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To kinetically model implosion- and explosion-related phenomena, we present a theoretical framework
for constructing a discrete Boltzmann model (DBM) with spherical symmetry in spherical coordinates.
To achieve this goal, a key technique is to use local Cartesian coordinates to describe the particle
velocity in the kinetic model. Therefore, geometric effects, such as divergence and convergence, are
described as a “force term”. To better access the nonequilibrium behavior, even though the corre-
sponding hydrodynamic model is one-dimensional, the DBM uses a discrete velocity model (DVM)
with three dimensions. A new scheme is introduced so that the DBM can use the same DVM regard-
less of whether or not there are extra degrees of freedom. As an example, a DVM with 26 velocities is
formulated to construct the DBM at the Navier—Stokes level. Via the DBM, one can study simulta-
neously the hydrodynamic and thermodynamic nonequilibrium behaviors in implosion and explosion
processes that are not very close to the spherical center. The extension of the current model to a
multiple-relaxation-time version is straightforward.
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as follows: According to the Chapman—Enskog analy-

1 Introduction

Compressible flows are ubiquitous in natural and engi-
neering fields. The study of compressible flow is often as-
sociated with the flight of modern high-speed aircraft and
atmospheric reentry of space-exploration vehicles, high-
Mach-number combustion systems [1], hydrodynamic in-
stabilities in inertial confinement fusion [2], materials un-
der strong shock or detonation [3], etc. Common flows
that are generally of large scale and slow kinetic mode
can be described by the Navier—Stokes equations. It has
been known that the Navier—Stokes model encounters
problems in describing shock waves, detonation waves,
boundary layers, microflows, and flows with very quick
kinetic modes. The physical reasons can be understood

*arXiv: 1803.03117.

sis, the Navier—Stokes equations are the set of hydro-
dynamic equations where only the first-order thermo-
dynamic nonequilibrium (TNE) in the Knudsen num-
ber is taken into account. However, the Knudsen num-
bers in those small structures and quick kinetic modes
are not very small, which challenges the validity of
Navier—Stokes modeling. At the same time, in traditional
Navier—Stokes modelling, the TNE effects are coarsely
described by the viscous stress and heat flux with phe-
nomenological constitutive relations.

In recent years, a variety of kinetic models based on
the Boltzmann equation have been proposed to simu-
late nonequilibrium flows [4-23]. The discrete Boltzmann
method (DBM) [24-37] recently developed from the lat-
tice Boltzmann method (LBM) [38-52] belongs to this
category. The Boltzmann equation presents values and
evolutions of all kinetic moments of the distribution func-
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tion. Similar to, but different from, the original Boltz-
mann equation, the DBM presents not only values and
evolutions of conserved kinetic moments (density, mo-
mentum, and energy) but also those of some noncon-
served kinetic moments. The former correspond to those
described by hydrodynamic equations; the latter com-
plement the former in providing a finer description of
specific status and can help to understand the nonlinear
constitutive relations of nonequilibrium flows [24, 25].
In recent years, the DBM has brought some new physi-
cal insights into the fundamental mechanisms of various
complex flow systems. For example, the TNE intensity
has been used to discriminate the spinodal decomposi-
tion stage and the domain growth stage in phase sepa-
ration [28]; the abundant TNE characteristics have been
used to distinguish and capture various interfaces [26, 29]
in numerical experiments and to investigate the funda-
mental mechanisms for entropy increase [31] in com-
plex flows. Some of the new observations brought by the
DBM, for example, the nonequilibrium fine structures of
shock waves, have been confirmed and supplemented by
the results of molecular dynamics [53-55].

Up to now, most DBM models for compressible flu-
ids are in Cartesian coordinates, except for one in po-
lar coordinates [26]. In traditional modeling of implo-
sion and explosion processes, a one-dimensional hydrody-
namic model is frequently used to describe system with
spherical symmetry and a system with cylindrical sym-
metry with translational symmetry. In this work we aim
to construct a DBM for compressible flow systems with
spherical symmetry.

This paper is organized as follows: In Section 2 we
briefly review the kinetic and hydrodynamic models of
the fluid system. In terms of their correlations, we formu-
late two sets of measures for the deviation of the system
from its thermodynamic equilibrium. The discrete Boltz-
mann models are formulated and some numerical calcu-
lation results are shown in Section 3. Section 4 presents
the discussion and conclusion.

2 Fluid models

2.1 Kinetic model

The Boltzmann BGK model reads
1
Ouf +v-Vf =——(f = ) M

where f = f(R,v,t) = f(z,y,2,0s,0y,05,t), R =
&+ yy + 22, and v = V& + vyY + v, £ in Cartesian
coordinates.

