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Abstract-The paper describes mathematical formulation and the method of solution of the problem on 
mass-transfer kinetics in a capillary, involvin& evaporation from the inner surface. A linearized BGK model 
equation is solved, the distribution function being chosen of such a form that the boundary conditions could 
be satisfied as well as the original equation divided into two equations for the functions depending on z and r. 
respectively. Expressions are obtained for distributions of macroscopic quantities characterizing the flow of 
vapor. In the second part of the paper, on the basis of the given general technique, mass transfer in a capillary 
is studied analytically for limiting cases of the continuous medium and free-molecular regime. The table and 
figures present the values of quantities which allow the cross-section averaged flow to be determined in an 
axial direction as well as the flow on a lateral surface, and the density and velocity profiles for different 

rarefaction regimes 

NOMENCLATURE 

pressure ; 
longitudinal coordinate ; 
= (X, Y), transverse coordinates ; 
function of molecules distribution 
by velocities; 
relaxation time ; 
mass of a molecule ; 
Boltzmann constant; 

molecular velocity : 
Knudsen number; 

temperature ; 
nondimensional macroscopic vapor 
velocity components ; 
density of saturated vapor; 
unit vector of the normal to the 
lateral surface. 

INTRODUCTION 

KNOWLEDGE of mass transfer in a gas phase inside 
porous bodies is important for various technological 
processes such as heterogeneous catalysis, drying etc. 
In the majority of cases, calculation of these is based on 
some limiting relationships corresponding to either 
the hydrodynamic (Kn + 0) or the free molecular flow 
regimes in pores (Klz + x) [I, 21. It is quite natural, 

that to completely define the structure of the flow and 
the net flow of substance from pores with regard for 
rarefaction, as well as to specify the limits of appli- 
cation of these or other phenomenological re- 
lationships, it is necessary to solve a kinetic equation 
for a flow in a separate capillary with account for 
physical and chemical transitions at the walls. Besides, 
the solution for the continuum regime, which is 
difficult to obtain directly from the Navier-Stokes 
equations, is obtained here as a limiting solution (Kn 
+ 0) from the equations for the appropriate moments 
of the distribution function. 

This kind of inner boundary problems in the kinetic 
theory of gases is less studied than the problems of 
outer flow. Moreover. consideration of phase or 
chemical transitions at the walls of a pore essentially 
complicates the kinetic problem as compared with the 
Poiseuille flow analyzed in [3,4]. 

One of the first investigations in this field is the work 

[5] which deals with the kinetic theory of mass transfer 
involving catalysis in a cylindrical channel, but it 

concerns a particular case of trace gas diffusion in the 
main gas, i.e. at negligible mass velocity. 

This paper considers vapor flow in a semi-infinite (Z 
< 0) cylindrical capillary of the radius r,,, at the open 
end of which, Z = 0, a constant pressure p0 is main- 
tained, which is less than the saturated vapor pressure 
p,(T). Here evaporation occurs over the entire inner 
capillary surface having a constant temperature. The 
difference p,(T) -pO is assumed to be small, therefore 
the vapor flow is slow too. 

The first part of the paper deals with formulation of 
the problem and the general method of solution, and 
the second gives a detailed description of the limiting 

vapor tlow regimes, and presents the calculation 
results for a wide range of Knudsen numbers. 

The analysis of the vapor flow is based on the BGK 
model kinetic equation [4,6] 

where 

R = (X, Y), 

is the Maxwellian distribution function. 

(1) 
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Introducing the dimensionless coordinates and ve- 
locities 

Z R 
r=-. “=I+ 

i 1 
12 

r. r. 

reduces equation (1) to the form 

where 

(2) 

Let us formulate the boundary conditions for equa- 
tion (2). Assuming the coefficient of evaporation equal 
to unity gives for the particles leaving the capillary wall 

F(n,u, < 0) = 
exp{ -14”; 

n3’2 

The density of particles at z = 0 is 

PO 
‘lo = kr’ 

The solution to the problem (2))(4) is sought in the 
form 

F = $$exp(-u2)[1 + qz)4(u,r)] (5) 

i.e. it reduces to determination of the functions ti, Pand 
4. By definition 

* -, 
HL’, = J Fu,d3u; i= s,y,z 

-CC 
[heren =Gj. 

