GENERAL PHYSICS

https://doi.org/10.15407 /ujpe64.2.126

V.P. LESNIKOV

Odessa National Polytechnic University
(1, Shevchenko Ave., Odessa 65044; e-mail: lesnikov@opu.ua)

RECIPROCAL RELATIONS
FOR THE OPEN HYDRODYNAMIC
STEADY STATES (OHSS)

Based on Onsager’s regressive hypothesis and a local equilibrium in hydrodynamics, the time
symmetry of the mutual correlation functions of fluctuations is analyzed directly from the
macroscopic equations of motion for the open steady state of a continuous medium. It is shown
that, in OHSS, the fluz violates the symmetry of correlation functions and Onsager’s reciprocal
relation, which take place near the equilibrium steady state. The reciprocal relations for OHSS
are found. Examples of their use are considered.
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1. Introduction

In work [1], a general approach to solve the problem
of hydrodynamic fluctuations in steady states due to
external fields such as a temperature gradient and so
on, was considered. The presence of flows caused by
the fields makes the corresponding states open, and
violates the time symmetry of fluctuations, which was
first noticed by Vladimirsky [2]. Namely this violation
is the main feature of fluctuations in systems with
flow. The ideological basis of the developed theory,
together with Onsager’s regression hypothesis about
the dynamics of fluctuations, was the local equilib-
rium. The local equilibrium in hydrodynamics, where
the medium is considered as continuous, well known
for a long time. The microscopic substantiation for
this was done by Bogolubov [3, 4], who showed that
the evolution of a system of molecules is divided into
the kinetic and hydrodynamic stages. The hydrody-
namic stage is achieved over a time interval required
for several collisions of molecules. After that, a local
equilibrium is established, and one can speak only
about macroscopic hydrodynamic variables, which
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depend on the spatial-temporal coordinates, and their
fluctuations. For gases, the boundary of the kinetic
and hydrodynamic stages is 107% s, for liquids —
even less (1071210713 s). Thus, accepting Onsager’s
regression hypothesis describing the fluctuations by
macroscopic (hydrodynamic) equations, we must as-
sume that the stochastic properties of fluctuations
should be determined by the locally equilibrium dis-
tribution function. Onsager’s hypothesis and the lo-
cal equilibrium distribution function for an open state
define the Ornshtein—Uhlenbeck process and uniquely
determine the fluctuating forces in the problem the
second or Langevin fluctuation-dissipation theorem
(FDT). So, the calculation of the correlation func-
tions of fluctuations can be made either by solving
the homogeneous Cauchy problem for a linear system
of hydrodynamic equations with the subsequent aver-
aging of initial conditions or by solving a non-uniform
system of the same equations with added fluctuating
forces with the subsequent averaging over forces. The
result will be the same. I would like to draw attention
that fluctuating forces are fictitious. It is just a math-
ematical method of solving the same problem with
the initial conditions [5]. In the works of other au-
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thors on this subject, the emphasis was placed on the
fact that the states with a flow are non-equilibrium,
and the main problem is to find the distribution func-
tion for hydrodynamic fluctuations (see [6] and ref-
erences therein). The term NESS (non-equilibrium
steady state) is introduced and, by kinetic methods,
makes sure that only Lagevin description of fluctu-
ations in such systems with the forces obtained by
Landau and Lifshitz for equilibrium fluids [7] should
be used. For the first time, these forces were ap-
plied by Zaitsev and Shliomis [8] for the Rayleigh—
Bénard problem. Later, such approach was named
fluctuating hydrodynamics. It was actively developed
by the authors of book [9] and the recent publica-
tion [10]. According to the fluctuating hydrodynam-
ics, the fluctuating forces are determined not by the
dynamic matrix of the considered state, but by a ma-
trix corresponding to the dynamics of fluctuations
near the equilibrium state of a fluid, where there are
no flows. That is the forces that are not relevant to
the problem are used. The Langevin FDT used in [1]
does not require any kinetic substantiation. In order
to emphasize the lack of the need to apply kinetic
methods to find the distribution function for hydro-
dynamic fluctuations, we use the term “open hydro-
dynamic steady state” (OHSS) instead of the term
“non-equilibrium steady state” (NESS). This means
that we consider the hydrodynamics, where the non-
equilibrium is reduced to a local equilibrium. A viola-
tion of the time symmetry by a flow leads, obviously,
to a violation of Onsager’s reciprocal relations. The
goal of this work is to find appropriate relations for
the OHSS.

