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Abstract Molecular extended thermodynamics is justified at the mesoscopic level by
the moment equations associated with the Boltzmann equation. For polyatomic gases
we have a binary hierarchy of moments in contrast with the usual single hierarchy for
monatomic gases. In this paper, taking one-dimensional space variables for simplicity,
we review the closure of the system of the moment equations for polyatomic gases
with the use of the maximum entropy principle, which is equivalent to the entropy
principle. Then we consider the singular limit where the degrees of freedom of a
molecule approach 3, and we prove that, by imposing appropriate initial conditions,
the solutions for polyatomic gases converge to the ones for monatomic gases. As
examples of the singular limit, the asymptotic behaviors of linear waves and light
scattering based on the linearized system of field equations are briefly presented.

B Tommaso Ruggeri
tommaso.ruggeri @unibo.it

Takashi Arima
arima@kanagawa-u.ac.jp

Masaru Sugiyama
sugiyama@nitech.ac.jp

Shigeru Taniguchi
taniguchi.shigeru@kct.ac.jp

Department of Mechanical Engineering, Faculty of Engineering, Kanagawa University,
Yokohama, Japan

2 Department of Mathematics, University of Bologna, Bologna, Italy

3 Alma Mater Research Center on Applied Mathematics AM2, University of Bologna, Bologna,
Italy

4

Graduate School of Engineering, Nagoya Institute of Technology, Nagoya, Japan

Department of Creative Engineering, National Institute of Technology, Kitakyushu College,
Kitakyushu, Japan

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11587-016-0279-7&domain=pdf

2 Arima et al.

Keywords Extended Thermodynamics - Rarefied Polyatomic Gases - Rarefied
Monatomic Gases - Singular Limit - Kinetic Theory and Moments

Mathematics Subject Classification 82C35 Irreversible thermodynamics, including
Onsager-Machlup theory - 76N15 Gas dynamics, general - 82C40 Kinetic theory of
gases

1 Introduction

In order to capture a highly nonequilibrium phenomena in rarefied monatomic gases
such as the sound wave in high-frequency region and the shock wave with large
Mach number, the molecular extended thermodynamics (MET) which describes a
state of a gas by the moments of a distribution function has been proposed [1-3].
The closure of MET is achieved by the maximum entropy principle: the most suitable
distribution function maximizes the entropy density under some constraints, which is
equivalent to the entropy principle [4]. Since this theory is based on the Boltzmann
equation, the system of the moment equations has a single tensorial hierarchy starting
from the conservation laws of mass, momentum and energy, in which the flux in
one equation becomes the density in the next equation. MET is compatible with the
phenomenological approach which adopts the system of balance equations with local-
type constitutive equations satisfying the entropy, causality, and objectivity principles,
such as the 13-field theory that adopts the mass density, the velocity, the specific
internal energy, the shear stress and the heat flux as independent fields [5].

For rarefied polyatomic gases the MET theory has been proposed [6-9] based on
the kinetic model by Bourgat et al. [10] in which the distribution function depends on
an additional continuous variable representing the internal energy of a molecule. In
contrast with MET for monatomic gases, the system of moment equations has a binary
hierarchy; one hierarchy starts from the balance equations for mass density, momentum
density and momentum flux, and the other one starts from the balance equations for
energy density and energy flux. This theory is in agreement with the phenomenological
14-field theory that adopts the dynamic (nonequilibrium) pressure in addition to the
13 fields [11-13] and has been successful to explain various phenomena [14-20].

The difference of the hierarchy of moment equations between the MET theories
for rarefied monatomic gases and for rarefied polyatomic gases is due to the existence
of the nonequilibrium variables that characterize polyatomic gases. In the case of the
14-field theory for polyatomic gases, the dynamic pressure plays a role of such char-
acteristic variables. In the limit, so-called singular limit, that the degrees of freedom
D approach 3 under an appropriate initial condition compatible with a property of
monatomic gases, i.e., the dynamic pressure vanishes, the binary hierarchy of the 14-
field theory converges to the single hierarchy of the monatomic 13-field theory, and the
dynamic pressure vanishes at any time [21]. In a general case with many independent
fields, there emerge many characteristic variables. Recently, in such a case, we proved
that the ET theory of monatomic gases is also derived as a singular limit of the theory
of polyatomic gases, and the characteristic variables of polyatomic gases vanish at any
time [22].
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In the present paper, we briefly summarize the singular limit of MET for rarefied
polyatomic gases to the one for monatomic gases. And examples of the asymptotic
behavior of the solution in the limit are shown in the cases of linear waves and light
scattering. Another example was discussed in [22].

