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Abstract

The structure of a shock wave for a binary gas mixture is studied on the basis of numerical solution of the complete kinetic
Boltzmann equation for the model of hard sphere molecules. For the evaluation of the collision integral we apply a generalization
of the conservative discrete ordinate method (the kernel method for a single gas was developed by Tcheremissine) for binary
gas mixtures and for the case of cylindrical symmetry. The transition from up-stream to downstream uniform state is presented
by macroscopic values and by distribution functions.
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1. Introduction

The shock wave structure for a binary gas mixture is an important problem in kinetic theory. It has been investigated
experimentally [1,2] and theoretically with moment methods [3], direct simulation Monte Carlo method (DSMC) [4], fluid-
dynamic models [5], numerical analysis based on the kinetic models [6], a finite-difference analysis of the Boltzmann
equation [7]. The accurate numerical solution of the Boltzmann kinetic equation still presents a difficult task due to the
multidimensional nonlinear collision integral. The important question for solving the Boltzmann equation by finite-difference
methods is whether or not the approximated collision integral converges to the real collision integral when the lattice interval
in the velocity space tends to zero. In practice the main criterium of accuracy for the calculation of the collision integral is
the preservation of conservation laws. In [8] the density is conserved, in direct method [9] no one of conservation laws is
exactly satisfied. To make algorithm of this method conservative, a correction of intermediate solution was developed in [10].
This method [10] was generalized for binary gas mixtures in [11,12]. The defect of this method is that the correction lowers
the preciseness of solution. In the methods [13—17] the velocities lie on a fixed lattice @itiand the conservation laws
are satisfied exactly in each collision. From numerical and practical point of view the main difficulty with these methods is a
small number of pairs of collision velocities for a given pair of pre-collision velocities [18]. The method introduced in [19]
for a single gas was extended in [7] to the case of a binary gas mixture and the structure of a shock wave for the mixture was
investigated by an accurate finite-difference analysis of the Boltzmann equation. In [7] the collision integral is approximated
by using decomposition of the distribution functions by a piecewise quadratic functiofsanfl a system of Laguerre
polynomials ofp. In the methods of [7,19] conservation laws are not satisfied artificially but are satisfied approximately within
the error of computations. In [7] the authors made an accurate analysis of accuracy of computations, obtained the criterion
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of convergency and received high precision results with the use of the powerful resources of modern computers. It is well
known that conservation laws present a basis for construction of the so-called “discrete” [20] and “semi-discrete” models
of the Boltzmann equation [21-23]. Another popular approach to solve the Boltzmann equation is Direct Simulation Monte
Carlo method [24-26]. The method solves much more realistic problems with reasonable confidence. However, with the Monte
Carlo treatment of collision integral obtaining of precise results is difficult. In the new Conservative Discrete Ordinate method
of evaluation of the Boltzmann collision integral [27] for a single gas we have the following advantages: all collisions are
conservative, inclusion of the “inverse collisions” for the evaluation of the collision integral [28] provides equality to zero of
the collision integral for the Maxwell distribution function which does not depend on the number of nodes of the velocity grid,
the method works for one- and two-dimensional problems [29,30]. This method solves problems with acceptable preciseness
with the use of small computational resources.

In this paper the latter method [27] is generalized for binary gas mixtures and for the case of cylindrical symmetry in the
momentum space. It was tested on the problem of a shock wave structure in a binary gas mixture. This method for a mixture
solves the problem with acceptable preciseness, small time of calculations and small computer memory.

2. Description of the method
2.1. Basic equations

The system of Boltzmann equations in the momentum space for two gas components consisting of hard sphere molecules
with the masses:; and the diameterg; may be written in the form [27]

of, b of:
Ui PG, i=12 Q)
ot m; 0x

where f; is the distribution function which depends on the vector of momeniuthe vector of configuration spageand the
timer. Here the “loss” tern; and the “gain” termG; are defined as
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In kinetic momentum space we have the following equalities for the vectors of momentgmbefore the collision and
p', p’. after the collision

>/ - l J - -\ = >/ - l J - -\ =
— 4 Genn, — - - J oenn,
p (m; +mj)(gjl ) Py = Px (mi +m)) (g]l )
gji = P i, i = 1(cosh, sinf cosp, sind sing). 4)
mj - m;

Hereri is a unit vector directed along the interaction line of molecufgsis their relative velocityg andy are collision angles.