In spherical coordinates, as shown in Fig. 1, the po-
sition R = r7. The three parameters r, 6, and ¢ are
the radial, azimuth, and zenith angle, respectively. The
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Fig. 1 Diagrammatic drawing of spherical coordinate
frame and Cartesian coordinate frame.

unit vectors, 7, é, and ¢, are the changing directions of
the position vector R along the three parameters, r, 6,
and ¢, respectively, i.e., dR = rdr + r0dé + rsin Opdy.
Obviously, 7, é, and ¢ are orthogonal to each other and
satisfy the following relationships: ¢ = 7 x 0,6 = PXT,
7 =0 x @. It is easy to find that

A7 = (@df + 2dy) x 7 = 6d0 + @ sin Odp,
d6 = (¢dh + 2dyp) x 8 = —7df + ¢ cos Ode,
dg = (¢df + 2dg) x ¢ = —(#sinb + 6 cos 0)de.

The particle velocity v can use either of the two sets
of Cartesian coordinates, (&, 9, 2) or (7, 0, @), as follows:
V=0 +v,Y+v.Zorv= v,nf—kvgé—kvwgb, where v, =
VP, V9 =V é, and v, = v - ¢ are the projections of v in
the 7, ] , and ¢ directions, respectively. Correspondingly,
the distribution function f can also be described in two
different forms,

fo(T,G,QD,UI,Uy,UZ,t) (2)

or

f = f(r,@,go,vr,ve,th). (3)

In this work we will use the latter form, Eq. (3). Under
definition (3), it should be stressed that, when we calcu-
late the spatial derivative, V f, even though the particle
velocity v is fixed, its three components vary with the po-
sition R, i.e., v, = v.(R), vg = vp(R), and v, = v,(R).
We use the symbol “V|,” to replace “V” in Eq. (1) to
stress that v is fixed when calculating the spatial deriva-
tives. Thus, Eq. (1) can be rewritten as

1
O+ Vluf = ——(f = f0). @)
According to definition (3),
_ of of of
VIof = Vlvrwow. f+V0r v, Voo g TV, vy’ ©)

Ai-Guo Xu, et al., Front. Phys. 18(5), 135102 (2018)
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where
Vv, = g + v—wgé, (6)
r r
v v, cos 6
Vug = ——0 £ D, 7
ve T rsinf (7)
v +vg Of

3tf +v- V|UT7U97Uwf +

ov, rsin 6 r

For a macroscopic system with spherical symmetry, the
distribution function f does not depend on the angles 6
and o, i.e.,

f:f(rav’rav%upat)z (10)

and f is invariant under the rotation in the subspace of
(vg,vy), ie.,

F(r,vr, 00,00, 1) = f(r, v, 09,05, 1) (11)
when
Ug—l—vf, zvéz—i—vg. (12)

Now, we take vy = vg + dvy and v('i) = v4 + dvg. From
Eq. (11) we can get

f(/r7 Ur, U{g, ’Ufpa t) = f(’l", Ur, Vg, v<p7 t>+§_’(‘idve+§_l‘idv¢7
(13)
which gives
of of
—d ——dvy = 0. 14
Dug v9+8v¢ vy =0 (14)
From Eq. (12) we can get
dvg _ _dvg. (15)
Vg Vo
Therefore,
of of _ 0. (16)

’UGM — /U(pa—ve =
Using the conditions (10) and (16) in Eq. (9) gives

vi+ vy Of  wvg Of
r ov,

atf+v-V|Umvg,Wf—|— ( r 67}9

_wa_f> - _%(f—feq)_ (17)

r O0vy

It is clear that the term

Ai-Guo Xu, et al., Front. Phys. 13(5), 135102 (2018)

2
<v¢ cost  wvp

vv¢=_<”i+”90059> ) (8)

r rsinf

Substituting Eqgs. (5)—(8) into Eq. (4) gives the Boltz-
mann equation in spherical coordinates,

ﬁ_ <vrv¢, N v¢v9cos0> 8_f B

Ovg r rsin 6 Ov, o

()

plays a role similar to that of the “force term” in the
Boltzmann equation in Cartesian coordinates. It creates
divergence or convergence effects in the flow system. As
a first step, here we consider the simplest case where the
thermodynamic nonequilibrium effects resulting from the
pure geometric effects are much weaker than those result-
ing from other kinds of contributions. In such a case, we
can use the approximation f ~ f°¢, when calculating
the “force term”. Such a treatment is reasonable when
the flow behaviors under consideration are not close to
the spherical center. If further we use the macroscopic
condition ug = u, = 0 for spherical symmetry, the final
Boltzmann equation for the flow system with spherical
symmetry becomes

of VU3 Urv?o (vg + vf,) (vp — uy)

P Y
S il R T

= Lo gy, (18)

T

A

2.2 Hydrodynamic model

The Navier—Stokes equations in Cartesian coordinates
read

9 . d(pua)

5t g =0, (19a)
0(pua) = O(puqug) OPdng  0Ooap
= 1

ot + O0x O0x g O0x3 ’ (19b)
0 1, 0 1,
o (pE—I— §pu ) + % {ua (pE-i— Epu +P>]

0

= 90 [Qa + ugoag). (19¢)

