equal to zero. This created
difficulties in determining the increase in the entropy of multicomponent media during relaxation. Accounting for
nonequilibrium kinetic energy partly eliminates these difficulties.

Below, we consider problems that arise in the development of models for continuum based on the hypothesis
of interacting continua [1]. In these models, the components are structural elements of multicomponent media, which
are present simultaneously at each point of the volume. Averaging operations using their characteristics make it
possible to pass from the characteristics of the components to the characteristics of a certain continuum, which,
like the characteristics of the components, are continuous in the four-dimensional space x1, x2, x3, t. Therefore,
they can be described by conservation laws. A continuum whose characteristics are obtained by averaging the
corresponding characteristics of the mixture components will be referred to as a virtual continuum. Obviously, one
of the conditions of equivalence between multicomponent media and corresponding virtual continua is a macrolevel
manifestation of the interaction of components in the multicomponent medium. In other words, the conservation
laws of a virtual continuum necessarily depend on the conservation laws of the components.
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The main requirements to which models of multicomponent media should satisfy are as follows:
1. Each component with number ¢ (i = 1,2,...,N) is characterized by the volumetric and mass concen-
trations («; and n;, respectively), which satisfy the conditions

N N
Zaizl, Zmzl- (1)
i=1 i=1

2. For each ith component, there is a complete set of characteristics — the density p;, pressure P;, tem-
perature Tj, internal energy E;, entropy S;, velocity U;, kinetic energy K; = 0.5|U;|?, total energy &; = E; + K,
etc.

3. For each component, the stress tensor is split into a spherical part and a deviator.

4. The thermodynamic quantities (P;, p;, E;, T;, S;, etc.) are related by equations of state. The modern
equations of state [8] describe polymorphic phase transitions, melting, vaporization, and ionization, considerably
extending the range of applicability of models of multicomponent media.

5. If the values of P, T and U for components with numbers ¢ and j differ, then momentum and energy
exchange occurs between the components.

Continuum of a Component. We shall follow the well-studied approach [2-7] to describing the laws
of conservation of components. It is assumed that when multiplied by the volumetric concentration, the specific
physical quantities (in unit volume of the ith component) become continuous in the volume occupied by the mixture.
They include both the main quantities («;p;, a;Pi, c;p;U;, cipi By, cipi K, a;piSi, and «;p;T;) and a number of
other combinations of specific (in unit volume) parameters.

We next consider a mixture of media ignoring turbulence, heat conduction, the effect of fields, and chemical
reactions. These assumptions for ideal media lead to the simplest laws of conservation of mass, momentum, and
energy for the ith component:

0
5 (a;pi) + VapU; = 0; (2)
ot iPilUsq 81’k iPiVikUq i — Qgdg,
0
a5t (aipigi) + V(ewUi(P; + pigi)) = i ®;. (4)
System (2)—(4) is supplemented by the equation of state for the ith component

P = Pi(pi, Ei) (5)

and the equations for the parameters R; and ®; that describe the rate of momentum and energy exchange between
the ¢th component and the remaining components.

We shall consider multicomponent media with possible nonequilibrium with respect to the parameters P, T'
and U. This implies that there are three functions 7p, 7, and 7y that describe the relaxation times of pressure,
temperature, and velocity and depend on the parameters of the interacting components. In real physical processes,
the values of 7p, 7, and 7y are finite. There are, however, a great number of papers devoted to the so-called
asymptotic models of multicomponent media, in which all or some of the relaxation times are set equal to zero or
infinity. In the present paper, such models are not considered.

Since a multicomponent media is in nonequilibrium, the equations of motion and energy should contain
the forces and fluxes generated by particular kinds of nonequilibria, according to the theory of nonequilibrium
processes [9]. From this point of view, Eqgs. (3) and (4) need to be refined. They include the single force P, —
the spherical part of the stress tensor. One kind of interaction between the components is friction. Therefore,
the force F; exerted on the ith component by the multicomponent medium is taken in the most general form and
is considered a tensor. Equation (3) contains the vector R;, which defines the momentum exchange between the
ith component and the remaining components of the multicomponent medium. The form of the vector R; is well
justified, but the addition of the tensor force F; extends the capabilities of the model.

Equation (4) contains the function ®;, which defines the energy exchange between the ith component and
the remaining components of the multicomponent medium due to nonequilibrium in pressure and temperatures.