2 Molecular extended thermodynamics for rarefied polyatomic gases in
one-dimensional case

A rarefied polyatomic gas in equilibrium is characterized by the equations of state:

pzk—B,oT, s:Rk—BT, (1)
m 2 m

where p, €, p, T, D, kg, m are, respectively, the pressure, specific internal energy,
mass density, temperature, degrees of freedom of a molecule, Boltzmann constant
and mass of a molecule. In a temperature range where the translational degrees of
freedom are fully excited and the equipartition law of energy is satisfied, the degrees
of freedom satisfy D > 3 since the internal degrees of freedom, that is, the rotational
and vibrational degrees of freedom, are excited. In the present study, we assume that
other internal degrees of freedom are not excited.

From a kinetic theoretical viewpoint, the model for a polyatomic gas is proposed
by Bourgat et al. [10] in the framework of the Borgnakke—Larsen procedure [23].
The basic feature of the model is the presence of a non-negative parameter / that
reflects the internal degrees of freedom of a molecule. The model is prescribed by
the one-body distribution function f (X, ¢, ¢, I), where x, ¢, ¢ and I are, respectively,
the position, the velocity of a molecule, the time and the specific internal energy of
a molecule. The rate of change of the distribution function in the absence of external
force is determined by the Boltzmann like equation:

O f +cidif=0(f), (2)

where the symbols d; and 9; denote partial derivatives with respect to # and x; (i =
1,2, 3).! The collision term Q(f) in the right-hand side of (2) also takes into account
the influence of the internal degrees of freedom through the collisional cross section.

2.1 Balance equations and velocity independent fields

Let us study a one-dimensional problem along the x (= x1)-axis. In the MET theory,
the evolution of a nonequilibrium state of a gas is described by the following balance
equations obtained from (2):

1 Throughout the paper, summation with respect to repeated indexes is assumed, where the range of the
sum is to be understood in the context: when the index represents a spatial coordinate, the range of the sum
is from 1 to 3; in all the other cases the sum is intended over the variability region of the repeated indexes.
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3 Fpg+Fprig="Ppg. 4Gy g +uGpirg =0p.y» 3)

where 9, denotes the partial derivative with respect to x, and the indexes are the
non-negative integers satisfying

0<p+2g<N, 0<p +2¢ <M.

The system (3) is denoted as “(N, M)-system”. The moments are defined as follows:

o q
F,,,qz// mf (c1)” (c2) 1 dlde,
R3Jo

o0 21 ’ l]/
/gl = 2 —_— p 2 8
Gy /R}/O mf (c + m)(c1) (c) P dlde,

and the production terms P, 4 and Q. are defined in a similar way as follows:

Ppq = / / T (c2)" I’ dlde,
R3Jo
o 21 ’ q’
Qp.q' =/R3/0 mQ(f) (cz+ Z) (c1)? (62) I’dlde,

where ¢2 = ¢jc; and § = (D —5) /2 (§ > —1) so as to recover the caloric equation of
state for polyatomic gases in equilibrium (1);.

It is worth noting that the first two equations of the F-hierarchy represent the
conservation laws of mass and momentum, the first equation of the G-hierarchy rep-
resents the conservation law of energy. Therefore the first 14 fields are identified as
the macroscopic variables commonly used:

Foo=p, Fio=pv, Fao=p+I—o+pv?, Foi=3(p+I)+pv?

Goo =2pe + pv*, Gio=2q+2(pe+p+ 11 —0o)v+ pv’,

“)
where v, ¢, I1, and o being, respectively, the velocity, the heat flux, the dynamic
pressure and the shear stress.

