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Why “‘great’?

What makes some physical principles “great’?

Mechanics
@ Energy
@ Momentum @ properties of all states
@ Charge are: @ exchanged via interactions
@ Number of constituents @ conserved in all processes

(considered as indivisible)

Thermodynamics
among all states with identical values of all conserved

@ Second Law: properties, one and only one is stable equilibrium

@ a property of all states
@ maximal at stable equilibrium
@ Entropy is: @ exchanged via interactions
@ conserved in reversible processes

@ generated in irreversible processes
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Any “great” principles from NET?

Usual NET assumptions for near-equilibrium models:

. . specific kinetic and | nonlocal energies
@ Continuum (fields) 0 e= u(s, C,') T+ o ential encrgics T wuch ae %v: ve

@ Local (or nonlocal)

2 ¢ : ® Llitor = Hi T oni sorentinl eneries T rermn
equilibrium relations dpu) = T d(ps)+ 3 d v 1 5
Py u) = s) + ) - dc: — 4 Vi i
@ Heat&Diffusion fluxes P P iHitor.i A k T 2iVikHi
within the continuum © Je=TJs+ 3 ituot.i In; Iz =3 zidn,
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Any “great” principles from NET?

Usual NET assumptions for near-equilibrium models:

o Continuum (fields) 0 e = U(s, Ci) + i e T e S
® Local (or nonlocal) © Jlitor = i + St et ., - Lol
equilibrium relations dpu) = T d(ps)+ 3 d v 1 3
Py u) = s) + 3 - dc: - _ 2 Vi lb:
@ Heat&Diffusion fluxes p P ittot,i AC; k T2 iVik i
within the continuum o Je=TJs+ Zilu‘tot,i-ln,- Jz = Zizi-ln,-

Combined with the balance equations for energy, momentum, charge, and species,
they yield the usual force®flux expression for the entropy production density:

J={ re; Je Jn,-  Jdz Jaw }
U:Zf-lf@xf O={x; -, . S 11 }
X { Yk V V:LLII /"Ll —V @el —?VV}
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Any “great” principles from NET?

Usual NET assumptions for near-equilibrium models:

@ Continuum (flelds) 0 e—= U(S, C,) 4 lpeciﬁt.: kinetic and + nonlocal energies

potential energies such as %vc’. Ve

@ Local (or nonlocal)
equilibrium relations

partial molar kinetic

© [litot = i T oad porentiel encrgies T rorme!
o d = Td(ps . ide; Y= -1 .vpu
@ Heat&Diffusion fluxes (pu) (,0 )+Z'Mt0t" ' , TZIV’I(MI
within the continuum ° Je=TJs+ 3ot dn; Iz =324

Combined with the balance equations for energy, momentum, charge, and species,
they yield the usual force®flux expression for the entropy production density:

Jz{rk;JEx Jn,-  Jdz Jaw }
U:Zf-lf@xf o={x; ', . S 11 }
X={Yy; V V“" Hi —V%l —=Vv}
i.e.
1 n—1 n — Mi e 1
U:ZkrkYkJFJE'V?JFZ,-:lJ"i'vu T’u —JZ'V%—?JW,IVV
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o =Y. .Jr ® Xy is an extrinsic relation

o it follows from general balance equations

Extrinsic because: and local equilibrium assumptions only

@ it holds for all materials, independently of
their particular properties

For given J¢r and Xy, and T, the temperature of the environment,
TOO' = TOZfJf @Xf

represents the rate of exergy dissipation per unit volume when we drive:

@ a chemical reaction in the direction of decreasing Gibbs free energy;
@ a heat flux down a temperature gradient;

@ a diffusion flux down a chemical potential gradient;

@ an electric current down a voltage drop;

@ a capillary flow down a pressure gradient;

@ a momentum flux down a strain rate;
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Material resistance to flux: intrinsic relation for o

Off equilibrium, local material properties depend on the local equilibrium potentials

CT={1/T,—p1/T,....,—pn/T,—pe1/ T}
and determine how strongly the material tries to restore equilibrium:
@ it resists to imposed fluxes J
@ by building up forces X

The flux—force constitutive relation
characterizes the material:

X =X(.T)
In this picture, o is a function of J:

0= JroXcdT) = 0(J,T)
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Material resistance to flux: intrinsic relation for o

Off equilibrium, local material properties depend on the local equilibrium potentials

1 = {1/7—7 —,ul/T,...,—,un/T,—goel/T}

and determine how strongly the material tries to restore equilibrium:

@ it resists to imposed fluxes J @ it resists to imposed forces X
@ by building up forces X @ by building up fluxes J
The flux—force constitutive relation The force—flux constitutive relation
characterizes the material: characterizes the material:
X =X(J,T) J=J(X,T)
In this picture, o is a function of J: In this picture, o is a function of X:
0= JrOX(41) = o(d,T) o= Jr(X,1)© X = o(X,T)
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Material resistance to flux: intrinsic relation for o

Off equilibrium, local material properties depend on the local equilibrium potentials

1 = {1/7—7 —,ul/T,...,—,un/T,—goel/T}

and determine how strongly the material tries to restore equilibrium:

@ it resists to imposed fluxes J @ it resists to imposed forces X
@ by building up forces X @ by building up fluxes J
The flux—force constitutive relation The force—flux constitutive relation
characterizes the material: characterizes the material:
X =X(J,T) J=J(X,T)
In this picture, o is a function of J: In this picture, o is a function of X:
0= JrOX(41) = o(d,T) o= Jr(X,1)© X = o(X,T)
@ 0(0,T) = 0 at equilibrium (where Jeq = 0 and X.q = 0)
Compatibility @ o > 0 off equilibrium
conditions:

@ Onsager reciprocity near equilibrium

@ Curie principle for isotropic conditions
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Wb et S XA SIS X SR O S Farnes s IO (| [15) RS EA s sem B s
Near equilibrium: Onsager’s “great” principle

Linearize the relations X = X(J,I)
with respect to J near equilibrium

X
xf(l):xf(o)+ﬁf Odg+...
& lo
o _ OX¢
R = 5, o

X~ Ry, () Jg
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Wb et S XA SIS X SR O S Farnes s IO (| [15) RS EA s sem B s
Near equilibrium: Onsager’s “great” principle

Linearize the relations X = X(J,I)
with respect to J near equilibrium Flux picture

X
xf(l):xf(o)+ﬁf Odg+...
& lo
o _ OX¢
R = 5, o

X~ Ry, () Jg

o(J) =JrOX¢(J) = Jr ORY, O Jg
@ Second Law: R?g >0
@ Onsager*: Ry, = RY

@ Curie: R, =0 for X7 and Jg
of different tensorial order.
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Near equilibrium: Onsager’s “great” principle

Linearize the relations X = X(J,I) Li.nearize the relations J :l()i7 r
with respect to J near equilibrium Flux picture with respect to X near equilibrium

8Xf _ a-lf
X =X 2t Je(X) =Jr(0)+ - | OXg+...

f(l) f(0)+ an 0®Jg+ f( ) f( ) an o -4
8Xf 0o __ 8-]{
Ry, = LY, =
= 0Jg |, ' 0Xe |,

X~ Ry (D) © Jg % A Jrm L (D) © X

o(J) = Jr OXr(d) ~ Jy ORG @ J, TOTCE PICUI® 1 (x) — J (X)X, = X/0LG0X,
@ Second Law: R}, >0 @ Second Law: Ly >0

@ Onsager™: R(}g = Rgf @ Onsager™: L?g = Lgf

@ Curie: R(}g =0 for X¢ and J, X o Curie: L(f)g =0 for Jr and X,
of different tensorial order. of different tensorial order.
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Near equilibrium: Onsager’s “great” principle

Linearize the relations X = X(J,I) Li.nearize the relations J :l()i7 r
with respect to J near equilibrium Flux picture with respect to X near equilibrium

8Xf _ 8-!{
X =X 2t Je(X) =Jr(0)+ - | OXg+...

f(l) f(0)+ an 0®Jg+ f( ) f( ) an o -4
8Xf 0o __ 8-]{
Ry, = LY, =
= 0Jg |, ' 0Xe |,
X~ Ry () © Jg . . Jem Lg(D) © Xg

o(J) = Jr OXr(d) ~ Jy ORG @ J, TOTCE PICUI® 1 (x) — J (X)X, = X/0LG0X,
@ Second Law: R}, >0 @ Second Law: Ly >0

@ Onsager™: Ly =LY

@ Curie: L‘,’g =0 for Jr and X,
of different tensorial order.