2



We add the energy flux Q; that depends on the nonequilibrium in velocities. After the introduction of the force F;
and the flux @;, the equations of motion (3) and energy (4) are written as

0 0 0
— (piU;) + — (ip; U U; P+ — (i Fi) = o Ry;
at(apU)—Fang(apUkU)—!-Voz +3xk(a k) =R (6)
0
7 (aipiei) + V(auUi(P; + pigi)) + (i FigU;) + Va, Qi = a; ®;. (7)

ot oxy,

Exchange Terms R; and ®;. In the overwhelming majority of papers (see, for example, [2-7]) it is
assumed that the momentum and energy exchange between the ith and jth components of a multicomponent
medium is defined by the vector R;; and the function ®;;. From the conservation laws it follows that

Rij = —Rji,  Pij=—%j. (8)

It is assumed in this case that a component does not interact with itself and that R;; = 0 and ®;; = 0. Let us
consider the most widely used forms of R;; and ®;;:

R;; = a;j(U; — Uy); 9)

i = i (P — P;) + ¢ (T — To). (10)

The functions a;j, ¢i;, and 9;; have a particular form that depends on the state of aggregation and phase states
of the ith and jth components, the sizes, shape, and surface roughness of the particles, and the mechanical and
thermal properties of the components. In order that conditions (8) be fulfilled, the functions a, ¢, and 9 should
satisfy to Onsager reciprocal relations [9]

aij = s, Pij = Piis Yij = V. (11)

The total momentum and total energy acquired (lost) by the ith component when exchanging with the remaining
components of the mixture are defined by the equations

N N
R, = ZO(jRij, P, = Zajq)ij. (12)
j=1 j=1

Let us consider one of the possible functions a,; that satisfy conditions (11), namely,
aij = apip;. (13)

Substituting (13) into (9) and summing over j according to (12), we obtain the following expression for the
vector R;:

N N
Ri:api(Zajijj—UiZajpj). (14)
j=1 j=1

Using the widely used averaging rules

N
p= Z ;i pi, (15)
=1

N
pU = ZaiPiUia (16)
i=1
we reduce expression (14) to the form
Ri = apip(U — Uz) (17)

The velocity U defined by Eq. (16) is called the mass-averaged or barycentric velocity.

We pay attention that the forms (14) and (17) are equivalent. However, Eq. (14) defines the interaction of the
ith component with the multicomponent medium by taking into account the interaction with each jth component,
and expression (17) defines the interaction of the ith component with a virtual continuum whose properties are
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determined by the average values of p and U. Thus, the virtual continuum is a participant of the exchange. If the
virtual continuum is assigned the subscript 0, relation (17) becomes

Ry = apipo(Uy — U;).
It is easy to show that this vector satisfies condition (8) in the form
Rio = —Ry;. (18)
By analogy with R;;, we consider the rate of energy exchange (10) between the ith and jth components:
Dij = o(Pj — P) +vpipi (T — T3). (19)

Summing over j according to (12), we obtain

N N N N
(I)i:ga(zoszj—PiZOéj) +1/)pi<ZajpjTj—TiZajpj). (20)
7j=1 7j=1 7j=1 j=1

Using (1) and (15) and the averaging rules

P= i\f: a; Py, (21)
i=1
N
pT = Z a;pi T3, (22)
i=1
we write relation (20) as the rate of energy exchange between the virtual continuum and the ith component:
P = (P = P) + ¢pip(T = T3). (23)
If the parameters of the virtual continuum are assigned the subscript j = 0, Eq. (23) becomes
Pio = p(Po — Pi) +¥popi(To = T). (24)
From relations (19), (20), (23), and (24), it is obvious that condition (8) is satisfied, including for j = 0:
D0 = —Dy;. (25)

The aforesaid implies that if the ith component acquires a certain momentum or energy, the virtual continuum
transfers the same momentum or energy to it. In other words, the conservation laws of the continuum should contain
the corresponding terms that summarize all momenta and energies transferred from the virtual continuum to the
components.

The results obtained above are of fundamental importance. They show that the relaxation fluxes of mo-
mentum and energy in a multicomponent medium can be treated as the sum of exchanges between all pairs of
components or as the exchange between each component and the virtual continuum, which expresses the properties
of the multicomponent medium, i.e., all components.

For the chosen form of the functions a;;, ¢;;, and v;;, the vector R; and the function ®; are such that their
sums over all 1 =1,2,..., N vanish:

N
RZZQiRi:O, @zZa,@i:O (26)
i=1

or, what is the same,

N N N N
Z ZaiajRij = 0, Z Zaiajq)ij =0.
i=1j=1

i=1 j=1

Below, we restrict ourselves to an analysis of models containing R;; and ®;; that satisfy (8), (11), and (26).
Continuum of a Mixture. Equations (2) and (5)—(7) are obtained after passage from the microlevel to
the macrolevel for the ith component. However, the components of a multicomponent medium are its structural
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elements. In other words, the classical averaging methods allow one to pass from a structural medium at the
microlevel to a structural medium at the mesolevel.

