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Abstract — Surface catalytic recombination of dissociated atoms in a chemically frozen multicomponent
laminar boundary layer behind a strong, moving shock is analyzed. Chung’s problem is generalized here
to include the effects of thermal-diffusion, diffusion-thermo and multicomponent diffusion.
Thermodynamically-coupled species conservation equation is solved, employing our decoupling transfor-
mation. New solutions, including the transport cross-coupling effects, are obtained for surface distribution of
atoms when the temperature and the atom concentration vary arbitrarily in the inviscid, dissociating gas
stream and the surface has an arbitrary but uniform catalycity. Thermal-diffusion effects on surface
concentration distribution of dissociated oxygen and of dissociated nitrogen are presented for various
temperature gradients across the boundary layer. The present results indicate that thermal-diffusion effects
may cause significant changes in surface concentration distribution for large temperature gradients and

therefore cannot be neglected in such problems.
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NOMENCLATURE k, coefficient of thermal conductivity;
a,, series expansion coefficients for the total K,,, surface recombination specific rate
enthalpy at the boundary layer edge; coefficient ;
bims series expansion coefficients for the con- M, modal matrix defined in the Appendix;
centration of ith species at the boundary n, number of species;
layer edge; D, static pressure;
by, elements of the inverse modal matrix, Pr, Prandtl number;
given in the Appendix; Pr;, equivalent “Prandtl-Schmidt” numbers;
B, series expansion coefficients of the { field Se, Schmidt number ;
at the boundary layer edge; t, time;
Cis =p,/p, mass fraction of species i; T, static absolute temperature;;
C, =ppi/p.it,, normalized density—viscosity u, velocity component parallel to surface;
product ; u,, shock velocity;
Cpis specific heat of species i; v, velocity component normal to surface;
Cofs 7 ¢ic,,;, specific heat at constant pressure;; X, coordinate along the surface;
Dy, multicomponent coefficient of diffusion of ¥s coordinate normal to surface;
species i due to concentration gradient of v, transformed coordinate ;
species j; zj, transformed dimensionless coordinate,
Dir, multicomponent  thermal  diffusion for {; field.
coefficient of species i;
Dri multicomponent coefficient of diffusion- Greek symbols
thermo due to concentration gradient of ;B  coupling coefficients;
species i; Vis Vjis coupling coefficients;
fy, dimensionless stream function; {i transformed “total enthalpy-concen-
h, enthalpy; tration field”;
KO, enthalpy of formation; 5 transformed coordinate for {; field;
I, =h + }u?, total enthalpy; A, diagonal matrix with elements 4, defined
J,, mass flux of species i, in the y direction; in the Appendix;
J ;y, energy flux in the y direction; Ai eigenvalues of the matrix Q;
U, viscosity ;
e ~ o, density;
* Presently at: Department of Aerospace and Mechanical v, stream function;
Engineering, Boston University, Boston, MA 02215, U.S.A. Q, transport coefficient matrix ;
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Wy, elements of the transport coefficient mat-
rix §.
Superscripts
* dimensionless variable.
Subscripts
e, boundary-layer edge;
i, species {;
W, surface y=0or n =0,
SR free-stream.

1. INTRODUCTION

ReECOMBINATION of dissociated gas in boundary-layer
flows, induced by a strong shock wave advancing into
a stationary fluid bounded by a wall, is of importance
in chemical diagnostics of shock tubes and in in-
vestigation of explosion process and detonation waves.
One of the most important current applications of
surface recombination theories arises from the fact
that the heat-transfer measurements on the surfaces of
known catalycities, can be interpreted with those
theories to determine the free stream atom con-
centration in high temperature laboratory facilities.
The detailed discussion of the techniques and some of
the measurements are given in the literature [1-3].
Most accurate diagnostics are possible when the gas-
phase recombination is frozen.

The general theory for the boundary layer behind a
moving shock has been extensively developed by
Mirels [4,5] and by Chung [6]. Chung [1] also
composed a comprehensive review of chemically react-
ing nonequilibrium boundary layers including recom-
bination problems. The particular problem analyzed
by Chung [6] was concerned with strong, moving
shock waves which produce substantial amounts of
dissociation behind them. The gas which is set to
motion by the shock, forms a boundary {ayer along the
wall. The dissociated atoms diffuse through the boun-
dary layer and recombine on the catalytic cold solid
surface. The surface was considered to be of an
arbitrary, constant, finite catalycity rate and the
recombination process in the boundary layer itself was
assumed frozen. The streamwise distribution of atom
concentration in the inviscid flow behind the shock
was considered to be given as an arbitrarily continuous
function of the distance from the shock. However, the
cross-coupling effects of transport phenomena, ie.
thermal-diffusion, diffusion-thermo and multicom-
ponent diffusion effects have been omitted in Chung’s
analysis.

These thermodynamic coupling effects may, under
certain operating conditions [7-10], cause appreci-
able changes in the values of heat and mass fluxes and
cannot be neglected on an a priori basis, i.e. before
estimating the expected results under the expected
operating conditions. For instance, the experimental
results of Tewfik et al. [7] show that the heat flux due
to thermodynamic coupling is of the same order of
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magnitude (or even exceeds) the familiar Fourier heat
flux and may be in the opposite direction. Inger [§]
recently analyzed the effects of thermal-diffusion on
oxygen distributions near intense fires and using a
simple theoretical model he showed that these effects
may cause local “over-shoots™ relative to ambient
conditions. Another comprehensive theoretical and
experimental investigation of flame structure and
flame reaction kinetics carried out by Dixon-Lewis ¢t
al. [9, 10] show that thermal-diffusion flux, for exam-
ple hydrogen flux in a rich hydrogen + nitrogen +
oxygen flame, may be of the same order of magnitude
{97 or even exceeds [ 10] the ordinary diffusional flux.

