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CRITICAL PHENOMENA AND SINGULAR SOLUTIONS IN
NON-STATIONARY FILTRATION OF REAL GASES

VALENTIN LYCHAGIN AND MIKHAIL ROOP

ABSTRACT. In this paper, we study non-stationary filtration of real gases in
porous media. Thermodynamic state of the medium is given by van der Waals
state equations. Solutions for non-stationary filtration equation are obtained
by means of finite dimensional dynamics. The analysis of phase transitions
along the flow in case of isentropic and isenthalpic processes is presented as
well as singular properties of solutions obtained are discussed. Domains in
the jet space where the dynamics found is an attractor are shown.

1. Introduction

One-dimensional flows of one-component gas through porous media are de-
scribed by the following system of differential equations (see, for example, [1, 2, 3]):

e the Darcy law

k
U= ——Dg, (L.1)
I
e the continuity equation
pi+ (pu) = 0, (1.2)

where u(t, ) is the velocity of the gas, p(t, z) is the pressure, p(t, z) is the density,
k and p are the permeability coefficient and viscosity respectively. Equation (1.1)
corresponds to the momentum conservation law, equation (1.2) is responsible for
the conservation of mass. In addition to (1.1)-(1.2) we assume that the medium
is involved in one of two processes, isentropic or isenthalpic. In the first case
the specific entropy o(t,x) is assumed to be constant, i.e. o(t,x) = op, while
in the second one the specific enthalpy n = e + pp~!, where e is the specific
energy, is assumed to be constant, 7(t, ) = n9. In both cases, we need additional
relations for thermodynamic variables to make system (1.1)-(1.2) complete. To this
end, we use van der Waals equations of state. The van der Waals model allows
to investigate such critical phenomena as phase transitions, and considering it
together with equations describing dynamics one can analyze how phase transitions
occur along the flow of the gas, which is the main goal of this paper.

Filtration processes with phase transitions were studied an a few works, for
instance in [4, 5], where numerical methods were applied to the system of filtra-
tion equations. Some invariant solutions and analysis of admissible symmetries
of filtration equations for various media are presented in [6]. Phase transitions in
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stationary filtration of real gases are studied in [11, 12, 13, 14]. The similar anal-
ysis for Euler and Navier-Stokes flows is presented in [15]. In the present work,
we use a method of finite dimensional dynamics [7, 8, 9] to find exact solutions
for non-stationary system (1.1)-(1.2) for two types of processes — isentropic and
isenthalpic.

2. van der Waals gases

In this section, we briefly describe thermodynamic states geometrically (see [16,
17, 18] for more details) and discuss phase transitions for the van der Waals model.

Let us consider the contact space (R®, ) with coordinates (o,e,v,p,T), where
v = p~ ! is the specific volume and T is the temperature, and with contact structure
given by the differential 1-form

0 =do — (pT~)dv — T de.

By a thermodynamic state we mean a 2-dimensional submanifold L C (R®, ), such
that 0|z, = 0. The last means that L is a Legendrian manifold, on which the first
law of thermodynamics holds. If one has o = o(e,v) on L, then the Legendrian
manifold L is defined by the following relations:
oc=o(ew), T= i, p= v
Oe Oe
The Legendrian manifold L is also equipped with the differential quadratic
form [16]
k=d(pT™") -dv+d(T™) - de.
The domains on L where this form is negative are called applicable phases. A
jump from one applicable point a1 = (o1,e1,v1,p,T) € L to another as =
(02,€2,v2,p,T) € L governed by the intensives (p,T) and the specific Gibbs po-
tential v = e — T'o 4 pv conservation law is called phase transition.
For van der Waals gases the Legendrian manifold L is given by

% - % e= %”T - % o =Rln (T4”/3 (30 — 1)8/3) . (21)
where R is the universal gas constant, n is the degree of freedom. Note that
equations (1.1)-(1.2) together with either isentropicity or insenthalpicity condition
and (2.1) become a complete system.

