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Abstract. In this paper, we make a review of our recent development of
Dirac structures and the associated variational formulation for nonequi-
librium thermodynamics (see, [15,16]). We specifically focus on the case
of simple and open systems, in which the thermodynamic state is repre-
sented by one single entropy and the transfer of matter and heat with
the exterior is included. We clarify the geometric structure by introduc-
ing an induced Dirac structure on the covariant Pontryagin bundle and
then develop the associated dynamical system (the port-Dirac systems)
in the context of time-dependent nonholonomic systems with nonlin-
ear constraints of thermodynamic type. We also present the variational
structure associated with the Dirac formulation in the context of the
generalized Lagrange-d’Alembert-Pontryagin principle.

1 Fundamentals of Open Systems

In this section, we briefly present the fundamental setting for open thermody-
namic systems. We focus on the case of simple systems in the sense of Stueckel-
berg, see [26].

1.1 Stueckelberg’s Formulation of Nonequilibrium Thermodynamics

In order to give a macroscopically dynamic theory to account for irreversible
processes, we use the phenomenological approach to nonequilibrium thermo-
dynamics developed by Stueckelberg [26]. This approach enables us to treat
nonequilibrium thermodynamics as a natural extension of classical mechanics.
We emphasize that this is a pure macroscopic and phenomenological approach
deduced from the axiomatic formulation of the two laws, which does not aim to
derive the equations for the open systems in terms of microscopic arguments.
We refer to e.g. [8,20,21] for the systematic use of Stueckelberg’s formulation
for several examples of closed thermodynamic systems.
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Let us denote by 3 a physical system and by 3°** its exterior. Stueckelberg’s
axiomatic formulation of the two laws are given as follows.

First Law: For every system X, there exists an extensive scalar state function
E, called energy, which satisfies

d
B0 = P () + P (1) + Pif (1), (1)
where ¢ denotes time, P is the power associated with the work done on the
system, P§¥t is the power associated to the heat transfer into the system, and
PgXt is the power associated with the matter transfer into the system.

Definition 1. For a given thermodynamic system, we employ the following
terminology:

o A system is said to be closed, if there is mo exchange of matter, i.e.,
P (t) = 0. If PgFt(t) # 0, the system is said to be open.

o A system is said to be adiabatically closed, if it is closed and there is no
heat exchanges, i.e., P5yt(t) = Pgt(t) = 0.

o A system is said to be isolated, if it is adiabatically closed and there is no
mechanical power exchange, i.e., Pyt (t) = P&t (t) = P (t) = 0.

From the first law, it follows that the energy of an isolated system is preserved.

Second Law: For every system 3, there exists an extensive scalar state function
S, called entropy, which obeys the following two conditions.

(a) Evolution part: If the system is adiabatically closed, the entropy S is a
non-decreasing function with respect to time, i.e.,

d
(1) = 1(t) 2 0,

where I(t) is the entropy production rate of the system accounting for the
irreversibility of internal processes.

(b) Equilibrium part: If the system is isolated, as time tends to infinity the
entropy tends towards a finite local maximum of the function S over all the
thermodynamic states p compatible with the system, i.e.,

lim S(t) = S[p].
tjinoo ( ) p Corrgsgiible [p]

By definition, the evolution of an isolated system is reversible if I(t) = 0,
namely, the entropy is constant. In general, the evolution of a system 3 is said to
be reversible, if the evolution of the total isolated system with which X interacts
is reversible.
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1.2 An Illustrative Example of Open Systems

We present here the fundamental setting for nonequilibrium thermodynamics of
open systems with the help of an illustrative example. We recall that a thermo-
dynamic system is called simple when one (scalar) thermal variable and a finite
set of non-thermal variables are sufficient to describe entirely the state of the
system. From the second law we can always choose the thermal variable to be the
entropy. Recall also that the system is called open if it has a non-vanishing power
exchange due to matter transfer with exterior. In this paper, we specifically focus
on the case of simple and open systems.

A Piston-Cylinder System. Consider a single piston-cylinder system
described in Fig. 1, where the cylinder contains an ideal gas and there exists
a power exchange due to matter and heat transfer with the exterior, as well as a
mechanical power exchange with the exterior by the piston. In addition, there is
an internal irreversible process associated with the collision of the fluid particles
on the piston, macroscopically described by a friction force, see [20].
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Fig. 1. An example of a simple and open system: a piston with exterior ports and heat
sources.

For such an open system, we can choose one entropy variable S € R as the
thermodynamic variable and N € R as the number of moles of the chemical
species in the compartment, while we denote the mechanical variable by ¢ € @,
where @ is given by R. Let U(q, S, N) be the internal energy associated with the
ideal gas contained inside of the cylinder. Let F°** be the external force acting
on the system via the piston and let F be the friction force appearing in the
irreversible process associated with the collision of the fluid particles.

Assume that the system has A ports, through which the matter flows out or
into the system and also that there are B ports associated with heat sources.
For the variables associated with these ports, we denote the chemical potential,
temperature, and molar flow rate at the a-th port by p*, T and #° (a =
1,..., A), respectively, and we denote the temperature and entropy flow rate at
the b-th heat source by 7% and #& (b = 1,..., B), respectively. It is common
that the thermodynamic quantities at the ports are given by the pressure and
the temperature P*, T from which the other thermodynamic quantities such
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as p® = p*(P*,T*) or S* = S*(P*,T%) can be computed by the state equations
of the gas; see, for instance, [22]. Notice that these thermodynamic quantities at
the ports are time-dependent in general.

Mass Balance Equation. For such an open system with A ports with a single
chemical component, the mole balance equation is written as

A
=> 7 (2)

where # ¢ is the molar flow rate into the system through the a-th port, so that
F ¢ > 0 for flow into the system and _#“ < 0 for flow out of the system.

Energy Balance Equation. As matter enters or leaves the system, it may
carry its internal, potential as well as kinetic energy. The energy flow rate at the
a-th port is given by the product U*_# ¢, where U* and _# ¢ respectively denote
the energy per mole (or molar energy) and the molar flow rate at the a-th port.
Further, as matter enters or leaves the system, it may also exert work on the
system that is associated with pushing the species into or out of the system.
Hence the power exchange due to the mass transfer is given by

A
ext Z / Ua + Pava) — Z(/aua + nga).
a=1
Here P® and V® are the pressure and the molar volume of the substance flowing
through the a-th port. Furthermore, #§ := 5% _#¢ is the entropy flow rate with
S, the molar entropy at the a-th port and we have used the relation H® =
U®+PeV® = @+ T°5% where H® indicates the molar enthalpy at the a-th port.
The heat power exchange with exterior is given by

ext Z /gTb

b=1

where j 513 and T? respectively denote the entropy flow rate and the temperature
at the b-th port. The mechanical power associated with the external force Fext
is given by

Pext <FeXt, q>

Thus, the first law for open system, i.e., the energy balance equation reads as

B
dE ext - a ama 7 b
o = (P +Z + JET) + ) IT, (3)

b=1
where FE is the total energy of the system.

