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Abstract: A toy model is used to describe the following steps to achieve the no-reversible-direction
axiom in a tutorial manner: (i) choose a state space results in the balance equations on state space
which are linear in the process directions, (ii) avoid a reversible process direction that cannot be
generated via a combination of non-reversible ones, (iii) process directions that are in the kernel of
the balance equations and do not enter the entropy production. The Coleman—Mizel formulation of
the second law and the Liu relations follow immediately.
Keywords: balance and constitutive equations; dissipation inequality; second law; process directions;
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1. Preface
This paper is a short-note tutorial on a well-discussed topic of the material theory,
specifically examining the following question: How do we achieve compatibility for consti-
tutive equations with the second law formulated via a dissipation inequality? This classic
problem is resolved here using a toy model, which allows for elucidating the steps, whereas
the original literature is often complicated because of the chosen material and it lacking
check for clear definitions of the used concepts. Consequently, nothing is really novel in this revisit,
updates except for the tutorial-based view of the definitions and concepts, making the amendment
Citation: Muschik, W. Second Law of the second law more familiar.
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are out of scope here), which include the following [2—4]: the balance equations of mass,
momentum, energy, moment of momentum, entropy, and some more balance equations
depending on the considered complex material and the thermodynamic theory applied.
These balance equations are differential equations of the basic (wanted) fields, which
contain differential operators, usually gradients and time derivatives operating on space
and time, representing a field formulation of non-equilibrium thermodynamics. The
balance equations are not determined because more fields appear than balance equations.
For example, in the five balance equations of mass, momentum and internal energy, it not
only contains the wanted five fields (mass density, material velocity, and internal energy)
appear, but 13 additional fields emerge: Cauchy stress tensor, external forces, heat flux
density, and internal energy supply. Consequently, additional material-dependent field
equations are needed, i.e., the so-called constitutive equations that are defined based on the
state space (constitutive space), which is spanned by the basic fields and their derivatives [5].
Thus, a constitutive mapping is implemented with the state space as its domain and the
constitutive fields as its range. Inserting the constitutive fields into the balance equations,
the balance equations on the state space are generated by applying the chain rule. These
balances on state space represent a complete system of differential equations that are tied
together with the dissipation inequality representing the second law of the entropy balance.
All constitutive equations on the chosen state space, which jointly satisfy the balance
equations and the dissipation inequality, form the class of materials [6].

Now the following question arises: how do we solve the balance equations by taking
into consideration the dissipation inequality [7]? Do we use the cumbersome procedure of
first solving the balance equations and look after the dissipation inequality or generate a
class of materials that satisfies the dissipation inequality by construction? Here, the second
case is considered by using an easy toy model that enlightens the current understanding.

Because the differential operators of the balance equations on state space are linear,
these balance equations are linear in the so-called higher derivatives, which are the time
and position derivatives of the state space variables, which are not included in the state
space itself [6]. Consequently, the higher derivatives represent process directions in the
state space. Using the evident but nevertheless axiomatic statement, “process directions
which are in the kernel (null-space) of the balance equations do not appear in the entropy
production”, the no-reversible-direction axiom can be established [8,9]. The local entropy
production does not depend on the process directions. Introducing a so-called Lagrange
multiplier, the balance equations can be directly connected to the dissipation inequality,
resulting in the Liu relations, which do not include the process direction anymore [10].
The Liu relations represent the constraints for the constitutive equations with regard to
the dissipation inequality, which can be exploited without taking process directions into
account. How this sketched program works in detail is elucidated in this short note.

3. Balance Equations on State Space

Local balance equations can be written in different shapes

%(p‘l”)—l—V-(pU‘I’—i—Q)—l—Z:O—>8tuA+8jd>jA:rA, A=12,...,M. (2

Here, ¥ or u4 is the balanced basic quantity, which may be of an arbitrary rank; p the
mass density, ® is the non-convective flux or <1>]A the convective flux of ¥; v is the material

velocity; and X or r 4 is the sum of production and supply of ¥. One of the M equations is
that of the entropy A = S, which is expressed as follows:

ug = ps, Q)é = vlps+E, rg = y+o > v (©)]