@ Onsager*: Ry, = RY
@ Curie: R(}g =0 for X¢ and J,
of different tensorial order.

*Lars Onsager (1931): additional assumptions to prove reciprocal relations.
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Near equilibrium: Pierre Curie’s “great” principle

Pierre Curie (1894): the symmetry of the cause is preserved in its effects.

Therefore, in isotropic conditions, fluxes and forces of different tensorial character
do not couple.

I I —TF I
X| Y —ZV-v Vo v“"T“ —V% —— (Vv
l ® X X . .
rg X X X
p x | K X
Je : X X X
Ju; b b X
Jz X X <
(va)dev X
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Not-too-high non-eq: Nonlinear SEA force-flux relations

Flux picture constitutive relation:
X =X(J,I)

SEA principle: given J and I there
is metric G _(J,[) that makes the
direction gfx)j be that of steepest
entropy ascent:

max| : JOX-IxX0OG 60X
x|, =

=

(9/0x

Jr=0 = J-2xx6,0X=0

R=G,W, N7 /22xW, 1)

X=R(UJ,I)oJ

Near eq.: R(J,T) - R (T)
is nonnegative and symmetric
since G is a metric.
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Not-too-high non-eq: Nonlinear SEA force-flux relations

Flux picture constitutive relation:
X =X(J,I)

SEA principle: given J and I there
is metric G _(J,[) that makes the
direction F(Y)j be that of steepest
entropy ascent:

max| : JOX-IxX0OG 60X
x|, =

=

(9/0x

Jr=0 = J-2xx6,0X=0

R=G,W, N7 /22xW, 1)

X=R(UJ,I)oJ

Near eq.: R(J,T) - R (T)
is nonnegative and symmetric
since G is a metric.

Force picture constitutive relation:
J=J(X,I)

SEA principle: given X and [ the-
re is metric gJ()j,[) that ma-
kes the direction of J be that of
steepest entropy ascent:

c XoJ-MJo6,60d

(0/0d)x r =0 = X —2X3,6,04=0

L=6,x, N7 /25,x,1)

J=LX,NoX

Near eq.: L(X,[) — éo(D
is nonnegative and symmetric
since gJ is a metric.
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Not-too-high non-eq: Nonlinear SEA force-flux relations

Flux picture constitutive relation:
X =X(J,I)

SEA principle: given J and I there
is metric G _(J,[) that makes the
direction E(Y)j be that of steepest
entropy ascent:

max| : JOX-IxX0OG 60X
x|, =

=

(0/0X)y ¢

=0 = J-22x 6, 0OX =0

R=G,W, N7 /22xW, 1)

X=R(UJ,I)oJ

Near eq.: R(J,T) - R (T)
is nonnegative and symmetric
since G is a metric.

Note: Ax =1/2 makes G, =1L .

Force picture constitutive relation:
J=J(X,I)

SEA principle: given X and [ the-
re is metric gJ()j,[) that ma-
kes the direction of J be that of
steepest entropy ascent:

c XoJ-MJo6,60d

(0/0d)x r =0 = X —2X3,6,04=0

L=6,x, N7 /25,x,1)

J=LX,NoX

Near eq.: L(X,[) — éo(D
is nonnegative and symmetric
since gJ is a metric.

Note: Ay = 1/2 makes gJ :50.
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Onsager’s variational principle, 5. - ¢ =max, is SEA
Near equilibrium, the SEA principle in the flux picture, with A\, =1/2 and gJ = 50

1
P Xo0J-5JOROJ

X,r

is equivalent to Onsager’s variational principle: the spatial pattern of fluxes J(x) selected
by Nature maximizes Sge, —® subject to the instantaneous pattern of local-equilibrium en-

tropic potentials [(x) = {1/T(x), —p1(x)/T(x), ..., —ta(x)/ T(x), =@eix)/ T(x)} and
hence for given forces X(x) = VI (x), i.e.,

max

o & n—®
J(x) See

[(x),X(x)=VI(x)
: 1
where: Sgen = [f[X(x) © J(x) dV o= Efffl(x) OR ([(x)) - J(x)dV
The Euler-Lagrange equations yield the linear laws
J(x) =L (C(x) ©X(x)  where L ([(x)) = R (T(x))"*