In [8], it was proved that the requirement of the Galilean invariance of the system
implies M < N — 1. This requirement and one more requirement that equilibrium
characteristic velocities depend on the degrees of freedom D bring us to the conclusion:
M = N — 1. The Euler system ((1, 0)-system) with 5 moments: Fy o, F1,0, Go,0, and
the ET theory with 14 moments: Fy o, F1,0, F2.0, Fo,1, Go,0, G1,0 ((2, 1)-system) are
typical examples of this case. In the present and next section, we concentrate on the
study of the (N, N — 1)-system.

By adopting the peculiar velocity C1 = c1 — v instead of the velocity of a molecule
c1,the moments are expressed in terms of the velocity independent variables as follows:
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p q,r—2s,s Fr72s,s >

i

IIP42
”M\ ngl

~ ~ 2 A
p ,q',r' =255 (Gr/72s’,s/ +2vF, '—2s"+1,s’ +v7F, ’723/,3’) ,

where variables with a hat are the velocity independent variables. The coefficients are
defined as follows:

Xp.g.rs
min(p+q—r—s,q—s)
Z ( p )( q )(‘I - ‘Y)zq—s—ju17+2q—(r+2s)
— j=max(0,q—r—s) ptq—r=s—Jj g =S J .
ifg>sandp+q>r+s
0 otherwise

)
2.2 Closure by means of MET near equilibrium

In equilibrium, the distribution function f¥ is obtained by Pavi¢, Ruggeri and Simi¢
[7] (see also [24]) as follows:

fE 1 p m 3/2 m 4 21
= — €X — — .
AT) m \27kgT P\ " 2kpT m

The normalization function A(T) is given by

A(T) = /OO exp (—L) 1°dI = (kgT)'°T (1 +9),
o kgT

where I' denotes the gamma function.

Near equilibrium, the distribution function f is expanded around f%. Then the
constitutive equations for fluxes are obtained explicitly by means of MET [1,6]. For
simplicity, let us introduce a vector U that denotes a set of velocity independent part

" ~ 1 o
of densities and a vector U that denotes a set of velocity independent part of fluxes:

0(5) 0-(E)

Gpy Gptiq

As the result of the closure, the fluxes are expressed by the densities as follows:
X1 ~l -1z X A N X A1 ~1\E
0'=J'(3) 0. 0=0-0" 0'=0"-(0) . ©6)

where the superscript “E” means that a quantity is evaluated in a local equilibrium state
and therefore a quantity with a tilde indicates the nonequilibrium part. The coefficient
matrices are defined as follows [8]:
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jM j1|E fM fl|E
j _ p+r.q+s £I+r’,q+s’ jl _ ptr+l,q+s £1+r’+l,q+s’
—\ 7UE 72|E ’ —\ jlUE ~I|E )

Jp/+r,q’+s ‘]p/+r’,q’+x/ p'Hr+1,q'+s Jp/+r’+1,q/+s’

where the elements are given by

)4 P
. kpT\ 219 22+4 3 1+ (=17
Mo _m (kT 22 (e S ) IR CEDT
Pq kp m p+1 2 JT

~ ~ k ~
1E _ M *B M
prq _Jp’qﬂ +2m T(1 +8)J[,,q,

o A k A k A
2|E M B M B M
Jp,lq =Jpq+2t 4;“1 +9)(2+9) (Jp,q+1 * ZT(Z + 8”1%!1) :

3 Singular limit of polyatomic gases to monatomic gases

In [22], it was shown that the nonequilibrium parts of the difference between F' and
G-series play arole of the characteristic nonequilibrium variables of polyatomic gases:

A ~ ~

Hp//’q// = Fp”,q”+1 — Gp//’q//, (O g p” =+ 2q// < N — 2)

The dynamic pressure I7 is the first component of 1 p.q" €xcept for the factor 1/3.
We call these multi-index tensors I7 p.q" the dynamical multi-index pressure tensors.