2. Reciprocal Relations

in the Absence and Presence of a Flow

In 1931, Onsager [11, 12] established the reciprocal
relations for kinetic coefficients

Yij = Vjis (1)
which play an important role in thermodynamics.

Here and below, we will use the notation adopted
in [5]. The kinetic coefficients are equal

Yig = AikBr; (2)

where the matrix A determines the dynamics of fluc-
tuations around the initial steady state,

T = =Nk T, (3)
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and the matrix S sets the distribution function for
initial fluctuations

Fo) o exp (i) (@

Onsager showed that (1) follows from the principle
of detailed balance, which is expressed by the symme-
try of the mutual correlation functions of fluctuations
with respect to the time:

(i (8) ) = (2 (t) ). ()

This symmetry is explained by the fact that the
equations of motion of molecules of a substance are
symmetric with respect to the replacement of the sign
of the time. This explanation is nowhere mathemat-
ically used and exists only as a clarification. In fact,
relation (5) is the starting point: if we differentiate
(5) with respect to the time, then use (3), and put
t = 0, we will come to (1). Formulas (1) and (5)
are valid, when both variables x have the same par-
ity. When the parity of variables is different, the cor-
relation functions are odd, and the sign + on the right
should be placed in formulas.

Since we are talking about hydrodynamic fluctua-
tions, the reference to the microscopic equations of
motion of molecules is unsatisfactory, because the ki-
netic and hydrodynamic stages, according to [3], are
separated. Due to this circumstance, we should give
another explanation to the detailed balance in hydro-
dynamics that would not require a reference to the
kinetics.

We can use the stationarity of the process and write
(5) in the form

(@i (t) ) = + (2 (=t) 5). (6)

It means that correlation functions of fluctuations
are even or odd, when the detailed balance is sat-
isfied. This can only be in a flowless state, that is,
in the equilibrium. Thus, the macroscopic (hydrody-
namic) explanation of relation (5) is the absence of
flows in the system. In other words, the initial (zero)
state in the Onsager theory is equilibrium. For the
OHSS, the principle of detailed balance (5) does not
take place, which means that the reciprocal relation
(1) will be broken.

To obtain the relations of reciprocity for such sys-
tems, we turn directly to the macroscopic equations
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of motion for fluctuations. Let us consider the case of
two cross-processes, so that the fluctuation deviations
from OHSS are described by the relaxation equations

T1 = —A1T1 — A12%2,
To = —A21T1 — A222.

(7)

The coefficients A2 and A9; are assumed to be
nonzero.
Let us solve the Cauchy problem for (7):

z1(t) = {z1[(A2 + A11)eMt — (A1 + App)et2t] +
+Azwa (et — e}/ (s = A),

2o(t) = {z2[— (A1 + A11)eMt 4+ (Mg + A1p)et2t] +
+ A1z (€M = e}/ (Ae — M),

(8)

where A; and A are eigenvalues of system (7).
Using of the condition of orthogonality of the initial
values of coordinates = and forces X (X; = Birxy [5]),

(x:Xj) = dijy (9)
we’ll find the following reciprocal relation from (8)