The differential quadratic form is
RndT? 9R(4Tv3 — 9 +6v—1)
2 T2 4Tv3(3v — 1)
We can see that « changes its sign, therefore there are phase transitions. Using

the condition y(a1) = y(az2) one can obtain equations for the coexistence curve,
i.e. curve where phase transition occurs [12]:

P 3 9 31)1 -1
L - - 3(v1 — v2) = (302 — 1)(3v; — 1)1 .
RT ~ Buia—1 803,71 (v = vz) = (3vz = 1)(3v1 = Dln (31}2 —1

The coexistence curve for van der Waals gases is shown in figure 1.
By a thermodynamic process we shall mean a contact transformation ®: R> —
R preserving the Legendrian manifold L. From infinitesimal point of view, such

p:

74



CRITICAL PHENOMENA IN NON-STATIONARY FILTRATION OF REAL GASES

2 4 s,
6 8 10 12 14 16
% T

F1GURE 1. Coexistence curve for van der Waals gases.

a transformation is generated by a contact vector field X tangent to L. Integral
curve [ C L of X is exactly what we call a thermodynamic process.

3. Finite dimensional dynamics

In this section, we describe a method of finding solutions for scalar evolution-
ary equations by means of finite dimensional dynamics (see also [7, 8, 9]). The
basic idea of this method is to find finite-dimensional subspaces in an infinite-
dimensional space of solutions of evolutionary equations.

First of all, let us recall some basic ideas of geometric theory of ODEs [19,
20]. Let m: R? — R be a trivial bundle and let J*(7) with canonical coor-
dinates (x,yo,...,yr) be a space of k-jets of sections of w. Then, any ODE
F (x, TRV ,y(k)) = 0 can be understood as a submanifold

g:{F(x’y07yla"'7yk):O} C']k(ﬂ-)' (31)
The Cartan distribution C on J*(7) is generated by the Cartan forms

Wy :dyj —yj+1d$, j:O,k—l,
or, equivalently, C = (9,, , D), where
D=0, +y10y, + ... + YOy, _,-

We will assume that £ is a smooth submanifold and that at any point 05 € £ the
Cartan subspace Cy, is transversal to the tangent space Tp, £, which means that
the following conditions hold:

87F7é07 D(F)#0on €.
Oy,

The last implies that restriction C(€) of the Cartan distribution C on £ is a one-
dimensional distribution generated by a vector field

oF 0
Xrp=—7D-D(F)—.
" oy ( )5’%
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A vector field X € D(E) is called infinitesimal symmetry of & if it preserves
the distribution C(£), i.e. [X,C(E)] C C(E). Such vector fields form a Lie algebra
Sym(&) which is decomposed into a direct sum

Sym(&) = Shuff(C(£)) & C(£),

where Shuff(€) is a Lie algebra of shuffle symmetries which consists of vertical
with respect to projection 7y : J¥(7) — R vector fields on £ preserving C(E). We
will mainly be interested in ODEs resolved with respect to the higher derivative,

L e. F:yk _f(x’y07"'ayk—1)~
Theorem 3.1. Shuffle symmetries of £ have the following form
a )
Sp =Y D(¢p)—
6 JZ:% (¢) ay;’

where ¢ € C°(&) is a generating function for the symmetry Sy satisfying the Lie
equation
Se(F)=0 mod (F,DF,...). (3.2)

Let y = h(x) be a solution of equation £ and let
I'= {yo =h(z), 1 =h'(z),...,yx = h(k)(m)} cé

be its prolongation to J*(7). Let ®; be a flow of the vector field Ss. Then, for
small ¢, a curve Ty = ®,(T') C € is a k-jet of hy(z) = (®F) " (h(x)):

Do = {vo = hua), 11 = W), .om = (@)} C &

Since g; = D’(¢) for j = 1,k, the function u(t,r) = hy(z) satisfies the following
evolutionary equation:

ou ou oFu
a— <x7u’ax,.”,a$k>. (33)

In other words, solutions for evolutionary equation (3.3) can be obtained from

solutions of the ODE £ with the symmetry Sy as u(t,z) = (®7)"" (h(z)), and the

ODE € is called finite dimensional dynamics for evolutionary equation (3.3).
The following theorem [8, 9] is used to find finite-dimensional dynamics.