We introduce in the limited domain of the physical space a fixed grigh our problemx; grid with the steph, for
x variable). We impose also limits on the momentum variables in (1)—(3) by introducing a déhwfithe volumeV'. In 2 we
construct a discrete grid containing, equidistant pointgg with the stepii. Using thes-function we introduce the following
approximation for distribution functions and collision integrals

v Jo
(¥ = D fipd (B = bp), ()
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The Boltzmann equation in a discrete form becomes
3f,'ﬂ . ﬁ_ﬁ 3f,'ﬂ
ot m; X
Equation (8) is solved by the splitting procedure [10]. Some mathematical aspects of the splitting method for kinetic equations
can be found in [31]. On each intervak we split the process into the two stages: free-molecular flow and collisional relaxation.
For the first stage we have the divergence finite-difference scheme of the 2nd order suggested in [32]. In this scheme the transport

of mass, momentum and energy between the cells of the configuration space is realized in a conservative way. For the second
stage we apply the Euler’s method which provides the satisfaction of conservation laws i rezdi

=—Lig+Gig. ®

2.2. Conservative discrete ordinate method

Let us consider the integral operator
2 too+o02m

Qi (@) = Z/ ///qbf,f]* (d +d>q],sm9d9d<pdp*dp
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Taking for® a three dlmensmnal-functlon, we reduce the integrals to the following form
- 1 - - - -
L;(P*)=§Q;(8(p*—p)+8(p*—p*)), ©)

- 1 = Py = =/
Gi(p™")=50i(8(" = 5" +8(5* = bL)). (10)

Then we take limited domains for momentum variables as in Section 2.1. Evaluating the integrals (9), (10), we exclude those
values of variables, ¢ which remove the vectorg’, j, out of the domain2 x £2. For this purpose we multiply the integrand
by the characteristic functiop(p’, p/,) wherey =1 |f (p',pleRxandy =0if (p/, pL) ¢ 2 x £2.

While transforming the integral operator to cylindrical coordinates one should take into account the r@latigiig, o, y),

dp =pdpdody. The integral operator becomes

di +d; . L
0i(®) = Z / //(pﬁf/* ( )q/i)(smeded(pdp*dp,
i=lgse 0

In cylindrical coordinates each node of the momentum grid will have two coordingi€ésg, pg) with the step(h, i),

—Pmin < P8 < Pmax, 0 < pg < pmax. It is important to note that the method needs the same grid with a constant mesh

in momentum space for all components of the mixture. At the same time the steps in each momentum coordinate could be
different. Introduce the uniform integration grig,, . pa,, Pg,: P, Yv: Yxv: Oy, @v With Ny, nodes in such a way thaty,, pa,

and pg,, pg, belong to the momentum grid while the angles are distributed uniformly in the corresponding intervals. The
multiple integral is calculated as the 8-fold sum over all the nodes while the distribution functions do not depgngh.on

One obtains the following result

v 2 ..
PY=AY > I (5(* — pa) +8(5* — Bp,)). (12)
v=1j=1
~ NV 2 ..
Gi(p" =AY Y I (6(*—po,)+8(F* —5p,)) (12)
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where

1 dig, +djp, \? :
V= i Fifs 5 (%) 4Byicey SINOv P, PB,

andA = Vznz/Nv. Combining (6) and (11) we obtain

,ﬂ_BZZ S iy, (13)

v=1j=1
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Here B = Vz2/(N,/Ng), the primes and double primes mark the valué’éwith ay = B andB, = B, respectively. It is not
possible to use in a similar way the combination of (7) and (12) for obtaining the valuggdfecause the singularities in
these formulae do not coincide. The correct way of evaluating the valuggadf to decompose each term in the parentheses

in (12) intos-functions which have smgulantles at discrete ordinate nodes. pigrand 5, are the nodes nearestm and

p;s , respectively. We introduce the notatlm —pav Phys AM —pﬂv Dy, - From (4) we have