In the left-hand side of Egs. (19a)—(19¢), p, u, P = pRT,
E=(D+n)RT/2, T, and y=(D+n+2)/(D+n) are the hy-
drodynamic density, flow velocity, pressure, internal en-
ergy, temperature, and specific-heat ratio, respectively.
R is the gas constant. o = x, y, or z. u? = w-u. D is the
space dimension and n is the number of extra degrees of
freedom. In the right-hand side of Egs. (19b)—(19¢),

_|Oug | Oug 2 Ou
Tap = K [87",1 + org a (D B /\) ory 50‘4 (20)

is the viscous stress and
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2 Qe

@ = 5",

(21)

is the heat flux. The two parameters g and A are the
coeflicients of viscosity and the parameter  is the co-
efficient of heat conductivity. e = DRT/2 is the trans-
lational internal energy. It is clear that P = 2pe/D.
When the viscosities and heat conductivity vanish, the
hydrodynamic equations, Egs. (19a)—(19c), become the
Euler equations.

[[ £e1avan—p.
// flvadvdn = pug,
D 2
// fe4(v? +n?)dvdn = 2p ( * Dt u_) ,
D 2
// flvqvgdvdn = Pdag + puqug,

D 2 2
// Fe1(v* + nHvadvdn = 2p (%e + %) U,

// Fvqvgvdvdn = pRT (uadpy + Uglay + Uydag) + PUUBUy,

D+n+2 u?

. 4
/ FU* + P vaugdudn = 5Pe (Te + ?> 0ap + 2puqug (Te t5

are needed in the Chapman—Enskog analysis, where 7 is
a parameter describing the fluctuating velocity in the n
extra degrees of freedom, n2 =1 - n, and

(v—u)? + 7
ORT

1 >(D+n)/2

Foto.m=o( -7

| e

exp [—

The Chapman—Enskog analysis gives the following con-

2
3tp + <8t + ;) (pu,n) = 0,

2.3  From the kinetic model to the hydrodynamic model
The Chapman—Enskog multiscale analysis shows that the
Navier—Stokes equations, Eqs. (19a)—(19c¢), are the set
of hydrodynamic equations from the Boltzmann BGK
equation, (1), when only the first-order terms in the
Knudsen number are taken into account. Among the in-

finite number of velocity kinetic moment relations of f¢9,
only

(22a)
(22b)
(22c)
(22d)
(22¢)
(22f)

D+n+4 u?
), (228)

stitutive relations for the Navier-Stokes model, (19a)-
(19¢):

2n k_D+n+2

DD+n) "~ D T

2
= 7 pet, A=

Under spherical symmetry, the Navier—Stokes equa-
tions read

8t(pur) + (87‘ + ;) (purur) + 0rp = Oy {M |:(2 - %) Oy + A8TUT:| } )

o [p (E 4 “;)] 4 (ar 4 ;) {pur (Eﬁé)] 4 (&—&-%) (pur) =, {%fi@re—kuru K%%) 6rur+)\6Tur] } ,

which can be recovered from the kinetic model (18).

2.4 Measurements of nonequilibrium effects

The Chapman-Enskog multiscale analysis tells us that,
as the simplest hydrodynamic model of a fluid system,
the Euler equations completely ignore the TNE behavior.

135102-4

(24)

The Navier—Stokes equations describe the TNE behavior
via the viscosity and heat conductivity terms. The Eu-
ler model works successfully when we consider the fluid
system in a time scale ty that is large enough compared
with the thermodynamic relaxation time 7. Besides be-
ing applicable to normal high-speed compressible flows,
the Euler model works also for solid materials under a

Ai-Guo Xu, et al., Front. Phys. 18(5), 135102 (2018)
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strong shock. From the mechanical side, compared with
the shocking strength, the material strength and vis-
cous stress are negligible. Consequently, the Euler model
works better with increasing shock strength. From the
aspect of time scales, when we study the shock process,
the time scale ¢y used is generally small enough com-
pared with the time scale ¢;, for heat conduction and
large enough compared with the thermodynamic relax-
ation time 7. In other words, during the time interval un-
der investigation, heat conduction does not have time to
occur significantly and consequently its effects are negli-
gible. For the objective system where the thermodynamic
relaxation time 7 is fixed, if we decrease the observing
time scale tg, we find more TNE effects. The Boltzmann
kinetic model can be used to investigate both the hydro-
dynamic and thermodynamic behaviors.