Theorem 3.2. Equation (3.1) is a finite-dimensional dynamics for evolutionary
equation (3.3) if and only if

(6, F] = aF + bD(F),

where a and b are some functions and [¢, F| is the Poisson-Lie bracket between
functions ¢ and F' of the form

" (0¢ OF _.
F] = —DI(F)— —D? .
o.F1=3 (5err) - 5P 0)
In other words,
[, F]=0 mod (F, DF,...). (3.4)
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Definition 3.3. [10] Dynamics (3.1) is said to be an attractor for the solution
u(t, z) of evolutionary equation (3.3) if
lim Flu] =0,

t—o0

where Flu] = F(z,u, g, ..., Ug.. )

If the dynamics found turns out to be an attractor, then one can conclude
that any solution of (3.3) behaves like that obtained by finite-dimensional dynam-
ics method and the corresponding finite-dimensional subspaces in solution space
of (3.3) are stable.

Define functions [10]
0 0 0
¢+a, 1/}2:7¢+b; 1/)3:7¢

V1= Yo oy dya’

The following theorem [10] provides conditions under which dynamics (3.1) is an
attractor for (3.3).

Theorem 3.4. Let u(t,x) be a solution of (3.8) and let ¥;[u], j = 1,..,3, be
bounded functions. Assume that

Piful < <0, Ysfu) =2 > 0. (3.5)
Then, dynamics (3.1) is an attractor for (3.3).

4. First order dynamics and exact solutions

Now that we have recalled all necessary constructions from thermodynamics and
geometry of differential equations, we can construct solutions for non-stationary
filtration equations and having all the thermodynamic variables as functions of ¢
and z locate the coexistence curve obtained above in the plane (¢, z).

First of all, let us assume that a thermodynamic state of the gas is given by L
and the gas is involved in a thermodynamic process | C L and let p be a parameter
on [. This means that all the thermodynamic variables are expressed in terms of
p:

p=p(p), p=upp), k==Ek(p). (4.1)
Theorem 4.1. FEquations (1.1)-(1.2) for the gas L and process Il C L are equiva-
lent to the equation

pt = (Q(p))zas (4.2)
where
_ [ k()or'(p)
Qle) = / 1(p) -
Let us rewrite equation (4.2) in the form
pr = A(p)pax + A (p) (p2)?, (4.3)

where A(p) = Q'(p). We are looking for the first order dynamics for (4.3) in the
form [9]:

F(yo,y1) = y1 — f(yo) =0, (4.4)
which has symmetry

¢ = Alyo)y2 + A'(yo) (11)*.
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The Poisson-Lie bracket (3.4) therefore has the following form:
24" (yo) f' + fA” (yo) + A(yo) f” = 0.

Its general solution is
_ Ciyo+ G

where C and C5 are arbitrary constants.
Therefore, the first order dynamics for (4.3) is

r_ Cry + Cs
Aly)
and its solution is given by

A
x_/iclf—f—ngg’ (4.5)

y(©

where y(© is a constant.
Let us now get solution for (4.3). The symmetry S, for equation (4.4) is of the
form

g, C1(Ciyo +Ca) 0
’ Alyo)  Oyo’

and its flow ®;: (z,y0) — (z, 2(yo,t)), where z(yo, ) is found from the relation

[ AQ
———d¢ =1t.
/C’1(C’1§+02) 3
Yo
Introduce a new function G(§) by the following way:
A(E)
G (&)= —~F——.
© C1(Ci€ + Cs)

Then, G(z) — G(yo) = t, from follows that z = G~1(t + G(yo)). Therefore by
means of ®; ! solution (4.5) is transformed into solution of (4.3) given implicitly:

G H(=t+G(p)) A6)

y(©

Let us consider (4.6) in more details. Introduce another function H(§) by the

following way:
A(¢)
H'(§) = ——.
© C1€+ Co
Note that G(£) and H (&) are related by H(§) = C1G(€) + oy, where a1 is a
constant. Therefore (4.6) is transformed as
z=H(G ' (~t+G(p) — Hy®) = GG (~t + G(p) + a1 — Hy) =
= Ci(—t+ G(p)) — ao,

where ag = —ay + H(y(®) is a constant.
Summarizing above discussion, we conclude that the following theorem is valid:
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Theorem 4.2. Solution for non-stationary filtration equation (4.2) is given as

ot z) = G (“ao +t). (4.7)

where o)
_ 14

and Cy, Cy, ag are constants.

By means of state equations (2.1) and (4.1) one can get all the thermodynamic
variables as functions of (¢, z).