where the specific entropy is represented as s, the non-convective entropy flux as &/, the
entropy supply density as 7, and the entropy production density as ¢ > 0. The inequality
in (3) characterizes the second law.
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The fields in (2); and (3) depend on the considered material, which is characterized by
a state space Z > z, which is spanned by its components z. These material dependent fields
are the following constitutive equations:

ug = ug(z), @, = d,(2), ra = ral2). )

which are inserted into the balance equations (2), and the dissipation inequality (3)3. Apply-
ing the chain rule results in the following balance equations on state space:

dua(z), 3Pz,  _
py oz + gy diz = ru(z), 5)
dus(z) 9P (z)
7 >
e 0z + 5 diz > 7(z) (6)

which are linear in the higher derivatives (" means transposed, and := marks a setting).

y' = (atz, ajz). @)

The following matrices are introduced:

Az) = augz(z)laq?z(z)), B(z) — (augz(z)lacbgsz(z)), ®
C(z) = ralz), D(z) := 1(2), ©)

A(z)y = C(z),  B(z)y > D(2). (10)

Up (z(t, x)) are the wanted basic fields, whereas <I>{‘1 (z(t, x)) and r4 (z(t, x)) are given as

the functions of the basic fields or from the environment of the considered system.

4. Material Axioms

The constitutive equations (4) generating the balance equations on state space (10)
cannot be arbitrary. (The funny materials of Disney movies do not exist in the real world.)
A(z), C(z), B(z), and D(z) have to satisfy material axioms which describe the constraints
that materials have to obey. These axioms include the following:

1.  The second law (10), and its additions;
2. Transformation properties by changing the observer;
3.  Material symmetry;
4.  State spaces Z that guarantee the finite speed of wave propagation.
Does the expert know if the real gas (1) satisfy these axioms, or do they ignore them?
Here, we are interested in #1. More hints can be found in the literature [3,6].

5. Process Directions

The state space variables z(t, x) depend on time and position according to (5) and (6).
For each event (t, x), the higher derivative (7) represents the process directions in the state
space Z. A process is here defined by the wanted (basic) fields 14 (z(t, x)), which satisfy
the balance equation (5) and the dissipation inequality (6). Having solved the balance
equations (10); (or (5)) for given initial conditions and geometrical constraints, we know
the higher derivatives y' (t,x), and we have to check if these higher derivatives satisfy
the dissipation inequality (10), or not so that the balance equation (10); can be attached to
a thermodynamical process, depending on the chosen constitutive equations A(z), C(z),
B(z) and D(z). This procedure is cumbersome because if the dissipation inequality (10); is
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not satisfied by the chosen constitutive equations, we have to start the procedure again with
renewed constitutive equations until (10); is satisfied, i.e., the so-called global procedure.
Does a more specific procedure exist that can determine the possible constitutive
equations in advance without solving (10); so that (10); is satistied? To answer this question,
the space of the higher derivatives (of all process directions) at an arbitrary but fixed event
(to, x0) is introduced.
Y(to,x0) > y' (to, x0). (11)

This means the global consideration of balance equation (10); is changed into a local
procedure, resulting in two following statements (I and II), which exclude each other as
follows:

I.  Alllocal solutions (irreversible and reversible ones) of the local balance equation (10);
satisfy the dissipation inequality (10),.

A {yk € V- (to, x0)| Ay = c} s {Byk > D}, (12)
k

A {vis € y-(to,x0) Ayl =€} — {Byl =D}. (13)

The process directions are divided into irreversible y* and reversible Yeq- The linear
combined process direction, 1> « >0,

A(rxyk+(1—oc)y':‘q) - Cc — B(ayk+(1—a)yg;) > D (14)

satisfies the balance equations and belongs to an irreversible process according to (14);
and (12),. No additional reversible process directions belonging to J— (o, xo) can be created
by a linear combination of y* and Yeq-

II.  According to (12) and (13), there are local solutions of the balance equations (on
state space) y* and y{,’é, which satisfy the dissipation inequality. Additional process

directions y]ﬁ are now presupposed, which do not satisfy (12) and (13), represent-
ing local solutions of the balance equations, which do not satisfy the dissipation
inequality (10)s.