Following the seven moment relations (22a)—(22g)
used in recovering the Navier—Stokes equations, we de-
fine the following moments:

M;;(f,v):/ fo™dvdn, (25a)

M;,(5.0) = [[ Fo- o) e dudn, (250)
where M, means an nth-order tensor and My, , means
an nth-order tensor contracted from an mth-order ten-
sor. For the case of central moments, the variable v
is replaced with v* = v — w. It is clear that Mg
and M3, are scalars. Each of them has only one com-
ponent. M7 and M3, are vectors. Each of them has
two independent components in the two-dimensional
case or three independent components in the three-
dimensional case. M3 and Mj , are second-order ten-
sors. Each of them has three independent components
in the two-dimensional case or six independent com-
ponents in the three-dimensional case. My is a third-
order tensor and has 4 independent components in the
two-dimensional case or 10 independent components in
the three-dimensional case. Therefore, constraints (22a)—
(22g) are in fact 16 linear equations in f€? in the two-
dimensional case and 30 linear equations in f¢? in three-
dimensional case. We further define

A:n,n(’v) = M:@,n(fv v) - M':;z,n(feqv ’U). (26)

N N
SO 3
i=1 i=1

N N
_ eq _
PUa = E fi Viaw = E fiVias
i=1 i=1

D+n u? al al
2p (D et ) = Yo itk 4 o) = 305 + )
i=1 1=1

Ai-Guo Xu, et al., Front. Phys. 13(5), 135102 (2018)

It is clear that Ag(v) = 0, AJ(v) = 0, and A ,(v) =0
as a result of mass, momentum, and energy conserva-
tion. Except for these three components, the quantity
A}, ,(v) works as a measure for the deviation of the
system from its thermodynamic equilibrium. The infor-
mation of flow velocity w is taken into account in the
definition (26). Similarly,
A:n,n(v*> = M:;l,’ﬂ(f’ ’U*> - M:;L,n(feqv U*)' (27)
Except for Ag(v*), Aj(v*), and A5 ((v*), the quantity
A}, ,(v*) works as a measure for the deviation of the
system from its thermodynamic equilibrium, where only
the thermal fluctuations of the molecules are considered.

3 Discrete Boltzmann models for systems
with spherical symmetry

There are two key techniques used in constructing the
DBM with force terms. The first is to calculate the veloc-
ity derivative of f, f/0v, before discretizing the particle
velocity space. As a first step, one can consider the case
where f can be approximated by f€? in the force term.
The second technique is to write the discrete equilibrium
distribution function f{ as a function of the discrete ve-
locities, where 4 is the index of the discrete velocity.

For constructing the DBM for systems with spherical
symmetry, we use Eq. (18). We have

6fi Uir”?a UiTvizga _ (Uz'29 +vi2cp) (viT - u)

g 2 eq
Wfitvieg + =7 + 7 T fi
_ L e
- T(fz fl )7 (28)

where f; (ff?) is the discrete (equilibrium) distribu-
tion function and wv; is the ith discrete velocity, with
i =1,...,N, where N is the total number of the dis-
crete velocity points.

The fundamental requirement for a DBM is that it
should recover the same set of hydrodynamic equa-
tions as those given by the original continuous Boltz-
mann equation. The Chapman—Enskog multiscale analy-
sis shows that, only if the seven moment relations (22a)—
(22g) can be calculated equally in the summation form
as follows:

(29a)

(29b)

(29¢)
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N
Péag + puqug = Z I iquig,

(29d)
i=1
D 2w J
”<+3+“@>%:§ﬁ%%ﬁmm (290)
PRT (uadpy + ugday + Uybap) + puatpsty = Z I iavig Uiy, (291)
4 D 2 2 D 4 2
poe (P e ) s 2o (BT ) = A (29

can the Navier-Stokes model, (19a)—(19¢), be recovered
from the DBM, (28). Following the same idea as in defi-
nitions (25a)—(25b), we define the following moments of
the discrete distribution function f;:

}:vmﬁ,

Zfz vr v 4 ) 7

M (fi, ;) (30a)

n(fisv3) (30D)

where M,, means an nth-order tensor and M,, ,, means
an nth-order tensor contracted from an mth-order ten-
sor. For the case of central moments, the variable v
is replaced with v* = v — w. Constraints (29a)—(29g)
are in fact 16 linear equations in f/? in the two-
dimensional case and 30 linear equations in f;? in the
three-dimensional case. Following the same idea as in
definitions (26) and (27), we further define

Am,n(vi) = Mm,n(fia Ui) - Mm,n(fieqa Ui)7 (31)
Ay (V]) = Moo (fi,0]) — Mo (fi%,0]). (32)

7 ) K3
Except for Ag, Ay, and Ay, the quantity A,, , works
as a measure for the deviation of the system from its
thermodynamic equilibrium.
Constraints (29a)—(29g) can also be rewritten as

fr=c-f, (33)

where f¢¢ = [T and f¢¢ = [f{]T are column vectors
with Kk =1,2,..., N, and C is an N x N matrix whose
components are determined by wv; if the parameter 7; is
fixed. It is clear that

fei=C'. fea, (34)

Obviously, in choosing the DVM, one must ensure the
existence of C~!. The specific choice of the DVM de-
pends on the compromise among the following points:
(i) numerical efficiency, (ii) numerical stability, and (iii)
local symmetry of relevant kinetic moments. We work in
the frame in which the particle mass m = 1 and the gas
constant R = 1.

135102-6

T

If we require the DBM to recover the Navier—Stokes
equations in the continuum limit, the DBM needs a DVM
with three dimensions.