The evolution of the dynamic pressure tensors can be studied by taking (F 0,05 G e
ﬁp//,qn, v}} as independent variables instead of {ﬁp,q, ép/,q/, v}. In the limit of
D — 3@ — —1) wherfA: D is assumed to be a continuous variable, it is proved
that the field equations of I7,~ ,» with closed fluxes (6) are the first-order quasi-linear

partial differential equations with respect to I p".q- Imposing the initial condition
compatible with a property of monatomic gases, i.e.,
Hp//’qu (x’ 0) = 0,
and assuming the uniqueness of the solution of IT p”.q"» WE obtain
My gr(x,1) =0, Vvt

It is also proved that the balance equations of non-vanishing fields {F} 0, G 4/}
have the same hierarchy structure as that of monatomic gases. In the singular limit,
since we have

lim G, o= lim F, ,41,
Do P pos Pha

the system of field equations of {limp_.3 F} 0, limp_.3 G, ,/} can be rewritten as
follows:
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o (m, )+ (fm, Fron) = im, P

O | im Fpx gxqq )+ 0; | lm Fpeaq gxaq | = lim Ppx g+,
tD_)3p,q+ "\p>3 prrlatt D—>3pqur

where the non-negative integers satisfy p* + 2¢* = N — 1. This system of balance
equations, called ((N + 1)7)-system, has a single hierarchy. The (37)-system with
13 moments; Fo o, F1.0, F2.0, Fo.1, F1.1 is a particular example.

To sum up, in the singular limit, the dynamical pressure tensors vanish and the
polyatomic (N, N — 1)-system with binary hierarchy structure coincides with the
monatomic ((N + 1)7)-system with single hierarchy structure.

Similar to this result it is also proved that (N 4+ 1)7, M)-system with M < N — 1
of which characteristic velocities do not depend on D also converges to ((N + 1)7)-
system. One of the examples is the ET theory with 6 moments; Fo 0, F1,0, F0.1, Go.0,
((27, 0)-system) [25-27]. This theory is the simplest theory next to the Euler sys-
tem, and recently the theory with nonlinear constitutive equations was proposed and
developed [28-32]. In the singular limit, the (27, 0)-system converges to the Euler
system for monatomic gases ((27)-system) [21]. The ET theory with 17 moments;
Fo.0, F1.0, F2.0, Fo.1, F1.1, Go.0, G1,0, ((3™, 1)-system) is another example. This the-
ory is in full agreement with the kinetic theory of polyatomic gases [33] that introduces
an internal mode of the energy and the internal heat flux. In the singular limit, the
(37, 1)-system converges to the (37)-system.

4 Examples of the convergence of the solutions in the singular limit

Let us study the asymptotic behaviors in the dispersion relation of sound waves and
the dynamic structure factor in light scattering when D approaches 3. See also [22].
As particular examples, we consider the convergence of the (2, 1) and (37, 1)-systems
to (37)-system, and of the (3, 2) and (47, 2)-systems to (47 )-system. As seen in (4),
the dynamical pressure tensor of (2, 1)-system is only the dynamic pressure /7. For
(37, 1) and (3, 2)-systems and (47, 2)-system, the dynamical pressure tensors are,
respectively, IT and 1:[1,0, and I1, IAYLO and ﬁz,o.

In the present analysis, we adopt, as simplest example, the BGK-model which close
the production terms by the densities as follows:

~ 1 -~
Ppq = _;Fp,q’ Qp.q = _;Gp/»q’v

where T denotes the relaxation time.

4.1 Linearized system
Usually we are interested in the time evolution of the nonequilibrium part of the fields

in addition to the hydrodynamic variables p, v and ¢. Therefore we adopt the following
variables as independent fields:
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~

X X - x T
u = (105 v, F0,17 F2,Os ceey Fp,q! &, GI,O’ ] GP',(]’) :

Let ¢ be a constant equilibrium state, then the linearized system for the perturbed
field & around ug ( = @o + @) is written as follows:

Hp oty + HYoi; = HY ;. 7

The coefficients are defined by

> . — 2 7l o= =
(BikUk) ifi; =10 (Uz + B’kU")o ifu;=v
HO = ~ 0 Hl = 71
ij aU; . ’ ij aU; . ’
(W) otherwise (W) otherwise
ilo "o
HP — 0 ifu;=p,v,&
H - %8; j otherwise

where the subscript “0” indicates a quantity evaluated at the reference equilibrium
state, and Bjy is an element of the following matrix:

o= (st )
26P/+],r8q/,s AP/’ql’r/’S/ '
The element A, , ¢ is determined by (5) [1,34] as follows:

Apg.rs

min(p4q—r—s,g—s) (

—s i .
p+q —f—s —j) (q ZS) (qj )(P+2q —(r+29)217 80 251 ifg = sandp g >+

j=max(0,q—r—s)

0 otherwise

4.2 Dispersion relation of sound wave in the singular limit

We study one-dimensional linear harmonic waves with the wave form:

i = l—lAmpei(wt—kx)’ (8)

where #4™ is the constant amplitude vector, w is the frequency, and k is the complex
wave number. In [22], the asymptotic behaviors of the phase velocity and the attenua-
tion factor are studied. Hereafter, we study the attenuation per wavelength «; because
this qunaitity is important in experiments and is discussed in the context of ET [15].
By inserting the waveform (8) into the linearized system of field equations (7), we
obtain the dispersion relation [14,35,36], from which «;, is derived as the function of w:

3(k)
R(k)"

oy (w) = 21
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S 4' T N, T S 4' — T
3L D=6 \v\ i 3L D=6 |
Fo-oo (2,1)-system N g b - (3,2)—system
2 (3, D-system N\ " E 2F (4 ,2)—system ‘ |
b — (3 )-system = o I — @ )-system
1 Z 1+ 2 i
— =
L = L =
L= =
0 = 0 il
4 L VA 4 T
31 D=3.5 ] sk D=3.5 ]
2L i oL ]
1k i 1 ]
0 I | | 0' | I M
4 — T T 4 — T QS T
5L D=3 i L D=3 \ i
, , \
\
ok i oL . ]
[ [ A
1+ B 1+ N
I S
0 — AR, 0 rerere e EE O B
1072 107! 10° 10! 1072 107! 10° 10!
n 2

Fig. 1 Dependence of the attenuation per wavelength of (2, 1), (37, 1) and (37 )-systems (left) and of
(3,2), (47,2) and (47 )-systems (right) on the dimensionless frequency for D = 6, 3.5, 3. The solid
lines denote the monatomic (37) and (47 )-systems. The dashed lines denote the polyatomic (2, 1) and
(3, 2)-systems. The dotted lines denote the polyatomic (37, 1) and (4™, 2)-systems

In Fig. 1, we show the dependence of o) with D = 6, 3.5, 3 on the reduced
frequency Q2 (= tw) inthe (2, 1), (37, 1), (3,2) and (47, 2)-systems. When D — 3,
the dispersion relations of both (2, 1) and (37, 1)-systems approach uniformly the
dispersion relation of (37)-system of monatomic gases. We notice that a mode of
(37, 1)-system that comes from the system of the field equations of the dynamical
pressure tensors has no counterpart in ET of monatomic gases. Since the solutions of
such variables are zero in D — 3 because of the initial condition, the amplitude of this
mode is zero. Similarly, the dispersion relations of both (3, 2) and (4™, 2)-systems
approach uniformly the dispersion relation of (47)-system of monatomic gases.

4.3 Light scattering
We analyze the asymptotic behavior of light scattering. The light scattering occurs

due to the fluctuations in the mass density p through the dielectric constant € (p), and
the intensity of scattered light is directly related to the dynamic structure factor [1,6]:

1 (3> R
S(q,w) = = (5) N(8p™ (g, 0)85(q., 5))s=icw-

where ¢ is the scattering vector, magnitude of which is ¢ = (4 /A) sin(6/2) with
A and 0 being the wavelength of the incident light and the scattering angle, w is the
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T T T T T T