A b € Y<(to,%0)|ayh = ¢} — {Byb <D} (15)
j
By presupposing (15), the space of the higher derivatives (11) is expressed as follows:

y(tO/xO) = y>(t0,XO) V y: (tO/ XO) \% y< (to, XO). (16)

As proved in Section 6, from statement #II, it follows that additional reversible process
directions beyond those in Y—(ty, xp) can be created from Y- (to, x) V V< (to, x0). This
strange result paves the way to the axiom of no-reversible process directions.

6. Reversible Process Directions in Non-Equilibrium
From (12); and (15)y, the following occurs:

By*>D>Byh — By —D >0 > Byh—D. (17)
The inequality (17); is transformed into an equality by introducing two positive constants.

«>0,>0: Byf—D+a(Byh—D) = Byb—D+B(By*—D). (18
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This results in the following:
By(1—p)+Byb(x—1) = D(~p+a). (19)

Setting
Bra=1-—a-1=8 (20)

creates a reversible process direction

B((1-p)y* +pyb) = D (21)
which is, according to (12); and (15);, also a local solution of the following balance equations:

A((l—ﬁ)yk+ﬁyf'm) = (1-BC+PC =C, 0<P<1, @2>a>1). (22

Consequently, if not all local solutions of the balance equations satisfy the dissipation
inequality (#II), a reversible process direction (21) can be constructed via the linear combi-
nation of non-reversible ones (- (to, xo) V Y<(to, x9)), which is a local solution of balance
equation (22). This strange result is discussed in Section 7.

7. Coleman-Mizel’s Shape of the Second Law

The dissipation inequality (10), representing the second law can be differently interpreted
as follows:

(#I) If all process directions satisfy the dissipation inequality, arbitrary constitutive equa-
tions are not possible, and they are restricted by the dissipation inequality.

(#II) If the constitutive equations A(z), C(z), B(z) and D(z) are given, the dissipation
inequality (10), excludes those process directions, which do not satisfy balance
equation (10);.

The second law states nothing about these two excluding cases. Consequently, an amend-

ment to the second law is required for deciding which case, #I or #II, is valid. Here, this

decision is given by an axiom which excludes the situation described in Section 6 as follows:

A reversible process direction

cannot be generated by non-reversible ones. (23)
Therefore, the second inequality of (17); must not be valid, which means
V< (to,x0) = @, forall (ty,x0) (24)

is valid. Consequently, process directions of negative entropy production do not exist.
Consequently, all process directions are of non-negative entropy production. In particular,
there are no solutions of the balance equations of negative entropy production. Therefore,
#1, (12) and (13), is true.

All local solutions of the balance equations
have to satify the dissipation inequality. (25)

After having excluded via (24) all the process directions of negative entropy pro-
duction, the dissipation inequality represents a constraint with regard to constitutive
equations (8) and (9) and is not excluding any process direction of (y> (to, x0) V Y= (to, xo)) ,
which satisfy the second law. Consequently, the constitutive equations cannot be indepen-
dent of each other but must have the property that the entropy production density is not
negative for all local, and therefore also for all global, solutions of the balance equations.
This is the Coleman-Mizel (CM) formulation of the second law [11], which presupposes
the validity of (12) and (13) ad hoc. Taking (24) into account, the CM formulation of the
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second law follows and adopts its physical interpretation; there are no solutions of the
balance equations of negative entropy production.

8. Entropy Production

Taking a special material into consideration for which the process-direction-independent
A, C,B and D are given and for which (25) is valid. According to (14), a lot of processes
of different process directions are possible, resulting in the fact that the matrix A of the

constitutive equations has a kernel £, (y> (to, x0) V Y=(to, xo)> DK 3y,
Ayker =0 — y= Yot Yeer — Ay = AyO = C (26)

Here, y and y,, are local solutions of the balance equations according to (10); and (26)3,
and with them the following also satisfies the balance equations:

A(ocy +(1- tx)y()) =C (27)

Introducing the entropy production ¢ > 0, the dissipation inequality becomes the
following, according to (12):

By = B(Yy+ Yir) = D+o(y) = D+0o(yy+yg,) > D. (28)

According to (26), the kernel of A is not present in the balance equations. Therefore, it
should not be present in the entropy production.

oY) = (Yo + Yrer) = (Yo)- (29)

Although clear from the view of physics, (29); is an axiom that is more stringent than the
verbal formulations (23) and (25), as demonstrated below in (34). Consequently, (28);
and (29), gives the following;:

By — By, = D+o(y) — (D+o(yy)) = 0 = B(y —yy) = By, (30)

where B is perpendicular to the kernel of A.
Consider the two arbitrary local solutions of the balance equation (26)3, y* and y?,
and (26)1’2.