3.1 Case with v =5/3

We first consider the simple case where the specific-heat
ratio is fixed at v = 5/3. We set n; = 0 and n = 0 in
constraint (29g). Among the seven moment constraints,
(292)—(29g), only five are independent. We do not use
constraints (29¢) and (29¢). The five independent con-
straints can be rewritten as 26 independent linear equa-
tions in ff?. Now, we fix the components fi¢ of fed.
Here N = 26.

From constraint (29a), we have ff? = p. From con-
straint (29b), we have f$7 = pu,, f3
Af = pl. From constraint (29d), we have f5 =
P+pu,n, f& = purg, 29 = pupuy, f$1 = P+ pul,
= pugly, and f10 = P+pu2 From constraint (29 f),

0);

= pue, and

we have f
Feq

plT(Bu,) + u3], fid = p(Tug + uiu
13 = p(TuAg, +upuy), fii = P(T“r + upup), fg
PA(Uru9ucp)7 fleg = p(Tu, + Zir ) f17 = p[T'(3ug) + u9]7
18 = plTup + ujuy], fig = p[Tug + ug;UG]a and
fe8 = p[T(3uy,) + u?]. From constraint (29g), we have
fst = pT(5T+u?)+pul(TT +u?), f5§ = pu,ug(TT+u?),
f5g = purug(TT+u?), fof = pT(5T+u?)+puf (TT+u?),
fi = pueu¢(7T + u?), and fi = pT'(5T + u?) +

2pul (7T + u?).

Because the system is spherically symmetric on the
macroscopic scale, vy = u, = 0 and u? = u? in the
above expressions for fe4 = [f7, fe ... f\ﬂT.

The components of the matrix C = [Cy] = [Ci]

should be fixed in the same sequence, where k =
1,2,...,26 and ¢ = 1,2,...,26. From constraint (29a),
we have Cy; = 1. From constraint (29b), we have
Csi = vy, C3; = vy, and C4i = vip. From constraint
(294d), we have Cs; = v2., Csi = vipvig, Cri = VirVig,
Cg; = vw, Coi = VipVip, and 0102 = via From con-
straint (29f), we have Cr1i = v3., Cra; = v2v59, Ci3; =
Ufrvupa Cl4z - Uzrvlea 0157, - vzrvlevupa 0161 = Uzrvig?

and 0201 = 1}3

Ciri = Uzm Cigi = v; (-)Uzgm Crgi = 'UZGU ip*

i)

Ai-Guo Xu, et al., Front. Phys. 18(5), 135102 (2018)
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From constraint (29g), we have Ca1; = (07, +0j+v7,)v7,,
Co9; = (U%T+U?9+U?¢)virvi9, Cog; = (U%T+Uz29+012¢)0irvi¢,
Cosi = (V3 + v + 07, v, Casi = (V7. + iy + 07, )vigvie,
and Cgei = (’Uigr + ’U?g + vio)v%w.

An example of the three-dimensional 26-velocity
(D3V26) DVM is as follows:

(0,+1,41)¢y, i=1,...,4,

v =1 (£1,0,+£1)c;, i=5,...,8, (35a)
(£1,41,0)c1, i=09,...,12,

v; = { (£1,£1,£1)cp, i=13,...,20, (35b)
(£1,0,0)cs, i =21,22,

v; =19 (0,£1,0)c3, i=23,24, (35c¢)
(0,0,+1)cs, = 25,26.

The schematic of the discrete velocity model is shown
in Fig. 2. The expressions for the inverse of the matrix
C, C~!' = [C; "], can be easily obtained by using MAT-
LAB software, then a specific example of the DVM is
formulated.

Up to this step, a specific discretization of the veloc-
ity space has been performed. Consequently, the DBM
for a system with spherical symmetry and v = 5/3 has
been constructed. The spatial and temporal derivatives
of the distribution function in the kinetic model can be
calculated in the normal way. If we are not interested
in the extra degrees of freedom other than the transla-
tional ones, the formulated DBM can be used to study
the hydrodynamic and thermodynamic behaviors of the
compressible flow system. The computational domain in
this work can be found in Fig. 3, where the projection
of the computational domain in two-dimensional space
is shown. In the rest of this paper, r — rq is used as the
label of the spatial axis, where r( is the distance between
the computational domain and the center of the sphere.

First, we simulate a Sod shock tube problem using the
DBM where the “force term” in Eq. (28) does not exist.
Such a test can be used to check the validity of the DVM.
In addition, the case with no “force term” corresponds to

Yp

Lo
()

.

Fig. 2 Schematic of the discrete velocity model (D3V26).

Ai-Guo Xu, et al., Front. Phys. 13(5), 135102 (2018)

/)

Fig. 3 Schematic of the computational domain (gray area).

1.4
14 Riemann
- DBM 121
0.84 .
0.6 1
Q &~
0.4* 0.87
2] —
0.6
[(Jy S— ;

0 02 04 06 08 1
r=ry r=ry

0 02 04 06 O 1
r=ry r=ry

0 02 04 06 08 1

Fig. 4 Profile of macroquantities for Sod shock tube with
v=5/3.

the case in which the value of ry is so large that geometric
effects are negligible. The results are shown in Fig. 4.
The Riemann solutions are also plotted for comparison.
The calculated results show that the new DVM (D3V26)
is applicable and that the new DBM model can capture
the discontinuous interface.