The convective nonlinearity of the conservation laws may lead to instabilities and Itipl luti. (eg. duction vs
rolls, laminar vs turbulent flow, phase inversion, change of hydrodynamic pattern). In such cases, the principle

Now equivalent to Sgen — ¢ = max,

Sgen = max since ® = Sgen /2 when X =R, © 4

identifies which hydrodynamic pattern is stable and hence actually selected.
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Far non-eq

Far non-eq: More detailed levels of description

The entropy of non-equilibrium states de-

far non-equilibrium stable equilibrium
pends on many more properties than just the a4 state pear-cquilibrium  State
conserved properties i and /i \ “‘“e\ Ty
A arn oa @ /
s=3(o,n,...) ‘ 4 A T A, G
Different approaches differ in how the ... are §=5,,(a,n)
filled. N 2T =, (3,R)
Uy (8,,1) o
A ) RZNERD)
Uy, () @ vy
§=0 5, §eq (i, 1) $
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Far non-eq

Far non-eq: RCCE Rate-Controlled Constrained Equilibrium/Quasi Equilibrium

The entropy of non-equilibrium states de-
pends on many more properties than just the
conserved densities o and 7

5= §(a7ﬁ7§7g)

Here, we identify many fast variables o and
few slow variables <.

Keck (1978): On the time scale of the fast
variables, the slow variables act as additio-
nal conserved properties. So, the state quic-
kly relaxes to a constrained equilibrium state
with maximal 3 for the given instantaneous
values of o, 7, €.

Keck, Prog. Ener. Comb. Sci., Vol. 16, 125 (1990). www.JamesKeckCollectedWorks.org

[y

£1 §2 éeq (ﬁ)

\4

sl é\2 §eq (G)
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Far non-eq

Far non-eq: RCCE Rate-Controlled Constrained Equilibrium/Quasi Equilibrium

The entropy of non-equilibrium states de-
pends on many more properties than just the
conserved densities o and 7

5= §(a7ﬁ7§7g)

Here, we identify many fast variables o and
few slow variables <.

Keck (1978): On the time scale of the fast
variables, the slow variables act as additio-
nal conserved properties. So, the state quic-
kly relaxes to a constrained equilibrium state
with maximal 3 for the given instantaneous
values of o, 7, €.

4 §1 §2 éeq (ﬁ)

[y

\4

sl é\2 §eq (G)
Need an equation of motion only for the rate-
controlling slow variables &¢'s

der _
dt

obtained from a detailed kinetic scheme.
Then, solve for &(t), n(t) and £(t).

Keck, Prog. Ener. Comb. Sci., Vol. 16, 125 (1990). www.JamesKeckCollectedWorks.org
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Far non-eq

Far non-eq: GENERIC steepest entropy ascent

The entropy of non-equilibrium states de-
pends on many more properties than just the
conserved densities & and 7
§=35(b,h,¢e,a)

Here, we identify many fast variables o and
few slow variables ¢.

Kaufman,! Morrison,”> and Grmela® (1984)
independently propose a similar approach,
that Ottinger and Grmela®! (1997) fur-
ther systematize and call GENERIC (Ge-

neral Equation for the Non-Equilibrium
Reversible-Irreversible Coupling).
The dissipative part of the GENERIC

equation is essentially SEA.?

1. Kaufman, Phys. Lett. A, Vol. 100, 419 (1984).
2. Morrison, Phys. Lett. A, Vol. 100, 423 (1984).
3. Grmela, Phys. Lett. A, Vol.102, 355 (1984).

P e ~t - -
G.P. Beretta (U. Brescia)

>

4

b §1 §2 §eq (lj)
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Steepest entropy ascent JETC, Nancy, May 20, 2015

v

§2 §eq (l])

13 / 24



Far non-eq

Far non-eq: GENERIC steepest entropy ascent

The entropy of non-equilibrium states de-
pends on many more properties than just the
conserved densities & and 7

§=25(b,h,¢,0)

Here, we identify many fast variables o and
few slow variables ¢.

