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Relaxation processes in a model system are studied with the use
of a kinetic equation. In a first approximation with respect to the
concentration, an expression for the temperature as a function of
the time has been derived in the spatially uniform case and for
the Maxwell distribution function with a non-uniform energy dis-
tribution over the rotational and translational degrees of freedom.
The relaxation time is shown to decrease, as the difference between
the initial and equilibrium values of average translational kinetic
energy diminishes and the equilibrium temperature grows. The
time of the average translational (rotational) energy relaxation to
the equilibrium value is found to be reciprocal to the square root
of the equilibrium temperature and to the particle concentration.
For the intrinsic moment of inertia, which is equal to the moment
of inertia of a spherical particle with certain effective radius, the
relaxation time is minimal. Relaxation times for some parameters
of particles in the system concerned are calculated.

1. Introduction

Plenty of theoretical researches dealing with non-
equilibrium processes in rarefied systems have been made
since L. Boltzmann had written down his kinetic equa-
tion for the first time. The calculations of transport
coefficients, which are based on a certain model describ-
ing the particle interaction in the medium, comprise the
main task of kinetic theory. However, this task does
not exhaust the role of kinetic theory. Its mathematical
apparatus developed for calculating the transfer and re-
laxation coeflicients in the case of rarefied gases allows
the limits for the application of non-equilibrium ther-
modynamics to be established in the case of arbitrary
physical media. For instance, the techniques for solving
of Boltzmann kinetic equation have been well developed
for a weakly rarefied one-atomic gas, when the mean
free path is much shorter than the characteristic size
of the problem. In particular, these are the Chapman-—
Enskog [1] and Grad [2] methods, which formed a basis
for the substantiation of non-equilibrium thermodynam-
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ics in both its classical variant [3] and various general-
izations [4-6].

In the last decades, the development of the kinetic
theory of molecular gases gave rise to the appearance of
an approach based on the generalized Boltzmann kinetic
equation [7—9]. In this equation, the conventional Boltz-
mann integral is modified to describe a system of par-
ticles, in which the energy is distributed at collisions of
particles not only over the translational degrees of free-
dom, but also over the rotational ones. In the framework
of this approach, the system of gas-dynamic equations,
the expressions for the entropy flux, and so forth are
written down.

The development of models capable of an adequate
and, simultaneously, simpler description of transport
processes in a molecular gas at the qualitative level is
a challenging task, which has a pure theoretical value
and is important for the explanation of features experi-
mentally observed in the course of non-equilibrium pro-
cesses. In particular, an extremely important role in
engineering is played by the processes of heat trans-
fer in a gas and the processes of gas relaxation to the
equilibrium state (for example, see work [10]). For in-
stance, while calculating the thermal regimes of flying
vehicles, aircraft turbines, rockets, and so on, the effi-
ciency of energy exchange between gas layers and be-
tween gas molecules and a solid surface is dealt with.
In the general case, the mechanism of heat transfer
in gases is rather complicated. However, from the
microscopic viewpoint, the main problem consists in
the description of molecular scattering at collisions of
molecules with the surface and with one another at
a distance of their mean free path from the surface
(see, e.g., work [11]). As the experience shows, the
classical description of a system under study is suffi-
cient in many cases for the qualitative analysis. For
this purpose, some rather idealized models can be
used.
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Relaxation processes in gases can be described in
terms of the energy exchange at molecular collisions.
In particular, in work [12], the symmetry of the me-
chanical energy of a model system with respect to the
action of a projection operator on the two-body state
vector was used to determine the physical mechanism
of translational and angular momenta exchange at col-
lisions of perfectly rigid rough balls (the classical model
for the collision of two perfectly rigid rough balls from
the viewpoint of the kinematics of intrinsic angular and
translational momenta was proposed by Bryan as early
as in 1894 (see, e.g., works [1, 9])). The described
method allows a relation between the phases of two
model molecules before and after the collision to be
found without characterizing the interaction between
particles with the use of a potential.

In works [13-16], a system with a fixed number of
particles and a model mechanism of exchange of trans-
lational and angular momenta between hard rough balls
at their collision [12] were considered. On the basis of
the dynamics of localized (delta-function-like) distribu-
tions of such particles in the phase space, it was demon-
strated that the kinetic (macroscopic) equation for this
system, when being considered in the Bogolyubov split-
ting approximation in the nine-dimensional phase space,
has the form of the Boltzmann—Enskog equation, which
was derived earlier in a more phenomenological style in
work [1] and considered in the hydrodynamic approxi-
mation in work [9]. The obtained equation was proved
to have a solution in the form of the microscopic phase
density. Hence, in the case of the approximation of bi-
nary collisions, the equation obtained precisely describes
the evolution of a dynamical model system.