To pass from a structural multicomponent medium to the corresponding virtual continuum, it is customary
to employ (see [1-7]) equations that relate the characteristics of the components to the averaged characteristics of
the multicomponent medium. These are Egs. (15), (16), (21), and (22), and the relations

N
pE = ZaipiEi- (27)
=1

The averaging of the specific total energy ¢; requires a close consideration. The fact is that E = ¢ — UU /2 and
E; =¢; — U,;U; /2, and if we substitute these quantities into (27), we obtain

N
pe =Y aipi(e; — Hi), (28)
i=1
where
H, = (U,U, - UU))2. (29)

The quantity H; is called the nonequilibrium kinetic energy of the ith component. If we introduce the nonequilibrium
kinetic energy H

N
pH = cupill;, (30)
i=1
then, relation (28) becomes
N
ple+H) = aipici. (31)
i=1

Multicomponent media are described by the systems of conservation laws and equations of state for the
components. Their number is equal to the number of the components N. Solving all these systems, we obtain the

quantities p;, P;, U;, T;, E;, oy, ete. (i =1,2,..., N) as functions of z1, x2, and x3 for a certain time ¢t. Next, we
average these quantities using Eqs (15), (16), (21), (22), and (27)—(31) and obtain the characteristics
p, P, U, E, T, ... (32)

The problem at which we arrived can be formulated as follows: What the system of conservation laws for the virtual
continuum should be in order that its solution coincides with (32)?

In the classical continuum model, the macrocharacteristics of materials P, p, E, U, T, S, etc., are obtained
after averaging of the characteristics of a large number of microparticles. A description of the averaging rules
is beyond the scope of the present paper and are given in detail in [10-13]. It is important that the average
characteristics of materials (macroquantities) are continuous in the space of 1, 3, x3, ¢t and can be described
by conservation laws, which are closed by equations of state in the form of relations between thermodynamic
quantities. It is known, however, that the equations of state describe the equilibrium states of materials. For
the case of nonequilibrium states, the conservation laws should contain additional forces and fluxes that describe
the relaxation of nonequilibrium states to equilibrium states [9]. The conservation laws for the macroquantities
of a continuum ignoring turbulence, chemical reactions, the effects of fields (electromagnetic, gravity, etc.), and
heat conduction but taking into account tensor forces, energy fluxes, and exchange terms on the right sides of the
equations have the form

ap o
9 oy + L oy +vP+ 2 (R = R: (34)
ot "7 T Gy, PR Dy T
P )
L (pe) + VU(P + pe) + — (FU) + VQ = &. (35)
ot 8.’Ek
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System (33)—(35) is not closed by the equation of state since the functions p, P, U, E, and ¢ are not related by
an equation of state and are the averaged characteristics of the virtual continuum defined by Egs. (15), (16), (21),
(22), and (27)—(31).

Relationship between the Conservation Laws of the Macrolevels and Mesolevels. There have
been repeated attempts to pass from the mesolevel in describing multicomponent media to the macrolevel. In
almost all papers (see [2, 4, 5]), Egs. (2)—(4) were summed so as to obtain Egs. (33)—(35). We proceed in the
opposite way, bearing in mind that the characteristics of the continuum are introduced by Egs. (15), (16), (21),
(22), and (27)—(31), and the equations to which they should satisfy need to be found. In this case, it is not obvious
beforehand whether the capabilities provided by (33)—(35) will suffice for this purpose.

We substitute p and pU from (15) and (16) into the law of conservation of mass (33). As a result, we obtain

)
Z (a (cipi) + VOéiPiUi> = 0. (36)

i=1

Each term in (36) is equal to zero since it coincides with the law of conservation of mass for the ith component (2).
Similarly, into the law of conservation of momentum (34), we substitute relations (21) and (26), and expres-
sion (16) in the form

N
pU, = ZaiPiUz’ka (37)
i=1
and the relation
N
F, =— Z a; Fiy, (38)
j=1

obtained using the averaging rules and (18). Then, Eq. (34) becomes

N

0 0
Z (* (ipiU;) + — (ipUikU) + Vo P;

iFik) — R ) = 0.
> (3 in (i Fyp) aR) 0 (39)

" on

The condition of coincidence of each term in (39) with Eq. (6) has the form
0

Dy,

After integration, we arrive at the following expression for the components of the force F;

(2a; Fy, — a;pi U, (U = U;)) = 0.