Let us introduce the following notations 

! 
’ I, 

.4= exp( - u2)4 d’u, 
--i 

’ ‘, 

.f; = ! exp( -a’)& d”u. 
_I 

Having linearized the equilibrium distribution func- 
tion, we calculate the RHS of equation (2) 

F,-F zz c(z) V(Z)~~~(-~‘) 
r3 2 

x (g+2u,f-rr3 2$). (6) 

At r = I equations (3) and (5) yield 

1 L I 1 
$(u;n<O)= m-l m. (7) 

This quantity should be constant, since the function 4 
at r = 1 depends only on the molecular velocity, while 
the RHS, only on z. Hence, the following relationship 
holds 

Substitution of expressions (5), (6) and (8) into (2) 
gives 

x {ln[?i(z) V(z)]: = A(gf2u.f). (9) 

We may show that (d/dz)(ln[il(z) V(z)] j is inde- 
pendent of z. Actually, the continuity equation for a 
gas with account of (5) has the form 

Since,f,,/;.,f~ are the functions of r, equation (10) yields 

‘; ln[fi(z) V(z)] = /j(r) (11) 

and equation (9) takes the form 

Thus, the form of expression (5) for the function F 
has made it possible to subdivide the original equation 
into equations (11) and (12) for the functions depend- 
ing on z and r, respectively. It should be emphasized 
that (12) differs essentially from the similar equations 
for the case of impermeable walls [3,4,7] in that the 

last term on the LHS of (12) is not constant but 

depends on the desired function 4. 
Let us write the solution to equation (12) in an 

integral form (integration is performed along the 
characteristics of the equation) taking account of the 
boundary condition (7) and relation (8) 

h 
4 = -Cexp -~ - 

i 1 Tll, 

1 

J 

.*exp 

+-- 
G2r 0 14, 

-P~~~exp!-~!(S,~,+C)d.~. (13) 

Here 
n, = J(ut+uf), h =rcosH+d(l-r2sin28) 

is the segment of the characteristic from the capillary 
wall to the point r (Fig. 1); the characteristics of 
equation (12) are straight lines, i.e. 

X-X’ = SCOSO, J,-J’ = ssin0. cos0 = s, 
u, 

sin0 =:, s = J[(X-X’)2+(J-.t.‘)2] 
, 

FIG. 1. Geometry of the problem. 
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Multiplying the both sides of equation (13) suc- in the vicinity of the point s = 0 makes the main 
cessively by exp ( - u2)ui and exp ( - u2) and integrating contribution to the values of integrals. On this basis, 
with respect to the space of velocities II, we obtain a set expanding the functions g, fi and 4 into the Taylor 
of equations : series in the vicinity of the point s = 0(x = x’, y = y’) 

and restricting ourselves to the terms of order .?, we 
pass from the integral equation (13) to an integro- 

t;=&j’ j 
~~exp~-~-uz! fl(r’)dsd3u 

differential equation. The expansion of integrands into 

+j;, iiexp(:$-U2i- 

the Taylor series is performed following [7], where 
evaporation only from the bottom of the capillary is 
taken into account. The resulting equation is rather 

cumbersome. It can be simplified by introducing the 

x (&+C)dsd3u, (14) 
following notation 

fj = -n1i2Cj~~,UIexpi-~-~:jd2rr, 
hexpj-~i+ru.[exp(-~~-l]=M, 

+&j~~jOb~exp(-$‘r’! 
b’exp(-&j+Zru,{bexp(-$1 

x (g+2u.f),.dsd3u +ru,/exp(-$)-l]}=N. 

-Pj~~~~~expj-;:l-u”j~l,,d.~d’u $(g+2 f xu,cosf3+2~fi,sin0+2uZfJ = Q, 

(j = x>Y)> (15) 4+tu$($+C)-Q zz G, (19) 

g = -x”2C jIInexp(-&--$)d’u, $cosO+~sinU = t(Q), 

1 
jX jr,exP (-$-U2) 

+ 7Yr 

$cos20+2gsinQcos0+$sin20 = P(Q). 