Entropy Balance Equation. Regarding the second law for open systems, we
have the entropy balance equation, namely, the rate of total entropy of the
system, given by
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A B
S=I1+Y J8+>_ 74 (4)
a=1 b=1
where [ is the rate of internal entropy production given by

(- p S S [ ) A3 7)

mechanical friction mixing of matter flowing into the system
1 B
7b (b
+ =y (T -1). )
b=1

heating

with T := g—g the temperature and p := g—% the chemical potential. The second
law imposes that the rate of internal entropy production I is always positive
whereas the sign of the rate of entropy flow into the system due to the matter
exchange through A ports and to the heat exchange through B ports (the second
and third terms on the right-hand side of (4)) is arbitrary.

Equation of Motion for the Piston-Cylinder System. The Lagrangian of
the system is given by L(q,¢,5,N) = im¢* — U(q, S, N). We note that if we
were applying the conventional Lagrange-d’Alembert principle

t2 t2
5| L(g,4,S,N)dt + / (F 4 Fet §q)dt = 0, (6)
t1 tl
for all 6¢ with the fixed endpoint conditions, we would get the following equation
d oL 0L
Ffr Fext. 7
dt 04 Oq + (™)

In the Lagrange-d’Alembert principle (6) the friction force is treated as if it were
external similarly to F***. However, the friction force is an essentially internal
force and the power associated with the friction force does not appear on the
right-hand side in the first law (3). It appears as a part of the internal entropy
production rate given in (5), in conjunction with the second law (4). Thus, it is
clear that there is a crucial flaw in the variational formulation (6) which uses the
conventional Lagrange-d’Alembert principle. In addition this principle cannot
provide all the required equations for nonequilibrium thermodynamics, namely,
the mass balance equation (2), the entropy balance equation (4), the energy
balance equation (3) as well as the equation of motion (7). In the next section,
we present a general variational formulation for nonequilibrium thermodynamics
of open systems that enables to formulate all of the required evolution equations.

2 A Variational Formulation for Open Systems

Before going into details on the variational formulation, we first present
the fundamental setting for the Lagrangian formulation of nonequilibrium
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thermodynamics for a simple and open system. Our variational formulation
is a generalized Lagrange-d’Alembert principle, which is an extension of the
Hamilton principle of time-dependent nonholonomic systems with nonlinear con-
straints, see [10-12,14]. This variational formulation is useful as a modelling tool,
see [7,9], and also useful to derive the main bracket formalisms in nonequilibrium
thermodynamics, see [6,17].

2.1 Fundamental Setting for Open Nonequilibrium
Thermodynamics

Time-Dependent Lagrangians. As we mentioned, an open system is in gen-
eral explicitly time-dependent. Hence the state variables that are required to
describe the whole system are (¢,q,v4, S, N) € R x TQ x R x R, where the time
t is explicitly included and (¢,v,) € TQ indicate the state variables associated
with the mechanical part of the system, where T'(Q denotes the tangent bundle
of an n-dimensional configuration manifold Q.

Here we consider the variational formulation for simple and open thermody-
namic systems by following [12]. Let L be a time-dependent Lagrangian defined
on the extended state space, namely,

L:RxTQxRxR—=R, (tq,v4,5,N)— L(t,q,v4,5,N),

which is usually given by the kinetic energy minus the internal energy of the
system. For the open system of Fig. 1, the Lagrangian is simply given by L =
%mv? —U(q, S, N), which is not time-dependent, however we shall here consider
a more general case in which L is given as a time-dependent function. Recall that
the system is assumed to be subject to an external force F*** : RxTQ xRxR —
T*Q and a friction force F : R x TQ x R x R — T*Q. Recall also that the
system has A ports, through which species can flow into or out of the system
and B ports associated with heat sources.

Thermodynamic Displacements. An essential ingredient for our variational
formulation of thermodynamics is the concept of thermodynamic displacements
(see [10,11,14]). By definition, the thermodynamic displacement associated with
an irreversible process is given by the primitive in time of the thermodynamic
force (or affinity) of the process. For the process of heat transfer, such an affinity
is given by the temperature T, and hence the thermodynamic displacement is
defined as a variable T' such that I' = 7. The variable I' is known as a ther-
mal displacement. For the process of mass transfer, the affinity is the chemical
potential p, and hence the thermodynamic displacement is defined as a variable
W such that W = . Here, by definition, we recall that the chemical potential
and temperature are respectively given by p := —% and T := —g—g. In addition
to these thermodynamic displacements, our variational formulation also involves
the variable ¥, with entropy units, which is defined by the primitive in time of
the rate of internal entropy production of the system. Note that X is distinct
from S for open systems.
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2.2 A Lagrangian Variational Formulation for Open Systems

In the context of the fundamental setting mentioned above, we have the following
theorem giving the Lagrangian variational formulation for open systems:

Theorem 1. Suppose that q(t),S(t),I(t),2(t),W(t), N(t) are critical
curves for the variational condition

t2 . . t2
5/ [L(t, 0,d,8,N) + WN +1(8 — Z)}dt + / (F< 5q)dt =0,  (8)
tq t1

subject to the kinematic (phenomenological) constraint

A B
%2 = (F", )+ 3 7oV =)+ rg(0-1)| + - U0 -1), (9)

a=1 b=1

and for variations subject to the variational constraint

oL A B
5505 = (F™,6q) +) [/"(WV + /gér} +Y° gsr,  (10)
a=1 b=1
with 56](1‘51) = 5q(t2) = 0, 5W(t1) = 5W(t2) = O, and 6F(t1) = 5F(f2) =0.
Then q(t),S(t), N(t) are solutions of the generalized Lagrange-
d’Alembert equations