4.1. Isentropic processes. From now and on, we will assume p and k£ to be
constants for simplicity.

In case of isentropic processes 0 = Rog the pressure is expressed in terms of
density in the following way:

30‘0

p(p) = 8exp (471) (3p~t — 1)1/ _3p2.

The function A(p) = Q'(p) is of the form
k 3 2
Q'p) =~ (—6p2 + 24 exp (Ut’) (1 + > PP/ (3 - p)‘H/") :
" 4an n
The conditions for invertibility of G(p) are given by the following theorem [11, 12]:

Theorem 4.3. Function G(p) is invertible if the specific entropy constant og
satisfies the following inequality:
30’0 1 1 2—
=Y (1 “+v 92— v
exp(4n>>4y( +v) (2 —v)*TY,
where v =1+ 2/n.

The distribution of phases is shown in figure 2.
4.2. Isenthalpic processes. For isenthalpic processes nn = 1y the pressure p(p)
has the following form:

3p(np* + (6 — 3n)p + 2no)
6+ 3n —pn

p(p) =

)

and therefore

Q' (p) = /L(G—I—Sij—pW (3n0(n +2) + p(6 — 3n)(6 + 3n) + 6np*(n + 1) —n?p?).

Theorem 4.4. Function G(p) is invertible if the specific enthalpy constant 1y
satisfies the following inequality:
2(n —2)%(2n +5)

n(n+2)

No >

The distribution of phases for isenthalpic processes is shown in figure 3.
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107

FIGURE 2. The distribution of phases for van der Waals gases.
Coloured domain is the condensation of the gas, while white one
is the gas phase.

FIGURE 3. The distribution of phases for van der Waals gases.
Blue domain is the liquid phase, white domain is the gas phase,
domain between is the condensation

5. Second order dynamics and exact solutions for ideal gases

In this section, we construct second order dynamics of equation (4.2) for ther-
modynamic state given by ideal gas state equations:

Tn/2
p = pRT, e:gRT, a:Rln( , )

We will assume that the function A(p) = Q’(p) is of the form:
Alp) = qp”, (5.1)
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where ¢ > 0 and « are constants. One can show that at least for two processes
we consider here, isenthalpic and isentropic, in case of constant viscosity p and
permeability k, condition (5.1) holds. Indeed, if the level of the specific enthalpy
n(t, ) = no is given, one has

2nokp
Alp) = ———. 5.2
(0) = s (52)
And if the specific entropy level o(t,x) = og is given, we get
REK 2 20‘0 2
Ap)=—(=+1 =) p*/n 5.3
=" (24 e (32 5.3
We will look for the second order dynamics in the form
F(yo,y1,y2) = y2 — 4o B(y)- (5.4)

Such a choice is justified by form (5.1) for A(yo). In [9], second order dynamics
were found in the form F'(yo,y1,y2) = y2 — 91 (¥0)y1 — 92(yo). Such dynamics do
exist but only if A(yg) is a polynomial of degree no greater than two, which is
valid for (5.2) but not for (5.3).

The function B(y;) is to be defined, as well as constant 5. As in the previ-
ous case, one has to resolve equation (3.4) with respect to B(y;). The following
theorem is a result of straightforward computations.

Theorem 5.1. Second order dynamics in the form (5.4) exist if
/8 = _17 B(yl) = bly%7

where by is a constant equal to either —a, or —a+ 1, or —a/2 4 1.
In case of by = —« the corresponding dynamics is trivial.

Let us consider the last two cases.

5.1. Case by = —«a/2 + 1. Here, the second order dynamics has the following
form
/N2
v_ (1 g) (v)" .
v=(-3)" (5.5)

Equation (5.5) has two commuting symmetries
_ o
$1=y1, b2 =qy 'yt (1 + 5) :
The first one is a translation along z axis, and the second one is the right-hand
side of (4.3). The corresponding vector fields

0 (2-a)t 9

Y15— )
Yo 2y0 O

A 0 0
Sy = Q(1+§)y0' Qy% (yoayoerl@yl)

are linearly independent and therefore the Lie-Bianchi theorem [19, 20] can be
applied to integrate (5.5).