/ 0 ur Represent the functionsf; andf;. in the form 
x (g+2u,f),,dsd3U 

.A = .uf(r), .A = .~f(r). (20) 

-iij_~~~exp(-~-~2~~i,.dsd3~. (16) 
Taking into account (19), (20) and using the ex- 

pression obtained as a result of differentiation of 
For the cross-section-averaged density of particles equation (12) with respect to x and !; we reduce the 

at the exit we have above integro-differential equation to the form 

” .X, 
110 = - 

Jj 
4= -Cexp(-$)+[exp(-$)-l](G-4) 

= i+:(O);;;::& j;gr drj (17) [ +M i(Q)+fl;~ ] 

where X is the cylinder cross-section area. Density and 
flows of particles in axial and radial directions follow- +~~B~,[G(~+TB~=)+Tu,L(Q)I 
ing (5), (8) (11) and (17) are expressed as 

I 

k.(r) n(z, r) = 1+ (no - l)exp(~z)--i--, 
-; P(Q). (21) 

2 
j 

rcrdr 
0 Let us consider equation (14). Since the kernels of 

(18) the integrals entering into the RHS of the above 

I,(z, r) = nui = (no - l)exp(pz) A(r) equation have singularity at the point s = 0 [7], we 

2rr312 
J 
’ ’ Kr dr 

expand the integrand in the vicinity of the singularity 

0 point, restricting ourselves to the terms of order s2 : 

where 

K=C+L. 
=3/2 

j- jbexp(-~-u2i f;(,.‘)dsd3u 

-au 0 

Thus, to determine the density and flows, it is bexp -A-U,’ 
necessary to calculate the functionsfi(r) and K(r). 

=7C 
l/2 1; i ‘54 1 

The analysis of the integrals on the RHS of u, 

equation (13) shows that at not very large T integration x [r,;;-;(r,)s + f&f&‘, dsd2u, 
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-g jo2”[hT,(~)+T7,(~)]cosHdU 

+g$ jo2n cos2tilh’T,(f)+2rh7;(~) 

f2r2T3 ; -r2 dW 
0 1 

+&it. jo2’ sin’l)[~‘T’(~)+2rhr,(~~ 

+2r2T&r2]dD}, 

where 

T.(y) = j: .x’exp( -x2-$dn[Y]. 

Now equation (21) is used to calculate the second 

integral on the RHS of equation (14): 

x [~+c-L(~)s+fP(~)s2]dsd3u 

(22) 

x exp(-u2)d3u 

j 

1 uz - 
-r 

cGexp(-u’)Md’u 

x [G(l +rptr,) + ru,L(Q)] d”u. 

It should be noted that the newly obtained integrals 
also contain the function 4 in an explicit form. 
Therefore, equation (21) should be substituted into 
(22) so many times till the integrals containing 4, 
become less than the prescribed error of calculations; 
to estimate the remainder terms, the following ex- 
pression is used 

+&(g+2u.f) (23) 

which, as it follows from (6). corresponds to the 
equilibrium distribution function. 

As a result of similar transformations, we get from 

equations (14)-(16) a homogeneous set of ordinary 
differential equations for three unknown functions 
ti(r), f(r),f;(r). as well as for the parameter /j [here (I 6) 
reduces to an equation with respect to IC = C 
+ (g/n3’2)]. They are not given here for their awkward- 
ness. The resulting set of equations is solved by the 
collocation method. The unknown functions ti,,f;,f; are 
approximated by the tenth-order polynomials. Sub- 
stitution of the chosen polynomials into the set of 

differential equations yields a set of homogeneous 
algebraic equations with respect to the polynomial 
coefficients. The parameter /I’ is defined from the 
condition that the determinant of this set equals zero. 
The values of the functions K, .f; 1; are calculated 
accurate to the same arbitrary factor which cannot be 
defined within the framework of the stated problem. 
However, as it follows from (18) that the macroscopic 
quantities could be determined, there is no need in 

determining this factor because the density, velocities 
and Ruxes are expressed only in terms of relations of 
the appropriate functions. As a result, formulae (18) 

fully determine the desired hydrodynamic quantities of 
the problem. 

II 

Let us consider in detail two limiting cases, whose 
analysis is much more simple. 

First, we shall analyze the limiting vapor flow 

regime at r + 0, i.e. a continuum regime. In the above 
set of differential equations for the functions Qr),,f(r), 

/i(r), substitution of integration with respect to the 

capillary section area by integration with respect to 
area ofthe circle with the radius At (A is chosen so that 
for any integer n > 0 T,,(A) cc T”), gives 

=3;2 dK jl-ir(3g+r$l) 

From equations (24))(26), differentiating (26) with 
respect to r, we have 

rg + l?f'+/jfi = 0. (27) 

With (27) equation (26) gives 

(28) 

It follows from (24) and (27) that 

Thus, in the present problem equations (27)(29) 
with (I 8) are the main equations used to describe the 
regime of continuum. 