A
49L _OL —phryppext.  AN=3 79
a=1

dt 9q dq

.4 B
‘%<S_a;/g_b;/§> = (F%.4) (11)
S [ (ew) s ()] - £ (g r)

and T'(t), W(t), X(t) satisfy

A B
) Y N

a=1

Proof. This theorem is verified by a direct computation. By taking variations
of the action integral in (8), integrating by parts, using dq(t1) = d(t2) = 0,
oW (t1) = W (tz) = 0, éI'(t1) = dI'(t2) = 0, together with the variational
constraint (10), we obtain the system of evolution equations (11) for the curves
q(t), S(t), N(t), together with the conditions (12) which imposes I'(¢) and W (t)
to be the thermodynamic displacements and 3(¢) to be the primitive in time of
the rate of internal entropy production of the system. a
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We can recover all the relations developed in Sect. 1.2. Since the total energy
is given from the given Lagrangian as F(t,q,q, S, N) = <%§,q> — L, the energy
balance for this system is computed as

A B
d OL o
~E(t i S N) = — Fext . a,a arpa bTb.
ZE(t4,4,5.N) = =3+ ( ,q>+a§:1</u + 78 )+;/s
=pgrt ——

— pext — pext
7PJ\/T _PH

When the given Lagrangian does not explicitly depend on time t, the first law
for the open system is recovered as in (3). Furthermore, it follows from the last
equation in (11) that we can recover the entropy balance equation (4), where we

get the rate of internal entropy production as I = ¥ in view of W = —% =u
and I' = —% =T.

Remark 1 (Relation between the kinematic and variational constraints). Note
that the variational constraint (10) follows from the kinematic (phenomenologi-
cal) constraint (9) by formally replacing the time derivatives 3, q, W, T by the
corresponding virtual displacements 6%, dq, W, 6I', while the time-dependent
terms that depend uniquely on the exterior, namely, the terms #°u®, #7§T°,
and j TP have to be removed in the variational constraint. In the following
Sect. 3 concerning the Dirac formulation, we will clarify how this difficulty
can be naturally solved in terms of the geometric setting of time-dependent
mechanics.

3 Dirac Formulation for Time-Dependent Nonholonomic
Systems of Thermodynamic Type

To develop the Dirac formulation for open systems in which there is a power
exchange of matter between the system and the exterior, there are two distinct
levels of essential difficulties in the treatment of the nonlinear constraints of
thermodynamic type. First, the constraint becomes explicitly time-dependent.
Second, the link between the kinematic (phenomenological) and variational con-
straints appearing in (8) and (9) is broken by additional terms that only depend
on the exterior of the system. It is remarkable that both difficulties can be simul-
taneously solved by using the geometric setting of field theories as it applies to
the case of time-dependent mechanics. In particular, the covariant Pontryagin
bundle and the covariant generalized energy have to be employed instead of the
Pontryagin bundle and the generalized energy in mechanics. In this setting, we
show that the time-dependent nonlinear constraint associated with the entropy
production in the open thermodynamic system can be naturally recovered from
a Dirac dynamical system (also called a port-Dirac system, see [16]), in which a
Dirac structure induced from a linear distribution on the covariant Pontryagin
bundle is employed.
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3.1 Time-Dependent Constraints of Thermodynamic Type

In this subsection, we first introduce an extended configuration manifold needed
to treat the time-dependence in the kinematic and variational constraints. Then,
we construct a systematic treatment of the kinematic and variational constraints
for the class of time-dependent nonholonomic constraints of thermodynamic type
which extends treatment of those constraints in isolated systems, see [13].

Extended Configuration Manifolds. Given a configuration manifold 2, we
define the extended configuration manifold as

W :=Rx 25 (tx),

which can be regarded as a trivial fiber bundle over R, namely, # = Rx 2 — R,
(t,z) — t. Note that this is known as the geometric setting of time-dependent
mechanics in the context of classical field theories, where = R x 2 — R is
the configuration bundle in the field theory (see [18]).

Time-Dependent Variational and Kinematic Constraints. Consider the
vector bundle (R x T2) xg T — % over % whose fiber at y = (t,x) € ¥ is
given by T, 2 x Ty % =T, 2 x (R x T, 2). An element in the fiber at each
y = (t,z) is denoted by (v, dt,0x). A variational constraint is a subset

Cy CRXTL) xg TY,
such that the set Cy (¢, x,v), defined by
Cy(t,z,v) :=Cy N ({(t,x,v)} X T(m)@/) ,

for all (¢, z,v) € RxT2, is a vector subspace of T(; ,y% . A kinematic constraint
is given by a submanifold of T'% as

Cxk CTY.

In general, C'x and Cy are independent from each other.

Nonlinear Nonholonomic Constraints of Thermodynamic Type. For
the case in which the given constraints Cy and Ck have no specific relation
between them, one can develop the equations of motion by a variational for-
mulation based on the generalized Lagrange-d’Alembert principle as in [2], while
we cannot establish a formulation with Dirac structures in general, because of
the existence of nonlinearity in the constraints. However, for the case of non-
linear nonholonomic constraints of thermodynamic type that typically appear in
thermodynamics, a Dirac structure formulation can be developed by using the
specific relation between Cy and Ck described below. We refer to [13] for the
case of isolated systems.

Definition 2. A variational constraint Cy C (RxT2) Xy T¥ and a kinematic

constraint Cx C T are called nonlinear constraints of thermodynamic type if
Ck is defined from Cy as

Ck ={(t,z,t,0) e TY | (t,x,t,2) € Cy(t,z, @)} CTY. (13)
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In local coordinates, if the variational constraint Cy is given by
Cy = {(t,z,v,ét,éx) EMRXTY)xyg TY |

ZA;(Lx,v)éxi + B"(t,z,v)6t =0, r =1,...,m} (14)
i=1
for functions A" : RxT2 - T*2 and B" :RxTZ2 — R, r =1,...,m, then the
associated kinematic constraint Cx defined in (13) reads

Cx = {(t,x,£,&) e TH | Y Aj(t,a,&)i' + B"(t,x,&)i =0, r =1,..,m}.

=1

3.2 Dirac Structures on Covariant Pontryagin Bundles

In this subsection, we first introduce the covariant Pontryagin bundle by using
the geometric setting of classical field theory and then we develop a time-
dependent Dirac structure on the covariant Pontryagin bundle that is induced
from the distribution Cy and a presymplectic form.