Here, we note that the dynamics of a localized distri-
bution of such particles interacting by a certain rule [12]
in the phase space allows the corresponding evolution
equation to be constructed (see work [15]), the struc-
ture of which is similar to that of the Liouville equation.
The equation obtained can be used to construct a hi-
erarchical chain of Bogolyubov equations, similarly to
what was done, e.g., for the distribution functions de-
pendent on the position and the spatial orientation of
long molecules in liquid crystals (see work [17]).

In this work, we prove that, for the model system con-
cerned [12], the kinetic equation for the averaged angular
momentum (or rotational momentum) has an analytical
solution in the spatially uniform case with a Maxwell-
like distribution function, when the energy is distributed
non-uniformly over the degrees of freedom. The obtained
solution is used calculate the relaxation time to the state
of thermodynamic equilibrium.
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The Maxwell-like distribution as a tool to describe
the behavior of a system near its equilibrium state was
first proposed by L.D. Landau in work [18] while con-
sidering the problem of temperature equalization in a
two-component plasma. Under definite conditions (see
works [18, 19]), this method allows the relaxation in
the two-component plasma to be described rather suc-
cessfully. However, as can be demonstrated on the
basis of the Chapman-Enskog approach generalized in
work [19] and used there for the consideration of a two-
component plasma, “the traditional idea about a uni-
versal role of the Maxwell distribution in the descrip-
tion of quasi-equilibrium states is not confirmed” (cited
from work [19]). Moreover, as was revealed in work [20],
if the Chapman-Enskog method (see work [1]) is used,
the time-independent quasiequilibrium states of a two-
temperature plasma, generally speaking, are not “pure”
Maxwell ones. It is worth noting here that the exact an-
alytical solution, which is obtained in our work, proves
that the initial excitation given in the form of a Maxwell-
like distribution function with different translational and
rotational “temperatures” and with the preservation of
this form in time can guarantee that the system will re-
turn into a state with identical energy distributions over
the degrees of freedom. However, the issue concerning
the preservation of this Maxwell-like form in time for
the considered case of the collision integral (see works
[13, 15]) requires further researches. A probable much
smaller order of magnitude for quasiequilibrium correc-
tions in the problem dealt with in work [19] testifies in
favor of the model distribution adopted here even in the
case considered in work [21], when there exists an en-
ergy (particle) source with low enough intensity. More
general relaxation properties (such as, e.g., a periodic
energy transfer between rotational and translational de-
grees of freedom) can probably be obtained within the
method developed in work [19]. We should also note
that the examined Maxwell shape of the initial distri-
bution with different translational and rotational “tem-
peratures” can be physically substantiated owing to the
possibility of a “superquick” excitation of the rotational
motion of molecules by an electromagnetic pulse (for in-
stance, a strong enough pulse in the far infra-red region
can be used during the collision time interval, when a
dipole moment of non-polar molecules arises) and to a
relatively small number of “excited” molecules in com-
parison with the molecules that “still” remain in the local
equilibrium state (it is generally adopted and is observed
in rotational and vibrational molecular spectra).

The presented theoretical study of the “relaxation” ki-
netics of a model system can be applied, for example, to
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the description of a sufficiently rarefied system of non-
polar molecules. The results obtained are actual for the
modern branch of researches, where the rarefied systems
of rather heavy molecules and nanoparticles are studied
(e.g., see work [22]). The regularities observed in the
course of non-equilibrium processes, which run in such
systems, differ substantially from those that take place
in an ordinary one-atomic gas [8, 10].

2. Relaxation of a Distribution Function of the
Maxwell Type

Consider a closed, spatially uniform system near its equi-
librium state. Let us study the dependence of the aver-
age energy of translational molecule motion on the time
in the case where the initial average energies of trans-
lational and rotational motions are different (see work
[16]). For this purpose, let us obtain the time derivative
of the average translational energy,

d

d
G0 =5 [1xopax -

:/Pzéf(X,t)dX :/IB(X,t)PZdX, (1)

where f(X,t) is the distribution function, Iz is the
;f(X t) = Ig(X,t) in the case of

p M\ _
ﬁ’ﬁ) -
(P, M). Here, p and M are the phase translational mo-

mentum and the intrinsic phase rotational momentum,
respectively. For the closed system,

d

collision integral,

a spatially uniform system, and X = (

= (P + (M%) =0, )
Therefore,

d ooy d o0

Z(P?) = — (M), 3)