Then, to check the geometric effects, two cases of prop-
agating shock waves with Mach number Ma = 1.5 along
the radial direction are simulated. In the first case, the
shock wave propagates outward so that divergence oc-
curs. Several cases with different values of ry are sim-
ulated. The results are shown in Fig. 5(a). For easy
understanding, three-dimensional contour maps of hy-
drodynamic quantities at a certain time for the case with
ro = 0.5 are given in Fig. 6. Figure 5(a) shows the varia-
tion of wavefront position with time. From the figure, we
can find that the propagation speed of the shock wave de-
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Fig. 5 The position of shock wavefront versus time for
the case with v = 5/3. (a) Shock wave propagates outward
(explosion). (b) Shock wave propagates inward (implosion).
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Fig. 6 The contour maps of macroquantities for shock
wave propagating outward for 7o = 0.5 at ¢ = 0.9. (a) Con-
tour map of density, p. (b) Contour map of temperature,
T. (c) Contour map of velocity, u. (d) Contour map of
pressure, P.
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creases with time as a result of the divergence. Besides,
the smaller rg value gives a faster decrease of propagation
speed. The second case is that in which the shock wave
propagates inward so that convergence plays a role. Fig-

dg 'Urvg UTUZ (Ug + U?;)(vr —uy) eq
09 + v or + rT rT rT g
oh o2 vvs (V3 4 02) (v — uy)
h . — Y0 p 0 4 heq
Oph +v or + rT rT rT
where
D/2 9
1 (v—u)
€q = _ 7
g% (v) =p (%RT) exp [ ST ] ; (38a)
h*t =nTg*. (38b)

As a result, the value of f¢ solved before for the case
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ure 5(b) shows the variation of wavefront position with
time. The propagation speed of the shock wave increases
with time as a result of the convergence, and the smaller
ro value gives a faster increase of propagation speed.

The above simulation results and analysis show that
the new model can well describe the geometric effects of
flows with spherical symmetry.

3.2 Case with flexible v

For the case with flexible specific-heat ratio v, if we are
interested only in the hydrodynamic behavior, we can use
the simulation results of the DBM formulated in the last
subsection. We just get the number n of the extra degree
of freedom using its relation to 7y, then obtain the total

internal energy F using its definition. If we are interested
also in the thermodynamic nonequilibrium behavior, we

need to continue the formulation of the DBM.

To model the case with flexible -, we resort to the pa-
rameter 1 to describe the contribution of extra degrees
of freedom. The distribution function f with n extra
degrees of freedom can be replaced by g and h, and the
equilibrium distribution function f°? in Eq. (23) is re-
placed by ¢¢? and h®?, where

9= [ san (362)
h= / fndn, (36b)
g1 = [ geran, (36¢)
he = / fen?dn. (36d)

The functions g and g°? recover to f and f°? when there
are no extra degrees of freedom (i.e., v = 5/3). The evo-
lution equation of f in Eq. (18) becomes two evolution
equations of g and h. They read

Lo, 70
Lo, 31

with v = 5/3 can be used as g;? here. Then h$? can be
solved by
h{* =nTg. (39)

In this modeling approach, 1 does not need to be dis-
cretized at all, and the moments in Eqgs. (30a)—(30b) are

Ai-Guo Xu, et al., Front. Phys. 18(5), 135102 (2018)
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calculated by

N
Mm(fiavi) = Zgiv;nu (403‘)
i=1
N
Moy n(fisvi) = Z(givi cv; 4 hy) PR (40b)
i=1

The definitions of A,, ,,(v;) and A, ,(v}) in Egs. (31)
and (32) will stay the same and work as a measure for the
deviation of the system from its thermodynamic equilib-
rium. Up to this step, a DBM with D3V26 for a system
with flexible specific-heat ratio v has been formulated.

To test the flexibility of 7, Sod shock tube prob-
lems with two different values of v were simulated. The
specific-heat ratio for one case was v = 1.4, which means
there are two extra degrees of freedom (n = 2), and for
the other case it is v = 1.5, which means there is only
one extra degree of freedom (n = 1). First, we ignore ge-
ometric effects. The results for the two cases are shown
in Figs. 7 and 8, respectively. The results are in good
agreement with the Riemann solutions, which verifies the
validity of the new model.