The Covariant Pontryagin Bundle. The construction of the geometric set-
ting for time-dependent mechanics is based on that of field theory, see [18,27]. In
this case, the configuration bundle is the trivial bundle =R x 2 — 2" =R.
We have the following canonical identifications:

J'W 2R XT2, J'@*=2T'% =T*R x 2), % ~R x T*2,

with J'% — % the first jet bundle, J*% — % the dual jet bundle, and
1% — % the restricted dual jet bundle associated to # — 2. By analogy with
the Pontryagin bundle in time-independent mechanics, we define the covariant
Pontryagin bundle over % =R x 2 as

Tpw)y: P=J"Y xg J'U* ¥ =R x 2,

whose fiber at y = (¢,2) € # is denoted by (v, p, p). Therefore, for the covariant
Pontryagin bundle over % = R x 2, we have the identification J'% x4 J'%* =
(RxT2) xg T*Y.

Induced Distributions on the Covariant Pontryagin Bundle. From the
given variational constraint Cy C J'% xg T%, the distribution Az on the
covariant Pontryagin bundle is defined by

-1

Ao (62000 = (T i) (O (E2,0) € Tyapm @. (19)

When Cy is locally described as in (14), the local expression of Ag is given by
AW (t7 z,v, p7p) = {(6t7 63:7 6”7 6p7 6]9) € T(LZ,U,PJ?) z ‘

Z Al (t,x,v)0z" + B"(t,z,v)6t =0, r =1, ..,m}.(16)

i=1
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Dirac Structures on the Covariant Pontryagin Bundle. Associated with
T*% , there is the canonical symplectic form Qr«y = —dOr+g , where Op+gy is
the canonical one-form on T*% . In local coordinates, we have

Orey =pidet 4+ pdt and Qpeg = dz* Adp; + dt A dp.

Using the projection m(» reay : & — T*%, (t,x,v,p,p) — (t,z,p,p) onto
T*% , the presymplectic form on the covariant Pontryagin bundle is obtained as

Wy = WE":@,T*@)QT*?}7 (17)

with local expression wgp = da’ A dp; + dt A dp.
Given the distribution A in (15) and the presymplectic form wg in (17),
the induced Dirac structure Da, on & is defined by, for each x € &,

DAy (X) = {(ux, Clx) (S Txe@ X T}rg | Uy € A,@ (X)7
(ax, 0x) = Qo (%) (ux, 0x), Vox € Ap(x)}. (18)
When the local expression of the distribution is given as in (16), using local
coordinates x = (t,2,v,p,p) € P, Uy = (Ug, Ug, Uy, Up, Up) € TP, Uy =
(6t,0x, 0v,6p,dp) € Tx P, and a, = (7, e, 03,7, w) € To P, the condition that
an element (uy,ay) € Tu P x T P belongs to the section of the induced Dirac
structure

(ux, ax) € Da,, (x)
takes the following form:
Uy = W, Ut =7, ﬁ:o,
(t,x,up, uy) € Cy (L, z,v), (19)
(up +m,up + ) € Cy(t,z,v)°.

In the above, Cy(t,x,v)° C T(; /% denotes the annihilator of Cy(t,z,v) C
Ti4,2y% , which is defined by

Cy(t,z,v)° ={ac Th0n? | (@an) =0, Ve Cy(t,z,v)}
and hence the local coordinate expression of the annihilator is
Cv(t,z,v)° ={(t,z,m,a) € T¥ | 7= A\B'(t,z,v), a = \A{(t,z,v), \" € R}.
Thus, the local coordinate expressions for (19) are given by

uZw :wza Uy =1, 67, 207

STAL(t, m,v)ul + BT (tz,v)uy =0, r=1,...,m,
i=1
up+m=3 ANB(t,z,v), (up)i+a;,=> NAI(t,z,v), i=1,.,n.

r=1 r=1
(20)
We refer to [28] for the basic construction of the induced Dirac structure from a
distribution in nonholonomic mechanics.
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3.3 Dirac Dynamical Systems on the Covariant Pontryagin Bundle

In this subsection, we define a Dirac dynamical system by employing the induced
Dirac structure and the covariant generalized energy on the covariant Pontryagin
bundle. This is an example of the port-Dirac system, see [16].

The Covariant Generalized Energy. Given a time-dependent Lagrangian
L J'W =RxT2 — R, we define the covariant generalized energy & : ¥ — R
on & by

E(t,x,v,p,p) =p+ (p,v) — ZL(t,x,v). (21)

We also define the generalized energy E:R x (T2 & T*2) — R by
E(t,xz,v,p) = (p,v) — Z(t,x,v), (22)

which satisfies the relation & = E + p. It is important to note that the general-
ized energy (22) is not induced by an intrinsic object for general field theories,
as opposed to the covariant generalized energy (21). In our case, since the con-
figuration bundle is trivial, the expression (22) is still well-defined.

External Forces. Let ot : J'% — T*2 be an external force field, with
Fext(t,x,v) € Ty 2, for all (t,x,v) € J'¥ . Using the natural projection 7(» o) :
P — 2, (t,x,v,p,p) — z, the external force field F*** on T*2 can be lifted as
a horizontal one-form on & as, for (t,z,v,p,p) € & and W € T4 3.0.p.p) 7,

<FeXt (ta x,v, pap)v W> = <Fext (tv x, U)a T(t,w,v,p,p)ﬂ(y,fj) (W)>
Locally, we have Fe<(t, z, v, p,p) = (t,z,v,p,p,0, F**(t,z,v),0,0,0).
Proposition 1. Given Ay, Z(t,z,v), and Fe*'(¢, 2,v) as above, a curve of the

form
x(t) = (t,2(t),v(t), p(t), p(t)) (23)

on the covariant Pontryagin bundle & satisfies the condition for a time-
dependent Dirac dynamical system

(X(1), A& (x(t)) = F**(x(1))) € Da,, (x(t)) (24)
if and only if it is a solution curve of
05 —dE(x) + F™(x) € Ap(x)°, %€ Ap(x). (25)

Proof. Using (18), we can easily compute the condition in (24) to derive the
intrinsic equations of motion in (25) for the time-dependent Dirac dynamical
system. O

Remark 2. In the above, the curve x(t) € &2 in (23) is not an arbitrary curve in
& since its first component is ¢. In the language of field theory, it is a section of
the covariant Pontryagin bundle seen as a bundle over R.
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Local Coordinate Expressions. Let us derive the local coordinate expressions
of the Dirac dynamical system. The differential of & is given by

0L 0% 0L
dg(t,l’,lh pvp) = <8t7 7%71) - E7 171})

and recall that the external force field is
ﬁCXt(t’ x) /U7 p)p) = (t? x) /U7 p)p7 07 FCXt (t7 m? v)? 07 07 O) .