Differentiating (28) and combining the newly ob: 



Transfer in a capillary 403 

tained equation with (29) we obtain an equation for 

defining K 

(30) 

The solution to equation (30) is written in the form 

where J,,(/Ir) is the first-kind Bessel function. 
Substituting (31)into (29) and solving it with respect 

to fZ, we have 

f' = B[ck&(/k)+ W(r)]. .z (32) 

Here CC and B are the constants of integration, and a 
particular solution of the nonhomogeneous equation 

is 

where 

/1 2 
a, = 0, al< = -a?,_> ~ 0 2s 

1 
+(-1)‘-1 (2s)~[(2s-2)!!]~ P. 

Write equation (32) in the form 

.f; = -B$j L Jo(~h.-~ W(r)+ Cl,. (33) 
0 I 

Finally, from (27) and 

rf’ = B/j s 
0 

(33) we have 

Jo(B) 
JofPr)- wJ(l) 

__ W(r)+ d, 1 rdr. (34) 

Note that equations (31) (33) and (34) have the 
arbitrary constant B, which cannot be specified. How- 
ever, it is inessential for the macroscopic values to be 
obtained, since according to (18) the density, velocities 
and fluxes are expressed only in terms of the relations 
of the appropriate functions. 

To define p and d,, it is necessary to consider 
integral equations (14) and (15) at the points (1 
-r) cc 1. We introduce a new variable n = (l/r)( 1 -r) 

and the following functions [9] : 

i = K+H(f’f), 

r\ = f,+@‘(v), (35) 

Y? = rf+i(r?). 

Here the functions KJ~ andf‘are defined from relations 
(31) (33), (34); the functions H(q), Q(u), i(o) are 
correction ones, and at q + co they go to zero more 
rapidly than q-” (11 is any positive number). 

Expressing the functions ti& andfin terms of a new 
variable g accurate to the terms of order rq, we have 

K = +2 [Jo(B)+B71?4(/0]. (36) 

rf = BP 

Jo(P) dW(x) _____ J1(“)+,jW(l) dx I I x=L 

x r/by +t/,,. . (37) 

-$$ W(r) rdr++ (38) 1 I 
To calculate the integrals on the RHS of equations 

(14) and (15) use is made of equation (23) and of the 
method described in [9]. 

As a result, equation (15). written for the points (1 
-r) cc 1 with (35)-(38) substituted into it accurate to 
the terms of order 7, has the form 

W(1) 
B~5,(~)7;(d+$~~i~ 

0 

X 1 -T:(‘i)+;[1T,(rl)+T,(rl)-rlTL(q)+7;(~)] I 
1 

X SF Jo(D) 
&C/jr)-,~ W(r) rdr 

0 I 

s ;c 

-7-K G(rlo)sign(?-rlo)T,(I?-rlol)drlo 
0 

(39) 

Let us represent all the desired functions in terms of 
series in positive ascending powers of 7. We shall write 
down these series for /I, a,, and d,: 

fi(7)=/lo+7”‘~*+7”~/j)2+..., 

@(7, q) = - $ [8rk9,, (q) + 4~~‘C’,,(q) + .], 

d,,(r) = h”d ,,,, +T’Q~~,~ +. (40) 

Substituting (40) into equation (39) we get in the 
zero approximation 

p. = 0. (41) 

Note, that from (33) and (41) it follows that in such 
an approximation the axial velocity has a parabolic 

profile. 
Equating the coefficients of r and letting q approach 

zero, we obtain the following equation to determine nr 
and /jr : 

On the basis of the analytical expressions for Jo(x) 
and W(x), we obtain from (42) 

HMT Vol 21. No 4-C 
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Thus, 

/r = -&T1’~+olr’~~~. 
Note that assuming r = 1 in (36) (38) and taking 

account of (41), (43), we may show that on the lateral 
surface the Hertz-Knudsen condition is fulfilled (at 
least, accurate to the terms of order 5): 

.f = XK 

From (31), (33) and (34) with account of (43) it 
follows that 

(44) 

Consider now equation (14) for (1 -r) << 1. Using 
(44) we get 

n@(l?) + 8rZB T,(n) 
i 

+5I~~~(rl)+4~,(q)-2~,(~)1 
) 

-4&M -G(~~+;~rlT,(si+T,(dl 
f 1 

-&2 
I 
m Wr?,)~-l(l~-h3l) 

0 

x[l+;(rl-no)jdrlo=O. (45) 

From equation (45) it follows that in (40) 

I, = 1, k, = I, = 2, k, = 3. 