12 D= (2,1)—system | 1.2 [ D=6 [\ — (3,2)-system |
-------- (37,1)—system t | e (47,2)-system
08 r — (3 )-system 08 r Y| —— (4 )-system
w [ \ - o L
[ N // N\ SR [ VAN Py ]
04 F ~ 4 - 04+ AN 7 ]
[ [ AN ISR\ 1
[ L. S8l [ ]
0.0L | 1 1 0.0 1 1 1
12 T T T ] 12F T T T ]
D=3.5 D=35
0.8 - B 0.8 B
<N N)l
04l = ] 04 ]
ool 0 S 0.0 - ruet R R B
1aF T T T ] 12F T T T ]
r D=3 r D=3 1
08k 1 08} 1
«n [ @ [ ]
04 ] 04l ]
0ot Y 0.0L e R B .
-2 -1 0 1 2 -2 -1 0 1 2

X

Fig. 2 The relative intensity of the dynamic structure factor of (2, 1), (37, 1) and (37)-systems (left)
and of (3,2), (47,2) and (47)-systems (right) for D = 6, 3.5, 3. The solid lines denote the monatomic
(37) and (47 )-systems. The dashed lines denote the polyatomic (2, 1) and (3, 2)-systems. The dotted lines
denote the polyatomic (37, 1) and (47, 2)-systems

shift in angular frequency, and (§p*(q, 0)8p(q, s)) is the Laplace transform of the
autocorrelation of the density fluctuations (8p*(q, 0)3p(q, t)) where { ) denotes the
thermal average and 8p(q, t) is the Fourier transform of the mass density fluctuation
Sp(x,t).

It is useful to introduce the following dimensionless quantities:

w 1
X = _—, y = s
voq Tvoq

where vg = +/2kpTy/m. The relative intensity of S(q, w) can be expressed as a
function of x, y, D. Usually the case of large y is referred to as the hydrodynamic
region and the case of small y as the kinetic region. In particular, in the kinetic region,
the superiority of ET comparing to NSF becomes notable [1,18]. Therefore we study
the asymptotic behavior in such region.

In Fig. 2 the dependences of the relative intensity of the dynamic structure factor
S’(x, y) on x with y = 0.5 are shown for D = 6, 3.5, 3. We define S’(x, y) as
follows:
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A S(x,y)
S s = = —
(x )’) f;c:_fooo S(x, y)dx

—1
w (51wt () )
—_ 11

1
s (s ) ) ) )

3

where I is an identity matrix. We notice that the profiles of S’(x, y) of (2, 1) and
(37, 1)-systems and of (3, 2) and (4, 27 )-systems, respectively, approach uniformly
the corresponding profiles of monatomic gases in the singular limit.

5 Summary and concluding remarks

We have briefly summarized the singular limit of MET for polyatomic gases to the
one for monatomic gas, that is, the convergence of the (N, N — 1)-system with binary
hierarchy to the ((N + 1)7)-system with single hierarchy. Basing on this result we
have shown the asymptotic behaviors of attenuation per wavelength of sound wave
and of the dynamic structure factor. From these behaviors the role of the dynamical
pressure tensors has been shown explicitly.

We make the following two remarks:

(i) The results exhibited in the present paper are also true for other systems [22].
In particular, (N)-system that is usually studied in the context of ET is derived
as the singular limit of (N, M)-system with M < N — 1 where equilibrium
characteristic velocities do not depend on D. In other words, the physically
relevant system for monatomic gases is (N~ )-system instead of (N)-system.

(i1) In the present study, we adopt the BGK model. However, in practical problems,
there exist several kinds of the relaxation times and the difference of the order
of magnitude between the relaxation times plays an important role [37].

Acknowledgements This work was partially supported by Japan Society of Promotion of Science (JSPS)
No. 15K21452 (T.A.) and No. 25390150 (M.S.), and by National Group of Mathematical Physics GNFM-
INdAM and by University of Bologna: FARB 2012 Project Extended Thermodynamics of Non-Equilibrium
Processes from Macro- to Nano-Scale (T.R.).

References

1. Miiller, I., Ruggeri, T.: Rational Extended Thermodynamics, Springer Tracts in Natural Philosophy,
vol. 37, II edn. Springer, New York (1998)

2. Miiller, I., Ruggeri, T.: Extended Thermodynamics, Springer Tracts in Natural Philosophy, vol. 37, I
edn. Springer, New York (1993)

3. Dreyer, W.: Maximization of the entropy in non-equilibrium. J. Phys. A Math. Gen. 20, 6505-6517
(1987)

4. Boillat, G., Ruggeri, T.: Moment equations in the kinetic theory of gases and wave velocities. Contin.
Mech. Thermodyn. 9, 205-212 (1997)

5. Liu, I.-S., Miiller, 1., Ruggeri, T.: Relativistic thermodynamics of gases. Ann. Phys. 169, 191-219
(1986)

@ Springer



Arima et al.