Therefore, using the expression (19) of the Dirac structure, the condition for the
curve x(t) € £ to satisfy the Dirac dynamical system (24) can be written as:

{:t:v, t=1, p:%‘f

(tatd) € Oylta,), (b= 22.p— 22 _ Fot) € Oy(t,m,0). 20

By using the local expressions in (20), the equations of motion of the Dirac
dynamical system in (26) take the form:

)

S AT (t z,v)it + BT (t,z,0) =0, r=1,...,m,
i=1

y . . 8. .
Tt =0 =1, pi—5r=0 i=1..n

(27)

pi — % Z AN AL(E 2, 0) + FEX(t x,v),

'—— Z/\B(txv)

Note that £ = 1 is always satisfied and also that the last equation in (27) can
be solved apart from the others (as an output equation). Therefore, the equa-
tions of motion (27) reduce to the following evolution equations for the curve
(x(t),v(t),p(t) e T2 ®T*2:

it =, p; = avl(txv)

pZ 8./1?7‘ (t x v) Z AT‘(4"£(t7 m’ U) + F‘leXt(t7 $7 v)’ /L. = 1’ ""n7 (28)
r=1

Z Ar(t,z,v)it + B"(t,z,v) =0, r=1,...,m

i=1

Finally, the system of evolution equations (28) yields the following equations for
the curve z(t) € 2:

%gﬁ 8;# L (t,x, &) = S NAT(tx, &) + F¥(t,x,v), i=1,..,n,
r=1

n , (29)

ANt x,&)E + BT (t,x,2) =0, r=1,..,m,

i=1

which are the Lagrange-d’Alembert equations with time-dependent nonlinear con-
straints. In particular, we notice that the second equation in (29) recovers the
nonlinear kinematic constraints C'i, although Cy, was only used to introduce the
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Dirac structure Da , . This is due to the special relation between the constraints
Cy and Ck of thermodynamic type, see Definition 2.

The Lagrange-d’Alembert equations with time-dependent and nonlinear non-
holonomic constraints given in (29) provide the general abstract setting for open
simple thermodynamic systems, as will be illustrated in Sect. 4.

Energy Balance. For the covariant generalized energy &(t,z,v,p,p) defined
n (21), we have the energy balance equation along the solution curve x(t) =
(t,z(t),v(t), p(t),p(t)) of the Dirac dynamical system (27) as

d
%@‘o(t, x,0,p,p) = <Fe"t(t,x,v),m'> ) (30)
Note that & does not represent the total energy of the system. The total energy
is represented by the generalized energy E in (22). In terms of E, we get from
(30) the following equation:

d d ext
ﬁE(t,xﬂ@p) = dtp+ <F (t,z,v), x>

o (31)
=——/(t,x,v) Z)\ B"(t,x,v) + <FCXt(t,x,v),j:>,

which yields the balance of energy for the Dirac dynamical system. Note that
%p is interpreted as the power flowing out of the system. The first term on the
right-hand side is uniquely due to the explicit dependence of the Lagrangian
on time, while the second term is due to the affine character of the kinematic
constraint, which will be interpreted later as the energy flowing in or out of the
system through the external ports. For the case where there is no constraint, the
energy balance equation of time-dependent mechanics is recovered (see [24]).

It is also interesting to note that the equation for p is solved apart from
the other equations. A natural initial condition for p is p(0) = —FE(0), so that
the covariant generalized energy vanishes, i.e., &(t,z,v,p,p) = 0 for all ¢, which
is the generalized energy analogue of the super-Hamiltonian constraint (see, for
instance, [18]).

Remark 3 (Time-Dependent Dirac dynamical systems). It is noteworthy that
(24) is called the condition for a time-dependent Dirac dynamical system, since
the Dirac structure Dy, C TZ & T*Z is time-dependent, being defined at
each point x = (t,z,v,p,p) € £ of the covariant Pontryagin bundle where
the time t is included as a variable. It is remarkable that the Dirac structure
Dp,, can incorporate constraints that are time-dependent, nonlinear, as well as
nonholonomic. From the field theoretic point of view, the time-dependent Dirac
system that satisfies (24) can be interpreted as a special instance of a multi-
Dirac formulation for constrained field theories that extends the multi-Dirac
field theory developed in [27].

Remark 4 (A Lagrange-d’Alembert-Pontryagin principle). Note that the equa-
tions (29) can be obtained from the following Lagrange-d’Alembert-Pontryagin
principle:
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tg t2
5/ {<p, i—v)— Ltz v)] + / (F™'(t,z,v),0z) dt (32)
t1 ty
subject to the kinematic constraints
ZAg(t,x,v)j:i—l—B’"(t,x,v) =0, r=1,...m (33)

i=1

and for variations subject to the variational constraints
n
ZA?(t,x,v)éa:’ =0, r=1,...,m (34)
i=1

with dz(t1) = dx(t2) = 0.

While this principle does yield the complete equations of motion (29), only
a subset of the conditions associated to the Dirac dynamical system (27) are
recovered; namely, the equation for p is missing. We shall give below a Lagrange-
d’Alembert-Pontryagin principle whose stationary conditions exactly coincide
with the equations given by the Dirac dynamical system.

3.4 The Lagrange-d’Alembert-Pontryagin Principle
on the Covariant Pontryagin Bundle

Associated with the Dirac dynamical systems, there exists an associated
variational formulation which is called the generalized Lagrange-d’Alembert-
Pontryagin principle, where the critical condition yields the time-dependent evo-
lution equations obtained from the Dirac dynamical system.

The Lagrange-d’Alembert-Pontryagin Principle. We begin with introduc-
ing an action functional for arbitrary curves x(7) on the covariant Pontryagin
bundle &2, namely,

x(7) = (t(7), z(7),v(7), p(7), p(7)) € 2, (35)
rather than just on sections, while we will see that the critical curve is nec-
essary a section up to a constant rescaling of time, i.e., t(7) = 7 + ¢o. Let

us denote by x’ the derivative with respect to 7. For such curves x(7) =
(t(7),xz(7),v(7),p(7),p(r)) we consider the Lagrange-d’Alembert-Pontryagin
principle

3 [ [0 () ) - Sty ar 5 [ FS o) axtmpar =0, (30)

T1

subject to the kinematic and variational constraints
X(1) € Ap(x(1)) and 6x(7) € A (x(T)), (37)

with the endpoint conditions T'7(» vy (0x(71)) = T vy (0x(72)) = 0.
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Equivalently, the critical point condition (36) reads

T2

/n (0. (2o (7)), (7)) — ()] dr + / (B (). Sx(r))dr =0,

T1 T1

d

de

e=0

for x.(7) = (t=(7), 2 (7),ve(7), p<(7), pe(7)) such that

x(r) = —

o=|  xe(r) = (8¢(7),6x(), u(r), p(), p(7))

e=0

satisfies the variational constraint given in the second equation of (37). Note
that the above variations are not necessarily vertical. This variational condition
yields the Lagrange-d’Alembert-Pontryagin equations as:

i (rwey —d&(x(T)) + ﬁEXt(X(T)) € Ayp (x(1))°, x'(1) € Az (x(1)). (38)

On the other hand, note that the evolution equations for arbitrary curves
x(1) € & obtained from the condition of the Dirac dynamical system, namely,

(x'(r), A& (x(r)) = F*"(x(r))) € Da,, (x(7)) (39)
are equivalent with the equations in (38) obtained from the Lagrange-
d’Alembert-Pontryagin principle (36) and (37).