(z1(H) X2) _ A1

LI A 22 10
(z2(t) X1) A (10)
or

(Ji2 (1) X1) = (J31 (1) X2), (11)
where J{, = —A12x2 and J3; = —Ag121 are the non-

diagonal fluctuation flows in (7). The index z is in-
troduced for the distinction of flows defined as the
products of kinetic coeflicients v and forces X.
Carrying out the Fourier transformation in (11), we
have
(J12X1), = (J51X2),,- (12)
Equation (12) expresses the following theorem: the
average power at a frequency w of the force X; on the
flow Ji, is equal to the average power of the force Xo
on the flow JJ| at the same frequency. The theorem
is similar to the theorem on the reciprocity of works
in mechanics (the Maxwell-Betti reciprocal theorem),
according to which the work carried out by the force
F on the displacement §12 caused by the force Fy is
equal to the work carried out by the force Fy on the
displacement §57 caused by the action of the force F.
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If the forces are statistically independent (512 = 0,
Yo = )\1252_21, Vo1 = )\2151_11), then (10) is trans-
formed into

o1 (®)z2) _ m2

D) (13)

Thus, the mutual correlation functions of fluctua-
tions are related as the corresponding kinetic coef-
ficients. Formula (13) can be written so that it ex-
presses a time symmetry violation of the mutual cor-
relation function in the OHSS:

(e z2) _ mz

(ry (—t)22) 721 (14)

It is clear that the choice of statistically indepen-
dent coordinates and forces can always be carried
out, since the matrix £ is symmetric. It is easy to
write down the reciprocal relation in the general case
B12 # 0. However, it becomes more cumbersome and
requires a separate discussion.

3. Unbounded Liquid
with Temperature Gradient

Let us illustrate the above-stated by examples of the
OHSS previously discussed by the author.

An unbounded liquid with a stationary temper-
ature gradient T' = Ty + rV7T is open due to a
stationary heat flux through it. Fluctuation distur-
bances in hydrodynamics should be expanded into
a series of modes that satisfy the boundary condi-
tions. In the case of unbounded liquid, we have the
following Fourier series for density fluctuations p and
for the potential of velocity fluctuations ¢ of the lon-
gitudinal sound:

A= (g) = \/LV zk: (Z‘;) exp(ikr),

where V is the volume, for which we make normaliza-
tion. The amplitudes of the modes or Fourier compo-
nents play the role of variables x;. Their dynamics is
determined by the matrix (see [1])

_( 0 —pok?

- 62/p0 Dk‘2 ’
where c is the speed of sound, pq is the liquid density,
D= %u—f—f , v and £ are the kinematic viscosities, and

(15)

(16)
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the simultaneous local equilibrium correlation func-
tions are statistically independent and equal to

B*l — <<Pkpk’> 0 > —
0 (LK)
% 0
= 0 kk’ TOAk,k’a (17)
o pok2k"
where
) vT
Ak =0k~ + = (Oktq,—k — Ok—q,~k') >, 4= -
2 1o
(18)
For the kinetic coefficients, we have
kk’
I E
’Y = )\IB = Dkk/ TOAk,k' (19)
pok/Q

As can be seen, Onsager’s reciprocal relation
Y1.k:2,k' = —7V2,k’;1,k is not satisfied, which is a result
of the violation of the principle of detailed balance
by the heat flux. Indeed, from the dynamic equations
with matrix (16), we get

Ty KK/ . ,
(Px (1) prr) = —£ ﬁAk,k'e_ 3Rt ipy (ckt),  (20)
T
(o (1) prr) = ——2 Ay poe™ 3P sin (ckt). (21)

ck

It can be see that {(px (t) vx) # — {pr (t) pk) At
the same time, taking the ratio (20) to (21), we ob-
tain (13).

4. Convective Rayleigh—Bénard Instability

In the case of the convective Rayleigh—Bénard insta-
bility for the layer of an incompressible fluid, the sys-
tem includes the macroscopic fields of temperature
and gravity. In the Boussinesq approximation for a
layer with free boundaries, the equations for the spa-
tial Fourier components of the vertical velocity wy
and temperature fluctuations f are as follows [13]:

2

Owic = —vkwy + ozgiﬁk,

o0, ¥ (22)
k 2

—— = — xk“0

ot ﬂwk X k>

where k (k,q) = k (n, %), n is an integer, [ is the
layer thickness, vertical temperature gradient equals
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—pz°, v is the kinematic viscosity, a is the coeffi-
cient of thermal expansivity, g is the acceleration of
gravity, and x is the coefficient of temperature con-
ductivity. For (22), the matrix A has the form

2

K —ag—
A= |7 T Y2 (23)
-8 xk?