A;W Z_Auv- (14)

We denoted = AA /h= (A1, Ap), A Aﬂv/h = (A1, Az) where|Ak| 1/2 and|Ay| < 1/2 for k = 1, 2. Let us introduce
the vectors of displacements along the giidy, §») and s(al, 82) whered, =0 or 8, = sign(Ag), Sk =0or Sk = S|gn(Ak)

for k = 1,2. Then the 2 sets of the 4 nodes surrounding the pqagtsand ﬁ can be presented g, .; and p 2

respectively. These nodes form two cells being their vertices. From (14) wes haves. However, in cylindrical coordinates
on the momentum grid we have only one equality for the first coordindes —A; = 81 = —81. We replace the expressions
in parentheses in (12) by

8(P* = Pa,) +8(p* = 5p,) =D rs(3(p* = Prp) +8(5* =B, ,3))- (15)
)
The coefficientsr; can be found from the conditions of conservation of density, kinetic momentum and energy in the
decomposition (15) for a pair of above mentioned cells including their vertices. For economy of computations it would be
preferable to have a decomposition with a minimum of terms. Such a solution exists and contains due to (14) only two non-
zero coefficients: the first on@ — r5«) corresponds t6 = 0, 5 = 0 and the second ong- corresponds to some=s* # 0,
S=5* # 0 and depends on a combination of parameters in the energy equation. Thus, the expansion (15) becomes

3(P* = Pa,) +(P" =P,
= A=rg) (8" = Pr) +85™ = pu) +ri= (5™ = Pry 45 +8(5* = B, 7). (16)

If we use (16) in the formula (12) and combine with (7), then we obtain

lﬂ_BZ Z z]/ sz// (1—Vv)+( lj*‘f’]\ij**)ry]. (17)
v=1 j=1

The primes and double primes, asterisk and double asterisk mark the valués with the subscripts., = 8, uy = B,

Ay + 5% =B, uy + 5 * = B, respectively, and, = r;«. The expressions (13) and (17) define the conservative discrete ordinate
method if the coefficients have been already found. The points of a cubature formula are determined with the use of the eight-
dimensional grid distributed uniformly over the unit hyper-cube as proposed by Korobov [33].

2.3. Algorithms for the evaluation of collision integrals

Let us call a “collision” a node of the integration formula. Such a node is represented in the momentum space by two
points which coincide for example with the nodgs and p, of the momentum grid. The momenta after the coIIisyTz)il‘l

andﬁ’2 do not belong to the grid. According to the formula (13) this collision gives the contribuBot}$ to the integral
Lig at the nodegi; and p,. It would give the same contributions to the integgl at the pointsp1 and p only if they
coincide with the nodes of the momentum grid Since this condition is not satisfied, these contnbutlons are distributed in the
ratio 0< (1 — ry)/ry < 1 between the nodess, p4 nearest tcp andp2 and another pair of nodgss;, pg chosen from the
vertices of the cells containing the powy’ﬁ%, pz. The nodesp5 Pe and the coefficients of the formula (17) are determined
by algebraic equations and are defined by the parameters of collision. They do not depend on the distribution function. This
algorithm uses only “direct collisions.”

This main algorithm was optimized by introducing the “inverse collisions” for the evaluation of the collision integrals as it
was made and proved in [28] for a single gas. In this case to each collision from the(pedgs) to the nodesps, pa, ps, Pe)
we added the collision from the pointg’, 1P 2) not belonging to the grid to the nodégy, p2). In short, in the main algorithm

the contributionsB Jﬂj are modified asB(Jv — Jlij (mv)) and we choose the method of interpolation for determimﬁéim’).
In this work we use the linear interpolation which is more fast for calculations than the logarithmical one

di1+dj2\?
inv 1 2 .
i) — 5 ! ) 42i1SiN6y p102,

Ty =(A—rv) fizfja+rvfisfie) (
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where fi3, fjs4 fis and fje are distribution functions calculated at the nodes p4, ps and pg. However, the linear
interpolation does not give the equality to zero of the collision integral of the Maxwell function but it provides its equality
to zero only up to0 (h2).