Then, by substituting the expression for Ig(X,¢) in the
form introduced in work [15] into Eq. (1), we obtain

2
1<P2> =% nx

vm

SO

(P'=P)o>0

P)o {B(a) - 1} X
xf(X',t) f(X,t)dadX'>M2dX, (4)
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where n is the concentration. The action of the operator
b(o) is governed by the mechanism of scattering of two
perfectly rough hard balls at their collision [12],

b(o) - f(t, X)f(t,X) = f(t, X*)f(t, X *),

where the phases before and after the collision are con-
nected according to the rule

P = %{ [%P+P' +ﬁ[(M+M’) X o]—

— 2o {(P — P’)cr}] ,
1
1+
+ o {(M + M’)a}] ,

M — [M—;fM’—l—\/;[UX (P—P')]+

pr—_1_ [KP’ +P- ﬁ[(M+M’) x o]+

14 ¢
+ %o {(P - P)}],
M*= %{ [M’ — %M + \/xdJo x (P - P’)]+

+ o {(M + M’)a'}] . (5)
Here, the unit vector is directed from the center of the
ball with the phase X toward the center of the ball with
the phase X', and do is an infinitesimally small element
of the solid angle.

Let f(t, X) look like

1 p2_ M2
fX ) = e B

) 0 (6)

where, for convenience, the doubled Boltzmann constant
is equal to 1 (or the temperature is reckoned in corre-
sponding units). According to the first equation,

3

o 3
STu() = (P?),

STo(0) = (M),

which corresponds to three translational and three ro-
tational degrees of freedom. Note that the quantities
T, and T; stand for the average translational and rota-
tional, respectively, components of the total mechanical
energy of the system. Strictly speaking, they cannot be
considered as thermodynamic parameters. Then, for the
temperature (in the sense given above) that corresponds
to translational degrees of freedom, we obtain the equa-
tion

3d a? N
E&Tl(t) == —T ((Tsz 3/271'3) / M
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! r
P2yp 2 M24nm 2

}dadp’ dM’) dPdM. (7)

Let us change the order of integration and make the
variable transformations

§1T(t)——i 1 2n><
2dt™ " T m \(T1T3)3/?n3

[ [ @ -Poimico)- My

(P'—P)o>0
_p24p'2  m2im'2 ' '
xe 1M e 20 dP dM deM) do, (8)

where M*2(—a) is expressed by means of relations that
describe the model system of rigid rough balls in the case
of the specular reflection (5) of the two-particle phase
at collisions; here, the notation (—o) means only the
functional dependence on the unit vector direction.

Let us calculate the integral on the right-hand side of
the expression

3:/( / (P' - P)o {M**(—0) — M?} x

(P'—P)o>0
7P2+—P’2 _ 1\/124—1‘/1’2 ' ’
X e 1 e > dP dM dPdM ) do =

2
taor (cr(M + M'))} - M2} dP’dM’deM)da.

(9)

Here, the bracketed comma, [...,...], denotes the vector
product. After changing to a new Cartesian coordinate
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system (£, 7, 0), in which the axis OZ is parallel to o,
the integral J reads

rn

(P'—P)o>0
PE+P?+P$+P;2+Pé2+P:’2 MG2_+M52+M$+M;2+M;2+M:’2
xXe Ty e T2 X

X {—(%2 + 25¢) (ME + M2) + 5 (M2 + M,?)—
—25¢(M¢ Mg + M, M,) + 2/(M,, — kM,) (P — P;)+

+2v/5¢(kM¢ — Me)(Py — P,) + 5(Ps — P;)*+

+3¢(P, — P,)? }) do, (10)

where the differential dP = dFP,dP;dP,, and so on.
Since the exponent power is an even function, and the
integration is carried out over the whole phase space, the
integrals of terms in the braces with odd powers of the
integration variables equal zero. In addition, the inte-
grals of similar terms in the braces with opposite signs
mutually compensate each other. Then the latter for-
mula can be rewritten in the form

1 )
IS Tre (Py = Fo)x
(P'—P)o>0
_P3+P£2+P3,+P;2+Pé2+P,"2 _M3+M£2+M,2,+M",2+Mé2+M;2
Xe T1 e T2 X

x {—2x(M§ + M2) — 25¢(M M + M, M,)+
+x(P5—Pé)2+x(Pn—P,;)z}dP'dM'deM>da. (11)