Then, a shock wave with Ma = 3 propagating along
the radial direction was simulated for the case with
v =14 (i.e., n = 2). First, we assumed that the shock
wave starts at infinity from the center of the sphere, so
that the “force term” in Eqgs. (37a) and (37b) are negligi-
ble. Profiles of the macroquantities, including p, u, and
P around the wavefront, at a certain time are shown
in Fig. 9(a). The macroquantities on the two sides of
the wavefront satisfy the Hugoniot relations of the shock
wave. The corresponding nonequilibrium quantities, in-
CIUding A2,rr(vi)7 AS,rrr(vi)y AS,I,T(Ui)a and A4,2,7’T‘(Ui)7

() | b)1.2,
3 Riemann 1.1
0.8 Y ° DBM N

Y y=14
o 0.6 X e 0‘95
0.4 3
. 0.8
0.2 3 3
0.7
0 ]

002 04 06 08 1 0 02 04 06 08 1
r=rg r=rgy

semoe

0 02 04 06 08 1 0 02 04 06 08 I
r=rg r=ry

Fig. 7 Profiles of macroquantities for Sod shock tube with
y=14 (n=2).
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Fig. 8 Profiles of macroquantities for Sod shock tube with
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Fig. 9 Profiles of macroquantities and nonequilibrium ef-
fects around shock wavefront for the case with Ma = 3.0 and
~v = 1.4. (a) Profiles of p, u, and P. The symbols indicate the
results of DBM and solid lines are solutions based on Hugo-
niot relations of shock wave. (b) Profiles of nonequilibrium
effects around shock wavefront.

around the wavefront are plotted in Fig. 9(b). Because
the shock propagates in the radial direction, only one
component in the r direction is considered for each of the
four kinds of nonequilibrium quantities. From Fig. 9(b),
we can get nonequilibrium characteristics from a differ-
ent point of view (other than from the viscous stress and
heat flux), which cannot be provided by the traditional
Navier—Stokes equations.

Then, geometric effects were taken into account.
Shock waves propagating outward and inward were both
simulated. The evolutions of wavefront positions are
shown in Figs. 10(a) and (b), respectively.

From Fig. 10(a), it can be seen the shock wave has
a constant propagation speed for ry = oo, which corre-
sponds to the case in Fig. 9. For the shock wave prop-
agating outward, the propagation speed decreases with
time, and the smaller ro value gives a faster decrease,
which indicates a stronger “force” caused by geometric
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Fig. 10 The position of shock wavefront versus time for
the case with v = 1.4. (a) Shock wave propagates outward.
(b) Shock wave propagates inward.
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Fig. 11 The nonequilibrium quantities around wavefront
for explosion.

effects. The shock wave propagating inward has simi-
lar characteristics, except that the propagation speed in-
creases with time as a result of convergence.

3.3 Thermodynamic nonequilibrium characteristics in
explosion and implosion

The nonequilibrium quantities around the wavefront for
a shock propagating outward (i.e., an explosion) at a

AGe  [2t(f — f)dv

certain time are plotted in Fig. 11. In this case, the di-
vergence effect plays the role of a resistance force. It de-
creases the propagation speed and reduces the nonequi-
librium strength. It can be found in Fig. 11(b) that a
smaller rg value, which means a stronger divergence ef-
fect, may even change the direction of the deviation from
the equilibrium state for Ag ..

More discussion on the reasonability of the approxi-
mation f ~ f¢? in treating the term for pure geometric
effects in Eq. (17) is warranted. When the flow under

consideration is not close to the spherical center, the er-
ror induced by the approximation when calculating the

“force term” is relatively very small compared with the
“convective term”. The comparison can be made in mo-
ment space.

First, the “force term” in moment space is defined as

MEeO(f):/<'Ug+'UZ,ﬁ_ 0,0, 8f> "o,

r  Ov, r Ov,

oo 0F
r Ovg

(41)

where the subscript n in MS°(f) indicates the nth-
order moment. Then the error induced by the approxi-
mation f & f¢¢ in moment space is

AGew = MJe(f) — MO (f*). (12)
Similarly, the convective term in moment space is defined

as
ME(f) = [0 Vi)o"do. (43)

The ratio AZ¢° /M ( f) measures the relative error in-
duced by f =~ f¢? when calculating the “force term”
with respect to the convective term. Because the den-
sity, momentum, and energy are the zeroth-order, first-

order, and second-order moments, respectively, only
AGeo/MCon AGeo/MCon and AGeo/ Con are investi-

1,r >
gated here. The subscript “2, 0” 1ndlcates that AGCO (or
M{'§™) is a zeroth-order tensor (i.c., scalar) contracted
from the second-order tensor. According to the defini-

tion of AG® and MS°"(f), we can get that

44
Mger (v Vf)dv “
vy +v V¥ Vv e
Ageo [ (-HERE pome o) (- fen)du )
Mg R |
r 2 2 3 2 2 7
Agse [ [(-au e ) g et | St ] (e
MCon = ] OMs3.1,r OM3.1,9 OM35.1,, ) (46)

o T a0 T o,
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It is obvious that A§°/ME°" is always equal to zero.
Therefore, only AGE" /M C"" and AFE°/MS¢" are used
to measure the relatlve error of the * force term.” The
profiles of AGEO/ MEon Aﬁio, and My’ Con for the case
with ro = 0.1 are shown in Fig. 12(a ) It can be seen that
AGeO is so small compared with M1 °" that it nearly can
be 1gnored even for such a small rg. From Fig. 12(b) we
can see the AGG" is also nearly negligible compared with
MCon.
come weaker, with AG°® becoming more negligible com-
pared with MS°", which is verified in Fig. 13. From
Fig. 13 we can conclude that the error A% is negligible
compared with MS°" when ro > 0.1.