The numerical results presented at this paper were obtained by this modified algorithm.

3. Theproblem of the shock wave structure

3.1. Formulation of the problem

The structure of the plain steady shock wave in a binary gas mixture is obtained by the stabilization method based on the
splitting procedure. It is a solution of the non-homogeneous Cauchy problem for the Boltzmann equation

Ui p i

or Tmiox - LitGi o i=l2 (18)
1

: _J fi—(p.p)., —oo<x<xo,

fl(p’p’x’o)_{fiﬂp,p), Xg <X <00, (19)

where f;_(p, p) and f;4(p, p) are the equilibrium Maxwell distribution functions with the parameters, P_, 7_ and

ni4+, Py, Ty, respectively. The physical meaning of these parameters is the molecular numerical densities of each component,
momentum and temperature for the mixture taken at the up-stream infinity and the downstream infinity, respectively. These
parameters are connected by the Rankine—Hugoniot relations

niy _ am? 19 £2M3+3 T_+=(5ME—1)(ME+3)
ni—  M?4+3 TP am2 0 T 16M2
HereM_ is the Mach number at the up-stream infinity
P_

= T "o T e

wherem_, x1_ and xo_ are the mass of the mixture and the concentrations of the components at the up-stream infinity,
respectively, i.ex;,_ =n;_/n_,i=1,2,n_ =nq1_ +nyp_. Heren_ is the molecular number density for the mixture at the
up-stream infinity. For the downstream values of concentrations we have similar expressions. Mach number at the downstream
infinity M and its relation taV/_ are given by

Py M? +3)\1/2
+= :

My=——"% =T
T BkTm_j3)1/2 5M2 —1

Thus, the structure of the steady shock wave is formed as a result of the development of the gap in initial conditions. The
macroscopic variables are defined as moments of the distribution functions.

3.2. Dimensionless form

We introduce the following dimensionless variables

1 I_
co=@kT_/mpY?,  po=@&T-mpY?, =2  T=—,
0 ! 0 ! «/—Zﬂdlzn_ €0
f=x/l_, i=t/t.  pi=pi/po.  fi=fi pa/n-,

M; =mj/mq, My =m_/mq, D; =d;/d,.

Herel_ is the mean free path of molecules of the 1st component in the equilibrium state at rest with the numericat density

4. Numerical results
4.1. Macroscopic values and distribution functions

To show the profiles of the molecular numerical densiiigandn, the flow momentaP; and P (or velocitiesU; andU)
and the temperaturgs and7, we introduce the following quantities
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. n;—n;_ » n—n_ ~ P, — P; ~ P—P
i) =——" i)=—x, PFBw=-""t  Pa)=—1, (20)
njy —nj_ ny —n_ P_ — Py P_— Py
whereP;_ = P_ -m;/m_, P,y = Py -m;/m_ and similar quantities for velocities
~ U, —U; ~ U-U
Uiy =———2 Ta)=—""r (21)
Ui- — Uiy U--Uy
and temperatures
~ T, —T;_ T—-T-
=o—"— TW=x : (22)
i+ —Ti- +-T-