S1 =
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The restriction C(&) of the Cartan distribution on (5.5) is given by differential

1-forms )
9 _

240
Let us choose another basis (31, 22) in C(€) by the following way:

(2)=v ()

_ (wi(S1)  wi(Se)
W (5w,

According to the Lie-Bianchi theorem, since the Lie algebra (S7,S2) is commu-
tative, the new forms (s¢1, 52) are closed and therefore locally exact, i.e. locally
»; = dJ;, where J; are functions on £ and solution of (5.5) is given (in general,
implicitly) by relations J;(x, yo,y1) = C; for some constants C;.

In our case, the matrix W~! is of the form

w1 =dyo —y1dr, wy =dy; —

where

— 2 ( ala+2)yt  —qyoy(a+ 2))
go(a +2)y3 (o — 2y *" 2y *" ’
and forms (51, 52) are
2 2
wp = —dr+ —dyo — %dyl,
Y1 ja
2 a— 2 —a+1 4 —a+2
2 = (2 )yo dyO + 3 Yo dylv
yiqo(a +2) yrqo(a +2)
and the corresponding integrals are
2 2 —a+2
et L, S _ 0, (5.6)

e Y gala+ 2)y?
Eliminating y; from (5.6) we get solution of (5.5):
205q(a +2) 1/
a(Cy + z)? '
Solution of (4.3) is obtained by shifting (5.6) along the flow of Ss. Trajectories of

So are shown in figure 4.
The flow of the vector field S has the following form

y(z) =

(I)t: (I7y0ay1) = (x?yO\I](y(]vylvt)vyl\lj(y07ylat))7
where

o . —1/a
U(yo,y1,t) = (1 - (1 + 5) qtoyiyg 2) :

Applying transformation ®, L to (5.6) and eliminating y;, we get solution of (4.3):

p(t l’): ( a(:chCl)z >1/a.

’ 2q(a +2)(Cy —t)
For isentropic flows, « = 2/n + 1 and since n > 3, the constant « is positive. For
isenthalpic processes, @ = 1. In both cases, one can observe a blow-up effect in
solution. Namely, solution (5.7) becomes infinite for all z in finite time defined by

(5.7)
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FIGURE 4. Vector field S5

constant Cy. In figure 5, the constant Cy = 1, the distribution of the density is
given for time moments ¢t = 0.5, ¢ = 0.85 and ¢t = 0.999 and it odes not exist for
t>1

0.6 0.8 1.0 12 1.4

FI1GURE 5. The graph of the density.

If functions u(p) and k(p) are such that A(p) = ¢p®, where « is negative,
solution (5.7) has a singularity at the point = —Cy. The graph of the solution
is given in figure 6 for time moments t = 5 and ¢ = 9.

5.2. Case by = —a + 1. In this case, the second order dynamics is
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FIGURE 6. The graph of density for flows with a = —1/3.

Symmetries S and Sy are
(1-a)y; 0

0
Si=y1— +—L 2 S= gy S
0Yo Yo  On 0

Since vector fields S; and So are linearly dependent, one cannot apply the Lie-
Bianchi theorem but one still can write a solution

y(z) = (a(Crz + Cy)) /™. (5.8)

By shifting (5.8) along the trajectories of So as it was done in the previous case,
we get solution of the form

p(t,z) = (Ciagt + Craz + Coa) e (5.9)

Solution (5.9) is a travelling wave, which coincides with (4.7) by choosing constants
Cq and Cs.

5.3. Attractors. Functions a and b in (3.4) are of the form

_ ala+b)ys™? (0 — a(by +3) +2) i + dyayTyo(a — 1) + 243y5)

b b = 0’
biyt — Y20
where b; is either —a+ 1 or —a /2 + 1. Therefore, functions 1; are
Y1 = qoys T (yayo + (= i) +a,
ba = 2qayys Tt s = qup.
For by = —a+ 1 and for isentropic processes where o = 2/n + 1 inequalities (3.5)
take the form
—qn~2(n —2) (yayon +23) v " <1 <0, qyg/"T 2 >0, (5.10)

Inequalities (5.10) for given ¢; and ¢y define domains in the jet space J2(7) where
dynamics (5.4) is an attractor for equation (4.2). Sections of these domains for
various values y, are shown in figure 7.
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FIGURE 7. Attractor domains (coloured) for ¢ =1, n = 3, ¢; =
—17 Cy = 1

cknowledgment. This work was partially supported by the Russian Founda-

tion for Basic Research (project 18-29-10013).

10.

11.

12.
13.

14.

15.