The one-time correlation functions of fluctuations
are determined by the locally equilibrium distribution
function of fluctuations,

v cph?

f(v,0) x exp { / (2T + 2T2> pdV],
where p is the liquid density, v is the fluctuation
velocity, which consists of horizontal and vertical w
components, and cy is the specific heat at a constant
volume. As follows from (24), there are no correla-
tions between fluctuations of the vertical velocity and
temperature in the problem. So, the matrix 8~ of
the Fourier components of the vertical velocity and
temperature takes the form

7= (5 )

The matrix 37! and kinetic coefficients for the Ray-
leigh-Bénard problem were obtained in [14, 15]. The
asymmetry of kinetic coefficients is visible even with-
out explicit expressions for (wiwy/) and (GxOx ):

(24)

(25)

2
K
vk? (wwy ) —agis (OO )

Xk2 <0k9k’>

From (22) and (25), we now get the cross-correlation
functions

v = (26)

—B (wrwi)

2 /1.2
(wnlt)) = O 2L (et = o))
<9k(t)wk/> = <wkwk/> O é Q+ (G*QJJ _ efﬂft)’ (28)
where

1 K2
Oy = B (v+Nk* + \/(I/ —x)2k* + 4aﬂgﬁ . (29)

Onsager’s reciprocal relations are not satisfied, since
(wk (t)0xr) # — (O (t)wy); while, for the cross-sectio-
nal kinetic coefficients (26) and the correlation func-
tions (27) and (28), (13) takes place.
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Similarly, generalizations of the above results can
be found in the case of a greater number of equa-
tions (3). However, the additional conditions for the
coefficients A arise. So, in the case of three equa-
tions, for the fulfillment of the three relations of reci-
procity (10), the condition Ai9Ao3A31 = A13A30A91
is required. Moreover, it is also assumed that all
Aij (1 # j) are nonzero.

5. Conclusions

All features of the behavior of hydrodynamic fluctu-
ations can be obtained on the basis of Onsager’s re-
gression hypothesis and a local equilibrium in hydro-
dynamics. In the same framework, the properties of
the time symmetry of the correlation functions of hy-
drodynamic fluctuations can be elucidated. In OHSS,
the reciprocity relations turn out to be different from
Onsager’s reciprocal relations, which occurs for fluc-
tuations near the equilibrium state.
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CHIBBIJHOINIEHHSA BSAEMHOCTI
A1 BIAKPUTUX I'APOAMHAMIYHUX
CTAIIOHAPHUX CUCTEM (BI'CC)

Peszmowme

Buxonsiun 3 perpecuBnol rinore3u On3zarepa i JoKajgbHOI PiB-
HOBar" B IiJIpOJMHAMIIl, CUMETPis 3a YacOM B3aEMHHX KOpe-
naniiaux GyHKOiR GIIyKTyamii aHami3yeTbes 6e3mocepesHbo
3 MaKPOCKOIIIYHUX PiBHAHb PYyXy HOOJIN3Y JESIKOro CTallioHap-
HOTO CTaHy B cyliibHOMY cepenosuiii. [Tokaszano, mo B BI'CC
[OTIK MOPYIIyE CUMETPII0 KOpeJAniiiHux (yHKIii Ta CriBBiji-
HollleHHs1 B3aeMHocTi OH3arepa, siki MalOTh Miclle obu3y piB-
HOBa>KHOI'O CTAI[JOHAPDHOI'O CTaHy. 3HAMIEHO CIIBBiIHOIIEHHS
BzaemHocTi B BI'CC. Po3riisiHyTo NpUKIa/1# IX BUKOPUCTAHHS.
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