Distributions of these variables are shown in Figs. 1-4. Figure 1 correspords te 3, mo/m1 = 0.5, do/d1 =1 and
x2— =0.1,0.5,0.9; Fig. 2 corresponds tof_ = 2, mp/mq = 0.25,d»/d1 =1 andyo_ = 0.1, 0.5, 0.9; Fig. 3 corresponds to
the valuesM_ = 1.5, my/m41 = 0.5 andmy/mq1 = 0.25,dy/d1 = 1, xo_ = 0.9; Fig. 4 corresponds to the valugds_ = 2,
mo/m1=0.1,do/dy =1, xp_ =05 andM_ =3, mpa/m1 =05, do/d1 = 1, xo_ = 0.999. The macroscopic variables of
the light component start to deviate from their up-stream uniform values earlier than the corresponding variables of the heavy
component. The numerical density and flow velocity (momentum) for the light component reach their downstream uniform
values earlier than for the heavy component. The values of density, velocity (momentum) and temperature of the mixture are
close to their values for the heavy component when the concentration of the heavy component is large. These values for the
mixture lie between the corresponding values for the components when the concentrations are equal and they are close to the
corresponding values for the light component when the concentration of the heavy component is small. The temperature of the
heavy component displays the well-known phenomenon as the “overshoot of the temperature.” This phenomenon has already
been shown by the computations [4,7,24]. One can see it more clearly when the shock wave is not weak and the concentration of
the light component is large. The temperature of the components can be calculated by using 2 different formulae. The first one

1

T 1

0.9 1 0.9 1
0.8 1 0.8 I
0.7 1 0.7 -1
0.6 I 0.6 .
0.5 1 0.5 -
0.4 - 0.4 -
0.3 1 0.3 1
0.2 ] 0.2 -1
0.1 . 0.1 -

0 ! 0
0 2 4 6 8 10 12 14 16 18
(a) x/1_ (b)

_02 1 1 Il 1 1 1] 1 1
0 2 4 6 8 10 12 14 16 18
(c) x/_

Fig. 1. Profiles of molecular number densities, flow velocities, and temperaturdé_fee 3, mp/mq = 0.5, do/d1 = 1 and (a)xo_ = 0.1,
(b) x2— =0.5, and (c)x2— = 0.9. For thisM_ downstream values arg =3n;_, Uy =U_/3, T4 =3.667T—, andM = 0.5222. Here the
solid lines indicatei, U, T for the total mixture, the small dashed lineg, U4, T} for the first component, and the big dashed liigsUs, To
for the second component (see Egs. (20)—-(22)).
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1.2

1.2 T T T T T T T T T

1 1

0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0 0
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
(a) x/1_ (b) x/_

1.2

1
0.8
0.6

1 1 1
0 2 4 6 8 10 12 14 16 18 20
(©) X/l

Fig. 2. Profiles of molecular number densities, flow velocities, and temperaturés_fee 2, mo/mq = 0.25,dp/d1 =1 and (a)xo_ = 0.1,
(b) xo— = 0.5, and (c)x2— = 0.9. For thisM_ downstream values arg = 2.2861;_, Uy =0.437%/_, Ty =2.0787_, andM = 0.6070.
See the caption of Fig. 1.

0 5 10 15 20 25
(b) X/l

Fig. 3. Profiles of molecular number densities, flow velocities, and temperaturés fet 1.5, do/d1 = 1 and (aymp/m1 = 0.5, xo_ = 0.9,
(b) mp/mq1 =0.25, xo— = 0.9. For thisM_ downstream values avg = 1.714;_, Uy =0.5833/_, T, = 1.495T_, and M = 0.7157.
See the caption of Fig. 1.

for the temperatureg; uses the momentum of each component. The second one for the tempefgdtwsss the momentum

of the mixture. On Fig. 5 we can see that the “overshoot” is observed more cleamy.f@n Fig. 6 one can see the values of
parallel, radial and total temperature for the components. Here we also see the “overshoot” of parallel temperatures and of the
total temperature of the heavy component as in [11,12]. On Fig. 7 we fhamd fz at p = 0.39 as functions op for several
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1.2
. 1

. 0.8

. 0.6
0.4

. 0.2

L 0

_02 1 | Il 1 _0.2 1 1 1 1 i | | 1
0 5 10 15 20 25 0 2 4 6 8 10 12 14 16 18
(@) X/ (b) X/

Fig. 4. Profiles of molecular number densities, flow velocities, and temperatures {&) fer2,my/m1 =0.1,do/d1 = 1, andx,_ = 0.5. For
this M_ downstream values arg = 2.2861;_, Uy =0.437%_, Ty = 2.078T_, andM = 0.6070, (b))M_ =3,mp/m1=0.5,dp/d1 =1,
and x2 = 0.999. For thisM_ the downstream values ang; = 3n;_, Uy = U_/3, T4 = 3.667T_, and M4 = 0.5222. See the caption of
Fig. 1.