Fy, = piUs (U — U;) /2. (40)

The integration constant is determined from the condition F;, = 0 for U = U;.
Let us now consider the energy equation (35). We substitute into it the quantity ®, which satisfies Egs. (21),
(26), (28), and (38), and the quantity Q expressed in terms of @; with allowance for (25), namely,

N
Q= *Z%‘Q@ (41)
i=1
As a result, we obtain the energy conservation law for the virtual continuum
A
Z (@ (cipi(ei — Hi)) + V(U (P; + pies — piHy;)) — Fr. (; FipU) — Vo, Q; — aiCDi) =0. (42)
; k

i=1

The condition of coincidence of each term in (42) with the energy equation ith of a component (7) has the form

0 0
a (OéipiHi) + Vai(Pi + pisi)(Ui — U) + V()éipiUHi + 87 (aiﬂk(Ui + U)) + 2Vo¢iQi =0. (43)
k



We assume that the energy flux Q; is expressed in terms of the functions describing the state of the ith component
as follows:

In this case, Eq. (43) becomes
0 0
— (OéipiHi) + Va;p; HU + — (OélFlk(Uz + U)) =0. (45)
6'15 8Ik

Substituting the expression of F;j, from (40) into (45) and taking into account relation (29), we obtain the following
equation for the nonequilibrium kinetic energy H;:

0 0

Completeness of the Model. System (2)—(5), which is widely used to describe the behavior of the ith
component of multicomponent media, together with the equation e; = E; + U, - U, /2, is not closed since it contains
seven equations for the required eight functions (P;, p;, E;, €;, U1, Ua;, Us;, and o). In contrast to the classical
conservation laws for a continuum, the above equations contain the volumetric concentration «;. The fact that
system (2)—(5) is unclosed generates a large number of particular models that assume the absence of nonequilibrium
in pressure, temperature or velocity. The assumption of partial equilibrium of multicomponent media makes the
system closed but reduces the generality and the region of applicability of the model. It was shown above that if
the force component F; defined by Eq. (40) and the energy flux Q; defined by Eq. (44) are introduced into the
equation for the ith component, system (2), (6), (7) is supplemented by the equation for the nonequilibrium kinetic
energy (46) and the expression of H; in terms of U; and U from (29). Thus, the new system of equations for the
ith component contains nine equations for nine required functions and, hence, it is closed.

The force F; and the energy flux Q; proposed in the present paper are not equal to zero only in the case of
nonequilibrium in the velocity U. They are directly proportional to the difference between the barycentric velocity
U and the individual velocity of the ith component U;. In the case of equilibrium in U, the quantities F; and Q);
vanish. We note one feature of the introduced parameters F; and Q;. They do not contain empirical functions or
constants. The individual features of each component (surface roughness, particle size, sound velocity, etc.) still
should be allowed for by the functions a, ¢, and 1 in the expressions for R; and ®;.

It was shown above that in the case of using the averages (15) and (16), summation of the laws of conservation
of mass for the components (2) results in the law of conservation of mass for the virtual continuum (33). Let us
sum Eq. (6):

PR 5 XN N 5 & N
g ;aipiUi + . ;aiPiUikUi + v;aipi + e ;aiFik = ;aiRi~ (47)
Using Egs. (16), (21), and (26), we bring Eq. (47) to the form
i) 0 0 <
ET pU + (971’]6 i_zlaipiUikUi + VP + 873516 i_zlaiFik =0. (48)

From Eq. (40) it follows that
piUUi + Fy, = piUU — Fyy. (49)

We use (37), (38), and (49) and reduce Eq. (48) to the form (34). Therefore, summation over all components of
the laws of conservation of momentum for the ith component yields the law of conservation of momentum for the
virtual continuum.

We make similar manipulations with the energy equation. Before summation of Eq. (7) over i, we bring it,
using the equation

Ui(P; + pigi) + Q; = U(P; + pie;i) — Qi
[which follows from (44)] to the form

0 0
= (aipigi) + V(U (P + pigi)) + 5— (i FipU;) — Vi Qi = a; ®;.
ot 8mk



After summation and using the equations of passage from the sums to the macroquantities (21), (26), (31),

and (41), we obtain

N

) )
= (09) + VU(P + pe) + ;:1 (& (aipi ;) + V(eupi H;U)
2 (0 F(Ui 1 U)) — - (0,F)) + V@ =0
ﬁxk (078 w7 7 al’k (677 77 = U.

The expression under the summation sign is transformed to (38) and (45) by means of (35). Thus, the summation

of

the energy conservation laws for the components results in the energy conservation law for the virtual continuum.
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