For a shock propagating inward (i.e., an implosion),
the nonequilibrium quantities at a certain time are shown
in Fig. 14. In this case, the convergence effect accelerates
the propagation speed of the shock wave, thereby also
strengthen the nonequilibrium effects around the wave-
front. A smaller g corresponds to a stronger nonequilib-
rium. Unlike the shock propagating outward, no change
of the direction for the deviation from the thermody-

Be&des, with the increase of rg, the effects be-

(@) 4 =01 )
] =0.2 ]
] 005 0
3 7y=2.0 E
& ] 7, = Infinity E 1
& 2 5101
1 ]
Of —20’:
056 058 06 062 056 058 06 062
V—VO V—VO
© @
0 80’:
s L)
7-10- 3
< <<r O:
] v
201 _40°
L L B B B T
056 058 06 062 056 058 0.6 0.62
r=ry r=ry

Fig. 14 The nonequilibrium quantities around wavefront
for implosion.
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Fig. 12 The profiles of (a) A?io/Mlcf", Afio, and MCO"
and (b) AZGEO/ 205’", 2G(ef’, and M2 e around the shock

wave front for the case with 7o = 0.1 (explosion).
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Flg 13 The profiles of (a) Af2/M{™ and (b) AFE
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Fig. 15 The profiles of (a) Alcio/Mlc;’", Afff’, and MCO"
and (b) AQG“/ QCS", Z,G(ef’, and MC"” around the shock

wave front for the case with 7o = 0.1 (lmplosion).

namic equilibrium state is found.

Comparisons between the error caused by the approx-
imation f = f°? when calculating the “force term” and
the convective term are given in Figs. 15 and 16. Pro-
files of Afeo/MEem, AFee, and M for the case with
ro = 0.1 are shown in Fig. 15(a). It can be seen that
Afff’ is so small compared with Mlcfn that it nearly
can be ignored even for such a small ry. From Figure
15(b) we can sce that AFE° is also nearly negligible com-
pared with MS$™. Besides, with the increase of g, the
effects become Weaker, with A%¢° becoming more negli-
gible compared with MS°", which is verified in Fig. 16.
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Fig. 16 The profiles of (a) Af’/M{™ and (b) A§E°

MQC:S” around the shock wave front for different cases
(implosion).

From Fig. 16 we can conclude that the error A% is
negligible compared with M$°" when ry > 0.1 for the
current implosion numerical experiment setup.

4 Discussion and conclusion

We presented a theoretical framework for constructing a
DBM in spherical coordinates for compressible flow sys-
tems with spherical symmetry. A key technique here is
to use local Cartesian coordinates to describe the particle
velocity. Thus, compared with the Boltzmann equation
in Cartesian coordinates, geometric effects, such as di-
vergence and convergence, are treated as a “force term.”
For such a system, even though the hydrodynamic model
is one-dimensional, the DBM needs a discrete velocity
model with three dimensions. A new scheme was intro-
duced so that the DBM can use the same set of discrete
velocities regardless of whether or not extra degrees of
freedom are considered. We used 26 discrete velocities
to formulate the DBM at the Navier—Stokes level.
Besides recovering the hydrodynamic equations in the
continuum limit, two key points for a DBM were re-
vealed: (i) In terms of nonconserved moments, we can
define two sets of measures for the deviation of the sys-
tem from its thermodynamic equilibrium state; (ii) in the
regimes where the system deviates from its thermody-
namic equilibrium, the DBM may present more reason-
able density, flow velocity, and temperature than the cor-
responding Navier—Stokes model only if the second-order
terms in the Knudsen number in the Chapman—Enskog
expansion are taken into account in the model construc-
tion. With the DBM we can study simultaneously both
hydrodynamic and thermodynamic behaviors. Because
the inverse of the transformation matrix C' connecting
the discrete equilibrium distribution function f¢?¢ and
corresponding moments feq has been fixed, the exten-
sion to multiple-relaxation-time DBMs [56] is straightfor-
ward. For the DBM in spherical coordinates, if we con-
sider flow behavior near the spherical center, the “force
term” (the term for geometric effects) should take into
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account the higher order nonequilibrium effects. Specif-
ically, f = f¢? should be replaced by f = f¢4 + fI) or
even f = f¢+ f 4 2 ete. in the “force term”. It
should also be pointed out that fixing the transformation
matrix C' and its inverse is only one possible scheme to
get a solution for the discrete equilibrium distribution
function f€?. A second way to find a solution for the
discrete equilibrium distribution function f¢? is to fol-
low the ideas used in Ref. [52]. A difference is that the
scheme introduced in this work needs a minimum num-
ber of discrete velocities.
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