10.

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

. Ruggeri, T., Sugiyama, M.: Rational Extended Thermodynamics beyond the Monatomic Gas ISBN

978-3-319-13340-9. Springer, Cham (2015)

. Pavi¢, M., Ruggeri, T., Simi¢, S.: Maximum entropy principle for rarefied polyatomic gases. Phys. A

392, 1302-1317 (2013)

. Arima, T., Mentrelli, A., Ruggeri, T.: Molecular extended thermodynamics of rarefied polyatomic

gases and wave velocities for increasing number of moments. Ann. Phys. 345, 111-140 (2014)

. Arima, T., Mentrelli, A., Ruggeri, T.: Extended thermodynamics of rarefied polyatomic gases and

characteristic velocities. Rendiconti Lincei Matematica e Applicazioni 25, 275-291 (2014)

Bourgat, J.-F., Desvillettes, L., Le Tallec, P., Perthame, B.: Microreversible collisions for polyatomic
gases. Eur. J. Mech. B/Fluids 13, 237-254 (1994)

Arima, T., Taniguchi, S., Ruggeri, T., Sugiyama, M.: Extended thermodynamics of dense gases. Contin.
Mech. Thermodyn. 24, 271-292 (2011)

Arima, T., Sugiyama, M.: Characteristic features of extended thermodynamics of dense gases. Atti
della Accademia Peloritana dei Pericolanti 91(S1), A1-A15 (2013)

. Ruggeri, T., Sugiyama, M.: Recent developments in extended thermodynamics of dense and rarefied

polyatomic gases. Acta Appl. Math. 132, 527-548 (2014)

Arima, T., Taniguchi, S., Ruggeri, T., Sugiyama, M.: Dispersion relation for sound in rarefied poly-
atomic gases based on extended thermodynamics. Contin. Mech. Thermodyn. 25, 727-737 (2013)
Arima, T., Taniguchi, S., Ruggeri, T., Sugiyama, M.: A study of linear waves based on extended
thermodynamics for rarefied polyatomic gases. Acta Appl. Math. 132, 15-25 (2014)

Taniguchi, S., Arima, T., Ruggeri, T., Sugiyama, M.: Thermodynamic theory of the shock wave structure
in a rarefied polyatomic gas: Beyond the Bethe—Teller theory. Phys. Rev. E 89, 013025 (2014)
Taniguchi, S., Arima, T., Ruggeri, T., Sugiyama, M.: Shock wave structure in a rareed polyatomic gas
based on extended thermodynamics. Acta Appl. Math. 132, 583-593 (2014)

Arima, T., Taniguchi, S., Sugiyama, M.: Light scattering in rarefied polyatomic gases based on extended
thermodynamics. In: Proceedings of The 34th Symposium on Ultrasonic Electronics. pp. 15-16 (2013)
Barbera, E., Brini, F., Sugiyama, M.: Heat transfer problem in a van der Waals gas. Acta Appl. Math.
132, 41-50 (2014)

Arima, T., Barbera, E., Brini, F., Sugiyama, M.: The role of the dynamic pressure in stationary heat
conduction of a rarefied polyatomic gas. Phys. Lett. A 378, 2695-2700 (2014)

Arima, T., Taniguchi, S., Ruggeri, T., Sugiyama, M.: Monatomic rarefied gas as a singular limit of
polyatomic gas in extended thermodynamics. Phys. Lett. A 377, 2136-2140 (2013)

Arima, T., Ruggeri, T., Sugiyama, M., Taniguchi, S.: Monatomic gas as a singular limit of polyatomic
gas in molecular extended thermodynamics with many moments (submitted)