Local Expressions. By noting the equalities
<9.W (X)7Xl> - g(X) = <pa Jf/> + pt/ - g(t7 Zz,0, pap)
= <pa'1:, - U> =+ p(t, - 1) - f(t,x,v),

the local expression for the Lagrange-d’Alembert-Pontryagin principle in (36)—
(37) for a curve x(7) given in (35) becomes

T2

5/ 2 |:<p7 xl> + pt/ - (g)(t“’l,"’u, pap):|d7_ +/ <FeXt(t,.T,U),(5$>dT

T1

T2 T2
- 5/ [(p.2’—0) + plt'~1) L (t,2,0)|dr + / (Fe(t, z,0), 6)dr 40
T1 T1
= O7
subject to the kinematic constraints
ZAf(t,x,v)z/i+B"(t,x,v)t' =0, r=1,...,m, (41)

=1

and for variations subject to the variational constraints

ZA;(t,x,v)&vi—|—Br(t,x,v)5t:0, r=1,..,m. (42)

i=1
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By direct computations, (40)—(42) yield the following equations
#=ol, =1 pi= &),

P — %(t,a&v) = Y NAL(t z,0) + FE(t, z,v),
r=1

n .
> AI(t x,v)a" + BT (t,x,v) =0,
i=1

= % - 21 )\TBT(t.’I,‘,U).

These equations are the local coordinate expressions of (38). From the condition
t'(t) = 1, we have t(1) = 7 + o, and hence the critical curve of (40) is of the
form x(7) = (7 + to, z(7),v(7), p(7),p(7)), for a constant ¢, which can be set to
zero by imposing the initial condition ¢ := ¢(0) = 0, so that x becomes a section.
In this case (43) reduces to the system (27) associated to the time-dependent
Dirac dynamical system (24) for sections.

We summarize the obtained statements in the following theorem.

Theorem 2 (Time-Dependent Dirac Dynamical Systems). Given a
variational constraint Cy C J'% x4 T% as in (14), consider the induced
Dirac structure Da, on & = J'% x4 T*% asin (18). Let £ : J'% — R
be a time-dependent Lagrangian and & : & — R be the associated covariant
generalized energy. Let F°* : J1% — T*2 be an external force field. Then
the following statements are equivalent:

e The curve x(7) = (t(7),z(7),v(T), p(7),p(7)) € & satisfies the system
ivwy —dE(x) + FX(x) € Ap(x)°, X €Ax(x),

which is locally given by (43).
e The curve x(7) = (t(7),z(7),v(7),p(7),p(T)) € & is a solution of the
Dirac dynamical system

(x' (1), d& (x(7)) = F**(x(r))) € Da, (x(r)).

e The curve x(7) = (t(7),z(7),v(7),p(7),p(7)) € & is a critical point of
the variational formulation

5 / (0. (x(7)).%/ (7)) — (7)) ]dr =0,
subject to the kinematic and variational constraints
X(1) € Ap(x(7)) and 6x(7) € Ay (x(71)),

with the fixed endpoint conditions T'7(» y)(6x(71)) = T2 v)(0x(2)) =
0.
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Note that the kinematic constraints (41) are imposed on general curves x(7) €
Z. On a critical curve we have ' = & and ¢/ = ¢t = 1 so that one recovers the
kinematic constraints Z?Zl AY (t, x, v) '+ B" (t, z, v) =0.

Remark 5 (Curves versus Sections). So far we have employed arbitrary curves
x(1) = (t(7),z(7),v(T), p(7),p(7)) for the variational formulation. However, we
can assume that all critical curves x(7) = (¢(7), z(7),v(7), p(7),p(T)) are sec-
tions, i.e., they are of the form x(t) = (¢,z(t),v(¢t), p(t),p(t)), with the first
component being given by ¢. This is not a restriction since we have just seen
above that the critical condition imposes, modulo a time translation, that criti-
cal curves are sections.

4 Dirac Formulation for Open Thermodynamic Systems

In this section we apply the Dirac dynamical system formulation for time-
dependent nonholonomic systems with nonlinear constraints of thermodynamic
type developed in Sect. 3 to the case of open thermodynamic systems.

4.1 Application to the Piston-Cylinder System with External Ports

We start by describing the geometric setting, the Lagrangian, and the constraints
for the case of a simple and open thermodynamic system with external ports,
in which the power exchange with exterior is due to matter transfer and heat
sources.

Geometric Setting. Consider a simple and open systems with A exterior ports
and B heat sources, such as the one illustrated in Fig. 1. Let @) be the configura-
tion manifold of the mechanical part of the system with elements denoted ¢ and
let RS be the configuration space of the thermodynamic part of the system with
elements (S, N,I', W, X) € R5, where S is the entropy and N is the number of
moles of the chemical species of the system. Recall that W € R and I" € R denote
the thermodynamic displacements that are defined such that W= wand r=r,
where p is the chemical potential and T is the temperature. Recall also that
3. € R denotes the internal entropy. Hence, the thermodynamic configuration
space becomes
2=QxR°3z=(¢q,S,N,T,W,%).

Associated with the external ports, we have the time-dependent external vari-
ables p*, T¢, 7% a =1,...,A and TY, jg, b=1,...,B. We also consider an
external force Ft : J'% — T*2; (t,x,v) — F'(t,x,v) and a friction force
Fir  J'% — T*2; (t,x,v) — FT(t,x,v), where we recall that % = R x 2 with
(t,z) € # and x = (¢, S, N,I', W, ¥).