With (40), we obtain from (45) the following equa- 

tions which allow d,,, dwz, Dl(q), ml(q) to be de- 
termined: 

x T-,(b-qol)drlo. (46) 

Equations (46) coincide with the equations obtained 
for the Poiseuille flow in [9] where their solutions are 
given, i.e. expressions for the functions @r(q), Q1(u) 
and the values of d,,, dw2. 

Thus, on having obtained /I and d,, expressions (31), 
(33), (34) determine the solution to the present pro- 
blem for the conditions of the continuous medium, and 
the functions H, @, IJ allow description of the flo& in a 
thin wall layer. 

Let us consider now a system of the integral 
equations (14)-(16) at T + co (a free molecular flow 

regime). We substitute (23) into the integrals which 
contain the function 4 in an explicit form. To simplify 

the calculation of the integrals, we restrict ourselves to 
the parabolic dependence of the functions KJJ on the 
radius : 

K = co+bor2, ji = c,+b,r*, .f = cz+b2r’. 

Using asymptotic expansions of the functions 

T,(b/s), T,(b/r), TA(b/r) at T -+ co [8]. we obtain the 
foliowing algebraic equations to determine the coef- 
ficients ci, b, : 

/hc2cO+~/h2bo+2c,-~cz-f/~b2 = 0, 

/hc’c,-[hr’b,-8b, -4/lc, = 0, 

m,+/lc,+-f/~b, = 0, 

4nbo-~c,+~~b, = 0, 

pc, +2c, = 0, 

/lb, +4bz = 0. 

(47) 

The solution of the set (47) is 

0 b = -0.33, 1 b = -0.22, 5 = -0.11. 
co cl c2 

Cl - = -3.55, CL = 
co Cl 

-0.485, [I = 0.97. 

l-=0 

0. 

0. 

r *0.33 

r=I 

r-m 

I 
0 0.2 0.4 0.6 0.0 1.0 

FIG. 2. Function rf(r)/f(l) vs r. 

0.6 - 
:a 

I ‘G-i 

FIG. 3. Function k(r)/~(O) vs r. 
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0.6 - 

0.4 - 

0.2 - 

11_111.4_. 
FIG. 4. Functionf;(r)/fi(O) vs r. 

Table 1. Dependence of Z?,/L, K/f’( 1) and fi on T 

T 0 0.33 0.50 I.0 2.0 2’ 

-K/X 0 0.133 0.171 0.218 0.248 0.270 

C/f‘{ 1 f 0.318 0.375 0.442 0.501 0.543 0.556 

11 0 0.708 0.773 0.862 0.9 12 0.970 

Hence, 

k’ = c,(l -0.33r2), ,fz = c,(l -0.22r’), 

f’= c,(l -O.tlrz). 

It should be noted that according to the solution for 
a free-molecular regime, obtained by an alternate 
means [lo], /I = 1. 

The Table summarizes the values of r?/,f;, ~Jff I) for 
different z, which permit the cross-section averaged 
flow in the z-direction as well as the flux on the lateral 
surface to be determined by formulae (18). Figures 2-4 
present the distributions of the functions K, rf and f, 
over the radius, necessary for determining the profiles 
and velocities (in this case the approximation used at z 
-+ 3~~ for K(T) turned out to be insufficiently accurate). 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