0=Ay' -y = Alyg—v) — vo—v = vjo € K, (31)

The below equation is given according to (26);, (31)3, and (30)4.

yl - yZ = ylgr + y%er - y%erf (32)
B(y' =v*) = B + Vi —Vier) = 0 = 0(y') —0(v?), (33)

The above equation is formulated according to (28),. Consequently, the entropy production
does not locally depend on the process direction according to (33)3. If one process direction
at (to, xp) is reversible, specifically y,,, € V—(to,y,), all other process directions at (to, xo)
are also reversible, and an equilibrium state is present. This results in the verbal formulation
of the axiom of no-reversible process directions, which represents an amendment to the
second law

Except in equilibria,

reversible process directions in state space do not exist. (34)
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9. Liu Relations

Introducing a suitable matrix A, which does not depend on the process direction y,
and via (28), and (26)3, the following inequality is valid:

(B—AA)y = D+0o(y)—AC > D—AC. (35)

According to (26); and (30)4, A connects A with B, and the Liu relations are generated by
setting the following, which are independent of the process directions:

B=AM| — [ AC>D (36)

Attention must be paid to the following argumentation: It is not said that the bracket
in front of y in (35) has to vanish because higher derivatives are not in the state space and,
therefore, independent variables, a procedure that can be found in [12,13] and is not very
convincing. Here, a formal argumentation is used; there exists a matrix A, which connects
the matrices B and A according to (36);. Of course, the bracket in front of y in (35) vanishes
from this setting, but the argumentation is not based on the higher derivatives.

To check that the types of matrices in (36) are well matched with A, see the following
table, which shows the corresponding types of the different matrices.

matrix shape according to
rows-columns
D 1-1 9)2
y L-1 (7)
B 1-L (10)2
Cc K-1 9)1
A K-L (1011
A 1-K (36)1

Because A has no right-hand inverse, A is not determined via the given B and A,
but the constitutive quantities B and A are not independent of each other. There exists a A
so that the Liu relations (36) are satisfied. A tutorial example concerning the use of the Liu
equations can be found in [6].

The Liu relations represent constraints for the constitutive properties. They bring
together the constitutive quantities of the balance equation with those of the dissipation
inequality. These restrictions have to be inserted into the balance equations and the dis-
sipation inequality (10), resulting in a differential equation, which takes the dissipation
inequality into account.

By = AC. (37)

Another kind of exploitation is that the dissipation inequality regards the A as a
Lagrange multiplier introducing the balance equations into the dissipation inequality. The
dissipation inequality (35), can be replaced with the following:

Bw—A(Aw—C) = D+o > D. (38)

Here, w is an arbitrary process direction, which does not necessarily have to satisfy the
balance equations and/or the dissipation inequality (12) and/or (13). The usual dictum
is adding the balance equations as constraints with a Lagrange factor to the dissipation
inequality, resulting in arbitrary process directions. This procedure is justified by the Liu
relations (36). The row A, introduced by (36); as connection between the balance equations
and the dissipation inequality, proves to be a Lagrange factor.

10. Conclusions

Avoiding the global procedure of solving the balance equations in consideration of
the dissipation inequality globally and replacing it with the local procedure, the following
question arises: how do we handle the process directions? One possibility is the above-
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discussed Liu procedure. One other possibility is the Coleman—Noll technique [12,13],
which uses the Clausius-Duhem inequality as a dissipation inequality, replacing the entropy
balance equation (3) or (6). The Coleman-Noll technique gets rid of the process directions by
setting the coefficients belonging to them to zero, thus enforcing that the balance equations
fall into parts that do not contain any process directions.

Reversible process directions appear only in equilibrium. The entropy production in
non-equilibrium does not depend on the process direction; it is a state function. Conse-
quently, no-reversible process directions exist in non-equilibrium. Otherwise, the entropy
production becomes dependent on the process direction, and the Liu relations are not valid.
These results are based on the obvious, but the axiomatic fact remains that process directions
do not appear in the balance equations and do not appear in the entropy production.
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