We use the local coordinates v = (vg,vs,vn,vr,vw,vs) for v € T, 2, the
local coordinates (t,z,dt,dz) € T# with dx = (0q,05,6N,0T,6W,0%) € T,2
and the local coordinates (¢, x,p,p) € T*% with p = (pq, s, PN, Pr,Pw,Px) €
T:2.
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Augmented Lagrangians for Open Thermodynamic Systems. Consider
the Lagrangian for the system given by a function L(¢,q, ¢, S, N) which can be
time-dependent in general. Recall that (¢, ¢) € TQ are the state variables of the
mechanical part.
Given L, we define the time-dependent augmented Lagrangian . : J'% — R
as
L(t,x, &) = L(t,q,4,S,N) + WN +T(5 - %). (44)

Concerning the augmented terms WN +T'(S — %) in (44), the first part WN(=
uN) is the expression corresponding to the Gibbs free energy associated with
the chemical substance, while the second part f‘(S — X)) can be interpreted as a
constraint for the minimum power due to the entropy production associated with
the exchange with the exterior, where S indicates the total entropy of the system
and X the internal entropy production. Therefore, the term S — ¥ corresponds
to the part of the entropy of the system that is due to the exchange of entropy
with exterior and where I‘(: T') may be interpreted as a Lagrange multiplier.

Constraints for Open Thermodynamic Systems. In the general context of
nonlinear nonholonomic constraints of thermodynamic type in Sect. 3, we choose
the coefficients A7 (¢, z, &) and B (¢,z,4) in the constraints (14) as

r . i 8L fr A a a & b
Al (t,x,&)dz" = —%52—1- (F',6q) +Z ( 5W+/56F)+Z F 5oL,
a=1 b=1 (45)

A
B (ta,a) ==y (" + F5T") - S AT
b=1

a=1

It is important to recall that the molar flow rates # ¢, the entropy flow rates 7§,
Z g , as well as the temperatures T, T and the chemical potentials p® at the A
ports and the B ports are explicit functions of time such as #¢ = et x, &),
T =Tt,z,@), and £& = 74t x,i).

A First Lagrange-d’Alembert-Pontryagin Principle. With the Lagrangian
(44) and the choice for A7 and B" given in (45), the Lagrange-d’Alembert-
Pontryagin principle (32)—(34) recovers the Pontryagin version of the variational
formulation (8)—(10) presented in Sect. 2.2.

4.2 Dirac Dynamical Systems on the Covariant Pontryagin Bundle

In this subsection, we demonstrate that the equations of motion for simple and
open thermodynamic systems can be systematically developed in the context of
Dirac systems.

The Presymplectic Form on the Covariant Pontryagin Bundle. Recall
that the local coordinates for the covariant Pontryagin bundle & = J'% x4
T*% over % =R x 2 are given as x = (t,z,v,p,p) € L.
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The one-form and presymplectic form 05 = Wz‘gz, T*@)@T*(g/ and wyp =
wzkva*g,)QT*g/ on & induced from the canonical forms O7«» and Qr«»p on
T*% , have the local expressions

0» = pdz + pdt
= pqgdq + psdS + pndN + prdl’ + pwdW + psd¥ + pdt,
we =dxAdp+dt A\ dp
= dgAdpy+dSANdps+dN Adpn+dl' Adpr +dW Adpw +dEAdps +dt Adp,

where of course wy = —df» holds.

The Variational and Kinematic Constraints. By using the general defini-
tion of the variational constraint given in (14) in view of (45), we get

Cv = {(t,z,v,ét,dx) cJ'HW xy TH ‘ %52 _ <Ffr76q>

+3 [ UEW — ust) + 75T — T°6)] + > _F(oT — TW)}, (46)

b=1

where the affine part of the constraint is now associated with dt. Following
the general construction of the kinematic constraint C'x in (13), the kinematic
constraint becomes

Ck = {(t,x,i,:t) eTw ] %2 = (F §)

A B
[ - )+ - T+ Y R0 - TV
a=1 b=1

where the affine part of the constraint is now associated with ¢.

Dirac Structures for Open Thermodynamic Systems. As in (15), the
variational constraint Cy induces a distribution A5 on &2. Then, we can define
the induced Dirac structure on &, i.e., Do, C TZ@T*Z from the distribution
Ag and the presymplectic form wg as in (18).

In order to develop the local expressions of the Dirac structure from Cy
in (46), we employ the following notations: For each x = (¢,z,v,p,p) € £,
we write u, = ({,4,0,p,p) € Tx? and ay = (7,0, 8,7v,w) € TP, where
v = (g, 0s,0N,0r, YW, V), D = (Dg, Ps, PN, Pr, Pw, Px), & = (ag, a5, an, ar,
aw,ax), = (8q, Bs. Bn, Br, Bw, Bx), and w = (wy, ws, wn, wr, wy, ws).

The annihilator Cy(t,z,v)° C T*#% of the variational constraint
Cy(t,xz,v) C T4 )% is locally represented by

Cy(t,z,v)° ={(t,x,m,a) € T( )% | m = \eB"(t,z,v), o = N\ A{(t,z,v), A" € R}.
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Hence, eliminating the Lagrange multiplier A by substituting A = $¥, the anni-
BE}

hilator may be given by the covectors (¢, z, 7, &) € T*% that satisfy the following
conditions:

A B
ay a, a ara 7 b
T=50 | D (St + FETY) + Y JET
a5 a=1 b=1
«
ag+ gE =0, ag=0, ay=0, (47)
oS
a A B a A
a 7 P a
ot 57 [ S s A 0 s 23
a=1 b=1 oS a=1

Using (19), (46) and (47), the condition that (i, ay) € Tx P x TF & belongs
to the section of the Dirac structure Da, , i.e., the condition

((t.71“71')7 pvp)v (anaﬂa%w)) € DA_'/} (t7I7U7 p7p)7

is explicitly described by
i:’}/v q:wq7 S:’LUS, N:’LUN, f:wf‘a W:IUW, ZZwXH
By = Bs = Bn = Pr = Pw = P =0,

A B _ _
7= gplis+as) | 5 (7ot s 5T+ AT,

a= b=1
Pt ag+gr(bn+as)F" =0, ps+as=0,  py+ayx=0,

?r+ar+$(ﬁz+az)[2/s+2/s =0,

Pw-i-Oéw-i-é(Pz-ﬁ-aE) Z 7§ =0,
SLn=(F™, )+ ; (7 (W = pf)+ 74 (T — T°F)] +§1 ST = T).
(48)

Covariant Generalized Energy and External Forces. Recall from (44) that
the augmented Lagrangian on J'% is given by Z(t,z,v) = L(t,q,v,, S, N) +
vwN +vp(S — X). Therefore, the covariant generalized energy, see (21), is here
given by

E(t,x,v,p,p) = p+ (p,v) — ZL(t,x,v)
=p+ (pg, V) + Psvs + PNUN
+ (pr + X = S)vr + (pw — N)vw + psvs — L(t, q,v4, S, N).