Kaufman,! Morrison,”> and Grmela® (1984)
independently propose a similar approach,
that Ottinger and Grmela®! (1997) fur-
ther systematize and call GENERIC (Ge-

neral Equation for the Non-Equilibrium
Reversible-Irreversible Coupling).
The dissipative part of the GENERIC

equation is essentially SEA.?

1. Kaufman, Phys. Lett. A, Vol. 100, 419 (1984).
2. Morrison, Phys. Lett. A, Vol. 100, 423 (1984).
3. Grmela, Phys. Lett. A, Vol.102, 355 (1984).

.~ P e ~t - - et oo oo
G.P. Beretta (U. Brescia) Steepest entropy ascent JETC, Nancy, May 20, 2015

4 §1 §2 §eq (lj)

>

v

S 8 8,(0)
Their proposed GENERIC equation is

dEf_ rev 5E irr )
g = O 5, Tl ()5

g

where E and S are the overall energy and
entropy functionals of the state variables.

13 / 24



Far non-eq

Far non-eq: kinetic theory of gases, Boltzmann eq.

The entropy of non-equilibrium states de- © ' '
pends on many more properties than just the
conserved densities & and 7

§=238(n, hi(c), ..., f(c))

the local state described by pdf of particles
of type 7/ with velocity between ¢ and ¢+ dc.

s=—RY w[[["Z c)Infi(c) dc

distribution function

N 1 ~ +o00 27

b=-» Mh; c—v|fi(c)dc 1 o N

2 2 MAITSle — v q" =5 > Mifi[[[ZZ|e — vI*chi(c) de
Local equilibrium, i.e., max § for given &, A, i

and v, obtains for the Maxwellian

s Jm; = Mifii [[[*2°(c — v)Fi(c) de
M () = {%} exp { 2/\;’7-|C —v| } T=— Z Midi [[[*c ® cfi(c) de

Fluxes are represented by moments of the jy _ *Rznrfff C)|nf( ) dc
velocity distribution
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Far non-eq: States variables in various frameworks

Framework State Variables  Entropy density
AT Information Theory {pj(x,t)} s=5{p})
RGD Rarefied Gases Dynamics A A
SSH Small-Scale Hydrodynamics Fle.x 1) §=35(f)
RET Rational Extended Thermodynamics
C NET Non-Equilibrium Thermodynamics {aj(x, t)} 5§ =5{qj})
CK Chemical Kinetics
D MNET  Mesoscopic NE Thermodynamics P({aj},x, t) 5§ =5(P({qj}))
QSM Quantum Statistical Mechanics
E QT Quantum Thermodynamics plx; 1) 5=15(p)

MNEQT Mesoscopic NE QT aj =Trp Aj
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X OJ = (¢Ny)

Focus on the dissipative part of the dynamics

Framework State variables Redefine Dynamics
. d
AT {pi} v = diag{\/pj} ==
RGD _ 9 .. Ve =
B SSH f(C,X, t) Y= \/? ot +c VX’Y +a Vc'y =11
RET 9y
C NET {aj(x,t)} v = diag{a;} 3 + Vi -dy =1,
t
CK
D MNET  P({aj}x,t) 7= /P({a],x0) & vV =
QSM
d
E QT p p=7" dZ“L Hy=n,
MNEQT

. . . Tangent [ITy)
M, is the TANGENT VECTOR to the time-dependent trajectory of v

in state space when time evolution is determined only by the dissipative ¥(t)
component, i.e., as viewed from an appropriate local material frame,
streaming frame, or Heisenberg picture. State [7)

Beretta, Phys. Rev. E, Vol. 90, 042113 (2014).
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Balance/Transport Equation for C; Balance/Transport Equation for S

d(+%1¢;) d(v?[In+?)
A ———— ="N¢, =0 —kg———— =
dt ! dt
a(+v21¢;) a(+Z|In+?)
L V- (Pl =N, =0 —kg——— " 1 kgVx-(v2lcl?) = o
ot ! ot
c G o, s n LS.
T B B TR
oC; 8
D o +Vx - Jg =N¢; =0 E+VX-JS,U
d(v|C;v) i d(v|(n 7))
E — L — — (¥I[H, C}ly) =N¢. =0 kg —— " =0
dt h U dt