~ —~ P M
Let us introduce new variables (P, M) = | —, —) .
vIi VT

Then, with regard for the equality of the integration vari-
ables P, P, and P, P, (it becomes evident if one re-
moves the parenthesis), the integral J looks, in terms of

new notations, as

2 -~ -
gt f( [ 6

P —P,>0

o
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- = (15,13)-

—— (15,13)+
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t

Fig. 1. Time dependences of the average translational energy. Dif-

ferent signs correspond to different relations: 79 < T (+) and

Tp > T (—). The numbers in the parentheses denote the parame-

ters (c, T11/2u) in relative units

« o (PP 43T {Tz(ﬂg +M2)-
~Ty (P2 + ﬁg)}dﬁdﬁdﬁdﬂ> do =

2 7/2 =
=T B E T

(12)
where
(B, — Bye (PP 4747

! —P,>0

xP?dP’ dﬁdﬁdﬂ) do. (13)

From the relation 3T = ;(Tl + T3) = const, it follows

that T> = 2T — T3, and the evolution equation for the
temperature reads

3d 21 2 ~
5&1:2%"FﬁT3/2(T—T1)-J- (14)
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After the separation of variables, the obtained equation
can be solved in quadratures,

T1(t) T t
= / vdt, (15)
T (0) n(Tr-1n)
where
4 a? 1 23¢ ~
=———n——"_ .7 1
v 3\/ﬁnﬂ'6 (14 5)2 J (16)
By integrating equality (15), we obtain
I VT +VI@)| VT -VTi(0) |\ _ JTvt. (17)
VT —/Ti(t)| |VT ++/T1(0)

Whence, the ultimate expressions for the average trans-
lational energy are

Tl(t):T(C_e_ Tyt)Z, for Ty(0) < T; (18)
(c+ e—ﬁ”t)
(c +e” T”t)2
Ti(t) =T S, for Ti(0)>T, (19)
(c — e*ﬁ”t)
where
= L VT1(0) (20)
VT VL0

To visualize the result obtained and to make its anal-
ysis simpler, let us illustrate the time dependence of the
temperature for various c- and v/Tv-values (see Fig. 1).
The figure allows us to draw conclusion that the relax-
ation time for the average translational energy 77 to
its equilibrium value NEGT decreases as the quanti-
ties ¢ and v/Tv grow. Accordingly, the relaxation time
increases with the simultaneous reduction of v and c.

2.1. Relaxation Time

Let us consider the expression for the time dependence of
the average translational energy and examine the kinetic
parameter of this process, the relaxation time. Accord-
ing to the condition T" = T7, we have the approximate
equality

VT — /T1(0)

VT - /Ti(t)

ISSN 2071-0186. Ukr. J. Phys. 2012. Vol. 57, No. 12
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1

VTv

VT — /T1(0)
VT — /T1(t)

The relaxation time 7 = can be determined from

the condition = e, which gives rise to

the result
6 2
. 371':/%(1 + ) (22)
83vVT a2 n »
or

376 (ma? + 4J)?
T=—= ,
320VT /matn J

where J is the intrinsic momentum of inertia of the
molecule.

In Fig. 2, the dependence of the relaxation time on
the parameter 3¢ is depicted. The minimum value of 7

. . . ma?
is attained at »¢ = 1 or, equivalently, J = ——. In

(23)

other words, we have a single extremum of the function
7(J) for the intrinsic momentum of inertia that is equal
to the momentum of inertia of a spherical particle. In
addition, the relaxation time is reciprocal to the square
root of the equilibrium temperature and to the particle
concentration.

Let us take into account that the approximate value

for the mean free path of particles equals L = el and
3RT
the average velocity of thermal motion is 4 = 4/ ——.
I

Then, using the integral value J = 21/2713/2, expression
(22) looks like

_ 3T L (1+ x)?
“ 339 2 (24)

In Table 1, the relaxation times for some parameters
of particles of the system are quoted. For the given
temperature and concentration, the ratio between the
relaxation times in a system of balls, 7,, and a sys-
tem of spheres, 7., approximately equals 1.23. A sys-
tem of heavy spherical particles with a molar mass of

T able. Relaxation times
4, g/mol | L/a | T,K | P | mol. type | T, S
16 102 300 1 sphere 1.70 x 108
16 103 300 2.5 ball 2.10 x 108
720 102 300 1 sphere 1.15 x 107
720 103 300 2.5 ball 1.41 x 107
720 104 300 25 ball 1.41 x 10~6
16 104 300 10 ball 4.30 x 107
with a heavy core
720 10¢ 300 10 ball 2.99 x 106

with a heavy core
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()
T
1 2
ma“/4J
Fig. 2. Dependence of the relaxation time 7 on the parameter
_ ma?
Y

0.72 kg/mol can correspond to a system of fullerene
molecules Cgo. While calculating the relaxation time,
we supposed the mean free path to be approximately
equal to 107°~10~* m, which corresponds to the change
in the concentration by an order of magnitude, provided
the given diameter of particles (about 1078 m).