CI~ETIQUE DU TRANSFERT DE MASSE DANS 
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~~~~~~~LAIRE AVEC EVAPORATION 

R&sum&-On donne la formulation math~matique et la methode de resolution du probleme de la 
cinetique du transfert massique dam un capillaire avec evaporation li la surface interne. ffne equation 
linearisee BKG est resolue la fonction de distribution Ctant choisie de facon que les conditions limites 
saient satisfaites pour I’iquation originale divisee en deux equations pour les fonctions d&pendant 
respectivement de z et de r. Des expressions sont obtenues pour les distributions des grandeurs 
macroscopiques caractdristiques de l’ecoulement de vapeur. Dans une seconde partie de l’article, sur la 
base de la technique get&ale donnee, on &die analytiquement le transfert massique pour ies cas limites 
d’un milieu continu et d’un regime moleculaire libre. Les tables et les figures presentent les valeurs des 
grandeurs qui concernent I’itcoufement moyen dans la section drone selon la direction axiale et 
l’ecoulement SW la surface laterale et ies profils de masse specitique et de vitesse pour differents 

regimes de rartfaction. 

DIE KINETIK DER STOFFUBERTRAGUNG IN EINER KAPILLARE 
MIT VERDAMPFUNG AN DER INNEREN OBERFLACHE 

Zusammenfassung-Die Arbeit beschreibt die mathematische Formulierung und die Ldsungsmethode 
des Problems der Stoffiibertragungskinetik in einer Kapillare mit Berticksichtigung der Verdampfung an 
der Innenffache, Es wird die linearisicrt~ Gleichung eines BKG-Modells gel&t, wobei die Distri- 
butionsfunktion derart gewahlt wurde, daR sowohl die Randbedingungen erfiillt als such die 
urspriingliche Gleichung in zwei von z bzw. r abhangige Gleichungen aufgeteilt werden konnte. Es 
werden Ausdriicke fur die Verteilung makroskopischer den Dampfstrom cha~kterisierende G&en 
erhalten. Im zweiten Teil der Arbeit wird auf der Grundlage der allgemein gegebenen Technik der 
Stofftransport in einer Kapillare analytisch fiir die Grenzfalle des kontinuierlichen Mediums und der 
freien Molekular-Str~mung behandelt. Die Tabellen und Bilder geben Gr%en an, nach denen sich 
sowohl der iiber den Querschnitt gemittelte axiale Flu8 als such der FluB an einer seitlichen 
OberRIche sowie die Dichte- und Geschwindigkeitsprofle fur verschiedene Verdiinnungszusthnde 

ermitteln lassen. 
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KMHETMKA MACCOnEPEHOCA B KAnMJlJlRPE nPM MCnAPEHMM 
C BHYTPEHHEI;I nOBEPXHOCTM 

AHHoTauHR- B pa6oTe paccMaTpMsamTcn MaTeMaTwfecKafl nocTaHoBKa i4 MeTon pemeiiw 3anarM 

0 KwfeTMKe MacconepeHoca B Karninnnpe np~ MCnapeHMw c BHyTpeHHeR nosepxfiocTM. PetuaeTcn 

neHeape30BaHHoe MonenbHoe ypaBHeHwe ~TK. npbi 3~0~ +yHK~!-i54 pacnpenenewifl abl&paeTcn 

TaKHM,YTO6bly~OBJleTBopnnMcb rpaHM',HbleyCnOBll~.aTaK~e MMeJIO MeCTO pa'Sae,,eHMe MCXO."HOrO 

ypaBHeHW3 Ha fiBa ypaBHeHHS3 fl.nR (t)yHKuMii, 3aBMCI1IlIMX OT Z H OT ,'COOTBeTCTBeHHO. nOnyWHbl 

sbrpawtewin nm pacnpeneneHiG MaKpocKonwiecKMx BenwMH, xapaKTepM3ytOuwx TereHwe napa. 

Bo BTOPO~? qaCTH pa6oTbl, MCXOnR ~3 npHBeneHHoti o6tueii MeTOnMKM,aHanHTwecKM MccnenyeTcn 
MacconepeHoc~Kanww3pe nnfl npenenbHblxcnyqaeBcnnotuHoAcpenbl ~c~060~Ho~o:1eKyn~pHoro 

pemuMa. B Ta6nwe M Ha pwyHKax npMBonnTcn 3HaqeHw4 Beniwmi, no3BoJlfltO<)LUMe OnpenenMTb 

CpenHHfi nOCe%HMFO nOTOK BaKCManbHOM HanpaB;leHMM II nOTOK Ha60KO~Oii nOBepxH0CTM.a TaKme 

npo&inH nnoTHocTM M cKopocTeR nnR pa3nMrHblx pej~i1~0B pa3pexeHidn. 