¥ [@)

1 Ty)

In each framework, the production terms can be written as scalar
products of I, with other vectors in the same space

Mg = (Willly) =0 o= (®[MN,)

Framework v; >
A, B, D 2G; —2kg(In+2)~
T Vect V. T Vet {9, ]
J
E 2C; ~ —2kg(Iny~T)~

Beretta, Phys. Rev. E, Vol. 90, 042113 (2014).
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SEA geom

Steepest Entropy Ascent construction

{I¥i)}

y(t)%

State |y)

Beretta, Phys. Rev. E, Vol. 90, 042113 (2014).

|P)

o = (P|Ily)

Tangent |I1)
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Steepest Entropy Ascent construction

{3 @)

: o=
() Tangent |Hy)/

State |y) /
Mg, = (Yilll,) =0 )

(P|I1y)

Beretta, Phys. Rev. E, Vol. 90, 042113 (2014).
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Steepest Entropy Ascent construction

{I¥i)}

. /
(ITy| G|I1,) = const

G/: (PT1y)
() Tangent |I1)
State |y) /

Mg, = (Yilll,) =0 )

Beretta, Phys. Rev. E, Vol. 90, 042113 (2014).
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Steepest Entropy Ascent construction

{I¥i)}

. /
(ITy| G|I1,) = const

G/: (PT1y)
() Tangent |I1)
State |y) /

Mg, = (Yilll,) =0 )

Beretta, Phys. Rev. E, Vol. 90, 042113 (2014).
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Steepest Entropy Ascent construction

{I¥i)}

N Y
(ITy| G |TTy) = const |Pc) = |P)— Y, Bi|¥:)

/
o = (Oc|ITy)

Beretta, Phys. Rev. E, Vol. 90, 042113 (2014).
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Steepest Entropy Ascent construction

{I¥i)}

. /
(ITy| G|I1,) = const

Beretta, Phys. Rev. E, Vol. 90, 042113 (2014).
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Steepest Entropy Ascent construction

{I¥i)}

N Y
(ITy| G|I1,) = const

|Pc) = [P) — X Bi[Wi)

/
T G/: ((I)C|Hy)
7(t) Tangent |HSEA) G o)
State |y) /
Mg, = (Yilll,) =0 )
the corresponding SEA evolution equation is
||—|SEA |¢ Zﬁl I

Beretta, Phys. Rev. E, Vol. 90, 042113 (2014).
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@ Power of symmetry and geometry considerations {1¥)}

@ Curie principle

@ Steepest Entropy Ascent principle? (11| G|11,) = const
N\

o Near equilibrium it entails (equivalent to?)

Onsager's rec_lprQC|ty_pr|nC|pIe . Y0 Tangent [15F4) = 61 )
o Far from equilibrium it generalizes State |y)
Onsager's principle: Mg, = (¥,]1T,) =0 1
@ A metric is positive and symmetric X
@ Boltzmann equation can be cast as SEA c=J0oX -

o Fokker-Planck equation can be cast as SEA
o Chemical kinetics (standard model) can be cast as SEA
@ Quantum thermodynamic models have been based on SEA

o Deep connections with recent hot topics in mathematics:?

o Information geometry?!
o Gradient flows in metric spaces?
o L2-Wasserstein metric3 and evolution PDE's of diffusive type

1 Amari, Nagaoka, Methods of information geometry, Oxford UP, 1993.
2 jordan, Kinderlehrer, Otto, SIAM J. Math. Anal., Vol. 29, 1 (1998).
2 Ambrosio, Gigli, Savaré, Gradient flows in metric and in the Wasserstein spaces, Birkhiuser, 2005.
3 Wasserstein distance in probability space: Kantorovich-Rubinstein (1958) and Vasershtein (1969).
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If:

steady state, no convection, no reactions, linear regime, constant conductivities
Then: local MEP (SEA) implies min global EP
Glansdorff-Prigogine (1954) noted that assuming

@ stationary boundary conditions, dI/dt|g =0 @ §=5(0) with all & conserved

@ no convection and no reactions, so that X = VI o ﬂ V. Jwithd=J,

@ linear regime, J=LOX, 0 =X0o0OLOX dt

@ constant On rind tiviti dL7dt—0 r—ﬁandg %3 <0

consta sager conductivities, dL = L=% 55 = 9605 <

Then:

ngen %8 di

dr = ——dvV <
// ¢4V - 2// J® dv 2// © Baon @ g IV =0

i.e., the free fluxes and forces adjust until the system reaches a stable stationary state
with minimum Sge,. For variable conductivities, dL/dt # 0, the theorem loses validity.