Borgnakke, C., Larsen, P.S.: Statistical collision model for Monte Carlo simulation of polyatomic gas
mixture. J. Comput. Phys. 18, 405-420 (1975)

Desvillettes, L., Monaco, R., Salvarani, F.: A kinetic model allowing to obtain the energy law of
polytropic gases in the presence of chemical reactions. Eur. J. Mech. B Fluids 24, 219-236 (2005)
Arima, T., Taniguchi, S., Ruggeri, T., Sugiyama, M.: Extended thermodynamics of real gases with
dynamic pressure: An extension of Meixner’s theory. Phys. Lett. A 376, 2799-2803 (2012)

Arima, T., Ruggeri, T., Sugiyama, M., Taniguchi, S.: On the six-field model of fluids based on extended
thermodynamics. Meccanica 49, 2181-2187 (2014)

Taniguchi, S., Arima, T., Ruggeri, T., Sugiyama, M.: Effect of dynamic pressure on the shock wave
structure in a rarefied polyatomic gas. Phys. Fluids 26, 016103 (2014)

Arima, T., Ruggeri, T., Sugiyama, M., Taniguchi, S.: Nonlinear extended thermodynamics of real gases
with 6 fields. Int. J. Non-Linear Mech. 72, 6-15 (2015)

Ruggeri, T.: Non-linear maximum entropy principle for a polyatomic gas subject to the dynamic
pressure. Bull. Inst. Math. Acad. Sin. (New Ser.) 11, 1 (2016)

Taniguchi, S., Arima, T., Ruggeri, T., Sugiyama, M.: Overshoot of the nonequilibrium temperature in
the shock wave structure of a rarefied polyatomic gas subject to the dynamic pressure. Int. J. Non-Linear.
Mech. 79, 66 (2016)

Arima, T., Ruggeri, T., Sugiyama, M., Taniguchi, S.: Recent results on nonlinear extended thermo-
dynamics of real gases with six fields. Part I: general theory. Ricerche mat (2016). doi:10.1007/
s11587-016-0283-y

Taniguchi, S., Arima, T., Ruggeri, T., Sugiyama, M.: Recent results on nonlinear extended thermody-
namics of real gases with six fields. Part II: shock wave structure. Ricerche mat (2016). doi:10.1007/
s11587-016-0280-1

@ Springer


http://dx.doi.org/10.1007/s11587-016-0283-y
http://dx.doi.org/10.1007/s11587-016-0283-y
http://dx.doi.org/10.1007/s11587-016-0280-1
http://dx.doi.org/10.1007/s11587-016-0280-1

Molecular extended thermodynamics: comparison... 13

33. Zhdanov, V.M.: The kinetic theory of a polyatomic gas. Sov. Phys. JETP. 26, 1187-1191 (1968)

34. Ruggeri, T.: Galilean invariance and entropy principle for systems of balance laws. The structure of
extended thermodynamics. Contin. Mech. Thermodyn. 1, 3-20 (1989)

35. Muracchini, A., Ruggeri, T., Seccia, L.: Dispersion relation in the high frequency limit and non-linear
wave stability for hyperbolic dissipative systems. Wave Motion 15, 143-158 (1992)

36. Banach, Z., Larecki, W., Ruggeri, T.: Dispersion relation in the limit of high frequency for a hyperbolic
systems with multiple eigenvalues. Wave Motion 51, 955 (2014)

37. Rahimi, B., Struchtrup, H.: Capturing non-equilibrium phenomena in rarefied polyatomic gases: A
high-order macroscopic model. Phys. Fluids 26, 052001 (2014)

@ Springer



	Molecular extended thermodynamics: comparison between rarefied polyatomic and monatomic gas closures
	Abstract
	1 Introduction
	2 Molecular extended thermodynamics for rarefied polyatomic gases in one-dimensional case
	2.1 Balance equations and velocity independent fields
	2.2 Closure by means of MET near equilibrium

	3 Singular limit of polyatomic gases to monatomic gases
	4 Examples of the convergence of the solutions in the singular limit
	4.1 Linearized system
	4.2 Dispersion relation of sound wave in the singular limit
	4.3 Light scattering

	5 Summary and concluding remarks
	Acknowledgements
	References