In the expression for the relaxation time in the system
under study, we can factorize a multiplier that charac-
terizes the relaxation time in a one-atomic gas, 7. Since
the relaxation time for a one-atomic gas has an order of
the ratio between the mean free path and the average
velocity, Eq. (24) can be presented in the form

3T (1+2)%
T = WTT (25)

The formula testifies that, provided the same values for
the mean free paths and the mean quadratic velocities,
the ratio between the relaxation times for the process
concerned in the case » = 1 and in the one-atomic gas
is approximately equal to 0.66.

3. Conclusions

To summarize, a model system has been studied in the
spatially uniform case. In the first approximation with
respect to the concentration, an analytical expression for
the temperature as a function of time has been obtained
in the case of a non-uniform initial energy distribution
over the degrees of freedom. The corresponding kinetic
equations for the “translational” and “rotational” tem-
peratures (considered as the averaged translational or
rotational, respectively, momentum) with the Maxwell-
like distribution function and with a non-uniform initial
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distribution of energy ocer the degrees of freedom are
shown to have analytical solutions.

It is found that a reduction of the difference between
the initial average translational (rotational) energy and
the equilibrium one, as well as the growth of the equilib-
rium temperature, results in a decrease of the relaxation
time. The time of the average translational (rotational)
energy relaxation to the equilibrium value is shown to be
reciprocal to the square root of the equilibrium temper-
ature and to the particle concentration. For the intrinsic
momentum of inertia, which equals the momentum of in-
ertia of a spherical particle with certain effective radius,
the relaxation time attains the minimum value.

For the given temperature and concentration, the ratio
between the characteristic relaxation times for a system
of rough balls, 7,, and a system of rough spheres, 7,
equals 1.23, i.e. exceeds 1.
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PEJIAKCAIIISI IPOCTOPOBO OJHOPIIHOI ®YHKIIIL
PO3IIOALIY 3A YMOBU HEOJHOPITHOI'O
PO3IIOALIY EHEPTIi

A.C. Ciocyx, C.M. €acos
PezmowMme

Y poboTi HOCIIAKEHO PEeJIAKCAII0 MOLEJHHOI CHCTEMH 3 BHKODH-
CTaHHSIM KiHETHYHOrO PiBHSHHSA. Y IIPOCTOPOBO OJHODPigHOMY BH-
3Ky, a TAaKOXK MAaKCBEJJIIBCHKOI (DYHKIIII pO3IMOAiTy 3 HEOgHOpI-
JHEM PO3HOAiIOM eHepril 3a cTymeHsMu BlibHOCTI (0GepranbHH-
MU | HOCTyIAJIbHUME), y NEPUIOMY HAOJIMKEHH] 33 KOHIIEHTPAIE0
3HalIeHO BHpAa3 AJjid TeMmneparypu fk ¢yHknii gacy. ITokaszano,
o i3 3MEHIIEeHHAM pi3HMII Mi»K [IOYATKOBHUM Ta PiBHOBAaKHHM
3HAYEHHAMH CEPEIHBOI ITOCTYIAJIbLHOI eHeprii i 3poCcTaHHAM piB-
HOBAXKHOI TEMIIEPATYPH 4YaC PeJIAKCalii 3MEeHIIyeThCsA. SHANIEHO,
o Yac pejlaKcalii cepefHbOl MOCTYHIAIbHOI (00epTasbHOI) eHep-
rii 70 piBHOBAaXKHOI0 3HAYEHHS OOEPHEHO MIPOIOPIHMHUI KOPEHIO
KBaJpPaTHOMY BiJ| PIBHOBasKHOI TemMeparypu Ta 06epHEHO IIPOIIop-
mifHUH KOHIEHTpAIil YacTHHOK. [IJId BJIACHOrO MOMEHTY iHepIiil,
0 AOpPiBHIOE MOMeHTYy iHepuii cepuunoi wacTuHKY i3 edexTus-
HUM paJiiycoM, 3HA4YeHHsd 4Yacy pejakcanil HabyBae MiHIMAJIHLHOTO
3HavenHsi. O64nCIeHO 3HaYeHHs Jacy PeJIaKCalil JJisi OKPEMHUX I1a-
paMerpiB 4aCTHHOK CHCTEMH.
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