S 4w fff Sxcroxaw s fffac K. ffxo s

de

//*// J!////*
o [l e o e

G.P. Beretta (U. Brescia)

© Xdv

7JV<0
6u6u
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Sgen —

max selects hydrodynamic pattern

Rayleigh-Benard 2D rolls in horizontal layer of fluid heated from below as a function of
Rayleigh number R (Woo, 2002). A slow decrease in R is allowed with time.

Seen = [ dV

Ji chx'

$is,

Woo, Phys. Rev. E, Vol. 66, 066104 (2002).

G.P. Beretta (U. Brescia)

Steepest entropy ascent

D Q
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4 T T
3 - -
2 = -
1 = _— -
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Onsager reciprocity from microscopic reversibility (standard proof)

At local stable equilibrium states,
§ = 8eq(0, 1)
In general, for non-equilibrium states,
5=38(0,h,a1,...,0m)

(, 7))

§ for given U and A,

thus  8.q(8,7) = 3(0, 7,0

Since S¢q maximizes §
85/8aj|eq =0

$(a) = §eq—g,-j(a,'—a?q)(aj—afq)+. .

where gij = —19°8/00;0cj|eq > 0.
Define the non-equilibrium forces driving
relaxation towards equilibrium

_ O(3eq — 3(a))

Onsager (1931) assumes:
(1): linear regression towards equilibrium

& = LgX = —Mij (o

—af)

with M,'j = Likgkj-
(2): Boltzmann'’s probability distribution

$(a))/ kel

with C such that [*°_pg(a)da = 1.
(3): microscopic rever5|b|||ty on the average

pe(a) = Cexp[—(5eq —

(i(t)aj(t +7))ps

that is

= (@it +7)a;(t))ps

(@idy)pg = (i) pg
Proof of reciprocal relations:
(2)+(3) imply: (@i Xe)pg =
Then, (1)+(3) yield

—kgOik

Xk = o = —gij(oy a ) . .
k keLji = —(@idj)pg = —(Giqj)ps = kaLij
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MEP principle claimed to have facets in wide range of fields and scales

For example:

@ Juretic and Zupanovic (2003) model steady state bacterial photosynthesis
and find that the MEP state has optimal yield and power efficiency, and is
stable with respect to a wide range of initial values for forward rate constants.

@ Shizawa and Zbib (1999) model gradient elastoplasticity and kinematic
hardening. They introduce the plastic strain tensor and the dislocation
density tensor as internal variables (effective stress and microstress are the
conjugate potentials). Assuming MEP, they obtain constitutive equations of
plastic deformation rate and dislocation drift rate as flow rules.

Bejan (1996) finds applications of his constructal theory (For a finite size
flow system to persist in time (to live), its configuration must evolve such
that it provides easier and easier access to its currents) in design and
explaining evolution across the board, animate and inanimate, from physics
to biology and social organization.

@ Martyushev and Seleznev (2006) review paper.
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MEP principle selects global atmospheric patterns

Paltridge (1975), Ozawa et al. (1997,2001): the global
fluid system (atmosphere and ocean) seems to be in a

state with the maximum rate of entropy generation by the

turbulent heat transport process.

—o— Predicted -—— Observed
P NP NP
sa0f 640 =
444t o 444 ,// 5.1
g W @ 300 8 22: ©
& 174 17.4 N,
S g b1 EQ-27 .
8 s7 57 10050
2 174 174} ns
I a0 300 B35
444 444 %8
64.0 640 53.1
240 260 280 300 320 0 02 04 06 08 b

Temperature (K)

Global distributions of:
(a) mean air temperature, (b) cloud cover, (c) horizontal heat transport.
Solid line: predicted with Sgen = max.

Dashed line: observed (Paltridge, 1975).
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