References

. L. Leibenson, Motion of natural liquids and gases in a porous medium, Gostekhizdat,
Moscow, 1947.

. M. Muskat, The Flow of Homogeneous Fluids Through Porous Media, McGraw-Hill, New
York, 1937.

. A.E. Scheidegger, The physics of flow through porous media. Revised edition, The Macmillan
Co., New York, 1960.

. I.LL. Maikov, V.M. Zaichenko, V.M. Torchinsky, Theoretical Investigations of Filtration Pro-
cess of Hydrocarbon Mixtures in Porous Media, in: 9th International Conference on Heat
Transfer, Fluid Mechanics and Thermodynamics (2012) 1266-1269.

. V.V. Kachalov, D. A. Molchanov, V.N. Sokotushchenko, V.M. Zaichenko, Mathematical
modeling of gas-condensate mixture filtration in porous media taking into account non-
equilibrium of phase transitions, Journal of Physics: Conference Series 774(1) (2016).

. A. Duyunova, V. Lychagin, S. Tychkov, Non-stationary adiabatic filtration of gases in porous
media, Global and Stochastic Analysis 7(1) (2019) in press, arXiv:1908.09316

. B. Kruglikov, O. Lychagina, Finite dimensional dynamics for Kolmogorov-Petrovsky-
Piskunov equation, Lobachevskii J. Math. 19 (2005) 13-28.

. V. Lychagin, O. Lychagina, Finite Dimensional Dynamics for Evolutionary Eguations, Non-
linear Dynamics 48(1-2) (2007) 29-48.

. A. Akhmetzianov, A. Kushner, V. Lychagin, Finite dimensional dynamics for nonlinear fil-

tration equation, Procedia computer science 112 (2017) 1361-1368.

A. Akhmetzianov, A. Kushner, V. Lychagin, Attractors in models of porous media flow,

Dokl. Math. 95(1) (2017) 72-75.

V. Lychagin, Adiabatic Filtration of an Ideal Gas in a Homogeneous and Isotropic Porous

Medium, Global and Stochastic Analysis 6(1) (2019) 23-31.

V. Lychagin, M. Roop, Phase transitions in filtration of real gases. arXiv:1903.00276.

V. Lychagin, M. Roop, Phase transitions in filtration of Redlich-Kwong gases, J. Geom.

Phys. 143 (2019) 33-40.

V. Lychagin, M. Roop, Steady filtration of Peng-Robinson gases in a porous medium, Global

and Stochastic Analysis 6(2) (2019) 59-68.

V. Lychagin, M. Roop, Real gas flows issued from a source, Anal. Math. Phys. 10(1) (2020)

1-16.

85



VALENTIN LYCHAGIN AND MIKHAIL ROOP

16. V. Lychagin. Contact Geometry, Measurement and Thermodynamics, in: R. Kycia, M. Ulan,
E. Schneider (eds.), Nonlinear PDEs, Their Geometry, and Applications, Birkhduser, Cham
(2019) 3-52.

17. R. Mrugala, Geometrical formulation of equilibrium phenomenological thermodynamics, Re-
ports on Mathematical Physics 14(3) (1978) 419-427.

18. G. Ruppeiner, Riemannian geometry in thermodynamic fluctuation theory, Reviews of Mod-
ern Physics 67(3) (1978) 605-659.

19. A.M. Vinogradov, I.S. Krasil’shchik (eds.), Symmetries and Conservation Laws for Differ-
ential Equations of Mathematical Physics, Factorial, Moscow, 1997.

20. A. Kushner, V. Lychagin, V. Rubtsov, Contact Geometry and Nonlinear Differential Equa-
tions, Cambridge University Press, Cambridge, 2007.

VALENTIN LYCHAGIN: V.A. TRAPEZNIKOV INSTITUTE OF CONTROL SCIENCES, RUSSIAN ACAD-
EMY OF SCIENCES, 65 PROFSOYUZNAYA STR., 117997 Moscow, Russia
Email address: valentin.lychagin®@uit.no

MIKHAIL RoOP: V.A. TRAPEZNIKOV INSTITUTE OF CONTROL SCIENCES, RUSSIAN ACADEMY
OF SCIENCES, 65 PROFSOYUZNAYA STR., 117997 Moscow, RussiA
Email address: mihail_roop@mail.ru

86