1.2 —T—T—T 1.2 —
1r 1k T
0.8 0.8 |
0.6 | 0.6 |-
0.4 | 04 |
0.2 0.2 i\ E
0 0 1 I R I
0 0 2 4 6 8 10 12 14 16 18
(a) x/_ (b) x/I_
12 —m— 7777
s L
08
06 |
04 |
02+
Ob—tmm==" 1 1 11 Qol——t 111
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
(c) x/1_ (d) x/I_

Fig. 5. Profiles of7; and Tl.* (i =1,2) fordy/dy =1: (&) M— =3, mp/mq =05, xo_ =09, (b) M_ =3, mp/mq =05, xo_ =0.95,
(€) M— =2, mp/m1 =0.25, xo_ = 0.9, and (d)M_ = 2, mp/m1 = 0.25, xo_ = 0.95. Here the solid lines indicatg, and T, (see Eq. (22))
and the small dashed lindg* and T For 7;* the definitions are similar to those &f.

points in gas for the cas®_ = 3, mp/m1 =0.5,do/d1 = 1 andyo_ = 0.9. The detailed discussion of similar results can be
found in [7]. The distribution functions in momentum space and in velocity space are related by

A R )

F@) = fi(p)- M7, i=-- o
1
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16—
14
12 b
1k
08
06 -
04
02+

1 1 1 I 1 0

1 1 ] 1
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18
() x/I_ (b) X/

-0.2

Fig. 6. Profiles of parallel, radial and total temperature for the compoﬂgntf,l andT (z =1,2)fordy/dy =1: (@)M_ =2, ma/my = 0.25,
x2_ =09, (b)M_ =3, ma/my =05, xo_ =0.9. Here the solid lines indicatg; and Tz (see Eq. (22)), the small dashed |I®ﬁ Tu and
the big dashed ||ne§2“ T2J_ ForT,” and T,L the definitions are similar to those 6,f

0.016 T | — T T T T T 0.35
0.014 E 03 F .
0.012 B 0.25 -

0.01 -
0.2 E
T 0008 . g

0.006 L | 0.15 -
0.004 - . 01 r 7
0.002 + - 0.05 -

0
-8 10 -8 6 4 -2 0 2 4 6 8 10

(b) p/p0

Fig. 7. Dimensionless velocity distribution functioffs and f at p = 0.39 for M_ = 3, mp/m1 = 0.5, dy/dq = 1: (a) f1, (b) f>. The f1 and
f» at several points in the gas are shownfer. =0.9.

Thus, for the 1st component the profiles are just the same and for the 2nd component the distribution function in the
momentum space is more tall and narrow than the one in the velocity space.

5. Comparison

Our results were compared with the results obtained by another discrete ordinate method developed in [7]. The
numerical results in [7] are given for Mach numbe5,2, 3; for the ratio of masses.®6 0.5 and the concentrations
x2 = 0.1,0.5,0.9,0.95. Figure 8 shows the profiles of macroscopic variables for the mixture corresponding to Fig. 1, (a)
and (b), and Fig. 2(c). On Fig. 8 the results of [7] are shown by rhombuses, triangles and squares whereas the results of the
present computations are shown ¥y x, *. Here we observe a good agreement. In the paper [7] the computations of the
problem were carried out by the standard DSMC method [24] for the ddses- 3, mo/m1 = 0.5, dp/d1 =1, xo_ = 0.5
andM_ =2,mp/my = 0.25,d,/d1, xo— = 0.5. They compared these results with those obtained by their discrete ordinate
method and observed a good agreement. This also implies a good agreement between our results and the results obtained by
DSMC method in these cases. In [7] the computing time for one iteration step in a parallel computation using ten CPUs on
Fujitsu VPP800 computer is 142 s fof— =2 and 99 s fo/_ = 3. The computer memory far_ = 2is 1.7 GB, forM_ =3
is 1.4 GB. In this work the computations were made on a personal computer with the processor Pentium 3 with the frequency
550 MHz and the memory 128 Mb. The computing time for one iteration stepffor= 2 is 36 s, for the whole problem is
23 hours, computer memory is 8.5 Mb. The same datafor= 3 are 19.3 s, 13 hours and 8.5 Mb, respectively.