The differential of d& is obtained by

02 0% 0L
déa(t7xavap7p): ( 8t ax 7p_ava17v> :(ﬂ-aavﬁ7’yaw)7
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where

0 oL
VT
0¥ oL oL oL
o = _E = <_87_UF - %7_UW - 8]\[’0507vl—‘> )
aaz = (pq - aiLapSUp]\UpF + Y- S7pW - N,p2> )
v vy

’Y = 17 w=v= (Uq7US7UN7UF7UWaUE)-

B=p—

Using m(» 0y : # — 2, (t,x,v,p,p) — z, the external force F** : Jv -
T*2 can be lifted as a horizontal one-form F** on & by, for W € T(; . v.p.p) %,

<ﬁeXt(t7xuv7 p7p)7W> = <FeXt(tvm7U)aT(t,z,v,p,p)ﬁ(i@,ﬁ)(w»'

Dirac Dynamical Systems on & for Open Thermodynamic Systems.
The Dirac formulation for open systems is given in the following theorem.

Theorem 3 (Dirac Formulation of Open Systems). Consider a simple
and open thermodynamic system described as before with the Lagrangian
L, molar flow rates #¢, entropy flow rates 7§, j &, external variables T,
u®, T° and the external force F*<*. Consider the associated Dirac structure
Dy, as defined above.

If the curve x(t) = (¢, z(t),v(t), p(t),p(t)) € &, with © = (¢, S,N,T,
W, %), v = (vq,vs, VN, vr, vw, vs) and p = (pg, Ps, PN, Pr, pw, Px.), is a solu-
tion curve of the Dirac dynamical system

(x, dé(x) — Fext (x)) € Da, (x), (49)

then the following evolution equations are satisfied:

pg=%% pr=5-% pw=N,

S = 5 (e ST - X AT

A B A
Pa=Gq HETHEN o= SEH R TG pw = B S

N — _ 9L V= _9L
I'=-35. W=-3x

BS = (P, q)+ 3 70—+ ST+ 5 FUE-T)
(50

which are equivalently reduced to the evolution equations of simple and open
thermodynamic systems given in (11).
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Proof. Using the local expressions of the Dirac structure given in (48), we get
the following system equations for the Dirac dynamical system:

t=1, (j—vq,S—vs, N—UN, f‘—vp, W—Uw, 2—’1}27
Pq — (% =0, ps =0, pN—O pr+X—5=0, pW N=0, ps =0,

a=
Pq*%Jr%(?EJrUP)Fﬁ:FeXt, Ps —vr — **0

pN_UW_ﬁ: ;

oex= <Ffraq +E[/ “4)+ fe(I— Taﬂ]‘*‘Z JY(T=T").

Since pg = 0, we have vpr = —g—]g from an equation in the fourth line. From this
and py, = 0, we obtain é (ps+vr) = —1. Then we obtain the evolution equations
oS

n (50). By eliminating some variables and making further rearrangements, we
can check that the evolution equations (50) are finally reduced to the Lagrange-
d’Alembert equations for the open system given in (11).

Remark 6 (The Lagrange-d’Alembert-Pontryagin principle for open systems).
The variational formulation associated with the Dirac system formulation (49)
for open systems is obtained directly from (40)—(42) by making the correspond-
ing replacements. In particular it yields equations of motion (50).

Interpretation of the Thermodynamic Variables. The system of equations
in (50) allows to make useful physical interpretations of the variables involved
in the Dirac system formulation.

The two equations in the fourth line of (50) attribute to the variables T and
W the meaning of thermodynamic displacements associated to the process of
heat and matter transport.

The momentum py = N conjugate to W is interpreted as the number of
moles in the system. Therefore, from the third equation in the third line of (50),
the mass balance equation given in (2) can be recovered as

A
pw =) "
a=1

The momentum pr = S — ¥ conjugate to I' corresponds to the part of the
entropy of the system that is due to the exchange of entropy with exterior. It
follows from the second equation in the third line of (50) that its rate of change
becomes

A B
ﬁF:SfE:Z/gJFZ/g

a=1 b=1
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and we recover the rate of total entropy change of the system as
A B
S=S+tpr=I+) F§+) I3 (51)
a=1 b=1

The internal entropy production Y =1is always positive by the second law of
thermodynamics, while pr = Zle F§+ Zszl jg, giving the rate of entropy
flowing from exterior into the system, has an arbitrary sign. It is noteworthy
that equation (51) is usually denoted in the form

dS =d;S+d.S

in conventional physics textbooks (see, for instance, [5]), where dS denotes the
infinitesimal change of the total entropy, d;S the entropy produced inside the
system and d.S the entropy supplied to the system by its surroundings. In our
formulation, it reads as

d;S=%dt and d.S = prdt.

The momentum p represents minus the rate of energy associated with the
matter and heat exchange with the exterior through the ports. In fact, from the
equation in the second line of (50), one obtains

R B
%P_E—Z(/“Ma+/§Ta)—Zf§Tb~
a=1 b=1

— pext — pext
7PIM _PH

Finally, associated with the momentum p, = gTL, the first equation in the
q

third line of (50) represents the Lagrange-d’Alembert equations for the mechan-
ical part of the system:

d OL f; t
R A
qzvq

Energy Balance. Consider the total energy of the system given by
. oL . .
E(t,q,q,S,N) = <aqaq> - L(t7Qaq7st)

This energy coincides with the energy E(t,z,%), © = (¢, 5, N,I', W, %) defined
from the augmented Lagrangian Z(t,z,%) = L(t,q,¢,S,N) + WN +T'(S — %)
via the formula E(t,z, &) = <%f, i) — Z(t,x,4). The energy balance equation
is obtained as

d d
—FE = Fext N 7
7 (Fo%4) ——p
oL B A 5o
=5 T D+ “ul+ FETY) + > JT.
b=1 a=1 b=1

~——
— pext — pext — pext
_PW 7PIM _PH
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Regarding the covariant generalized energy, we have %éa = %E—I—%p = (F*™' g).
For the case in which the given Lagrangian L does not depend on time ¢ explicitly,
we recover the first law for open systems given in (1) as:

d eX eX exX
%E:PWtﬁ_PHt‘f‘PMt.
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