Thus, our method is more fast and requires small computer memory.
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il ZESsovsssahommmnrhossonserbon 0 P e avsdommhidin
-10 8 6 4 2 0 2 4 6 8 10 -0 -8 6 4 -2 0 2 4 6 8 10
x/l

_02 ] 1 1
10 -8 -6 -4

Fig. 8. Comparison with the results of Kosuge et al.; profiles of molecular number density, flow velocity and temperature for the mixture:
(@) M- =3,mo/mq1=0.5,d>/d1 =1, andyp_ = 0.1 (see Fig. 1(a)), (bM—- =3, mp/m1 =05,do/dy =1 andy,_ = 0.5 (see Fig. 1(b)),

() M_=2,mp/mq1=0.25,dp/d1 =1 andxz_ = 0.9 (see Fig. 2(c)). The results obtained by the method of Kosuge et al. are shown by the
rhombusesi), triangles ), and squarey() The results by the present discrete ordinate method are showrn(by x (U) andsx (T)

6. Datafor computation and itsaccuracy

The accuracy of computations estimated by comparing macroscopic quantities for different lattice systems and different
number of integration nodes is 18-10-3 (percentage error). For Mach 2, my/mq = 0.25, d»/d; = 1 and various
concentrations we take the following values of the parameters: 10658 nodes of the momentum grid (146 ppirtsdfor
73 points forp) with the step: = 0.08, 100 nodes of the-grid with the stefz, = 0.2, 198 000 integration nodes and = 0.01
(on the figures). FoMach = 3, mp/mq = 0.5, do/d1 = 1 and various concentrations we take the following values of the
parameters: 11858 nodes of the momentum grid (154 pointg ford 77 points fop) with the steph = 0.1, 90 nodes of the
x-grid with the stepz, = 0.2, 198000 integration nodes and = 0.01 (on the figures). The computing time for one iteration
step and for the whole problem for these cases are given in the section “Comparison”. The period of stabilization of the solution
is equal to 20—27t. With this method we can obtain the results on rough grids (1860 x 30 nodes of the momentum grid
with the steph = 0.26, 90 nodes of the-grid with the stegh, = 0.2, 66 000 integration nodea = 0.01) which coincide well
with more detailed results. The computing time for one iteration stegis,4or the whole problem — 2.7 hours.

7. Conclusion

In this paper we have studied the structure of the normal shock wave for a binary gas mixture on the basis of the complete
kinetic Boltzmann equation for the model of hard-sphere molecules. The Boltzmann equation was solved by the stabilization
method based on the splitting procedure. For the first stage we use the divergence finite-difference scheme of the 2nd order
from [32]. For the second stage we use the extension to a binary gas mixture and to the case of cylindrical symmetry of the
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numerical kernel method of Tcheremissine [27] originally developed for a single gas. For the evaluation of collision integrals we
use the algorithm which includes the “inverse collisions” [28]. This discrete ordinate method ensures strict conservation of mass,
momentum and energy. The conservativeness of the method is achieved by special projecting of integrand values calculated
at non-node points to the nodes of the momentum grid closest to them. Transition from the up-stream to the downstream
state was presented by distribution functions and their moments (macroscopic variables). The accuracy of computations and
convergence in the inner parameters of the problént(, N,) in the calculation of the collision integral was studied for

the Mach numbers.5, 2, 3, for the ratio of masses. 1) 0.25, 0.5 and the concentrationg = 0.1, 0.5, 0.9, 0.95,0.999. The

accuracy of the computations is19-1073. The advantages of the method are the following: the smoothing of the distribution
functions in momentum space is not required, the method is faster and needs much less computer memory than in [7].
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