Thermal-diffusion flux may be not only of the same
order of magnitude but also in the opposite direction
to the ordinary diffusional flux, (for example nitrogen
flux in the above mentioned case [9]).

On the other hand, there are cases in which these
coupling effects are negligible. For instance, Weihs and
Gal-Or [11] analyzed the relaxation regions behind a
moving shock of dissociated oxygen and of dissociated
carbon-dioxide including thermodynamic coupling
effects and showed that the contribution of these effects
is small in the gas medium behind the shock. However,
the boundary layer along the solid wall was not
included in their analysis. In such boundary-layer
problems the temperature of the gas medium behind
the shock is raised very markedly relative to surface
temperature. These steep temperature gradients across
the boundary layer may cause (due to thermal-
diffusion) significant changes in the flux values of
dissociated atoms which diffuse through the boundary
layer to recombine on the surface, as indicated in the
present work. In addition, due to dissociation process
caused by the moving shock wave and due to surface
recombination, concentration gradients and diffusion
fluxes may affect surface heat flux {diffusion-thermo
phenomena). Hence, it becomes necessary to include
these transport-coupling effects in the analysis of such
boundary-layer problems. It is the purpose of this
paper to present such an analysis.

2. GOVERNING EQUATIONS AND BOUNDARY
CONDITIONS

A strong shock wave moving along a solid wall is
considered. Unsteady coordinate system fixed to the
wall is used (see Fig. 1), with an arbitrary origin, x = 0,
where t = 0 denotes the time that the shock passes this
origin. The boundary-layer equations are valid for the
region behind the shock, ie. x < ug, where u, is the
shock velocity. We consider here a laminar multicom-
ponent compressible boundary layer which is induced
by the strong shock wave advancing into the sta-
tionary fluid bounded by the wall. The boundary-layer
equations are as follows:

continuity :

dp dpu
at e Ty
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FiG. 1. Coordinate system for moving shock and boundary layer.
species : 0,h = h,,andaty = o:u = u, = constant, h =
h,(x,t), where the subscripts w and e refer to the wall
p% + u% +p Qﬁ - E(J,) ) and edge of the boundary layer, respectively, and the
o ox Oy dy " enthalpy h is given by
i= {n—1 T
h=Y ¢ i dT + h® |.
energy i LJo _
oh oh oh 0 ou\? 3 For the species equations (2) the boundary con-
Py ot p”(?y 6y( o) TH oy 3} ditions at the wall are much more complicated, since
they are coupled, through thermal-diffusion and
multicomponent-diffusion terms with the solutions of
momentum: both, the species and energy equations. At y = 0
du ou du F u 4 species boundary condition is
-t u~— +pv—=——| —u—
Py P = Ty # 3 4

where the thermodynamically coupled multicom-
ponent diffusion and energy fluxes, respectively are

(15]

S i oT
J,=- Dy;— - iT L (5)

' ,-g, 7oy oy

aT n—1 ac n—1
J, =—k—— Dyi— hJ 6
o 6y lzl n ay * IZI ( )

Here the effects of thermal-diffusion, diffusion-thermo
and multicomponent diffusion are considered.

Following Chung [6], the pressure and the stream-
wise velocity are assumed to be constant along the
boundary-layer edge, as it is seen from equations (2)
and (3). The pressure and inviscid velocity behind the
shock, in practice, vary with the dissociative relaxation
of the gas. However, the present study is concerned
only with strong shocks which produce a significant
amount of dissociation, for such strong shocks the
variation of u, and of the pressure can be neglected [6].
Other effects, such as variation of the concentration
and the temperature along the boundary-layer edge,
due to dissociation, will be considered here. As to the
recombination process, it will be assumed that recom-
bination takes place only on the solid surface, within
the boundary layer, recombination will be taken as
negligible {6]. (The existence of such flow regime was
investigated also by Inger [12].)

The boundary conditions for the continuity, mom-
entum and energy equations are:aty = O,u = 0,v =

dc; "o oc;

Dyl —) + Dy; (

<6y ) El oy
j#i

).

oT
+ DiT a_ = priwciw (7)
Y /w

and at y = o
®)

The RHS of equation (7) represents the rate of
recombination of atoms on the cold wall. Assuming
that the dissociative gas is diatomic, the recombination
is usually a first-order chemical reaction [13, 14]. The
rate of diffusion of atoms to the wall is equal to the rate
at which the atoms recombine at the wall. Taking into
account thermodynamic coupling contributions, the
diffusion flux of ith species is not only due to its
concentration gradient but also due to the temperature
gradient (thermal-diffusion effect) and due to the
concentration gradients of all other components pre-
sent (multicomponent diffusion).

C; = (X, 1),

3. TRANSFORMATION OF GOVERNING EQUATIONS
AND SOLUTION PROCEDURE

The solution of the field-equation set, equations
(1)—(4), is difficult since it is mutually coupled. Further-
more, the species boundary condition, equation (7) is
coupled to the solutions of both the species and energy
equations through the species and temperature gra-
dients at the wall.
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To overcome these difficulties we first employ the
general transformation presented in [15], in which the
energy and species equations are decoupled and
transformed into a widely useful energy-species equ-
ation. Thus, the energy and species equations {equation
{3) and equation {2),i = 1,2...(n — 1}]. are replaced
by the energy-species equation

G ¢ é af

g + o, + T 1t
0L+ pu— i+ pro—{= —
P as I T PR

~ Pr;

i

c, u oo« a (1 2)*
RS SR T 9
T b)) o

3}

&y

where (; is the transformed total

concentration field defined by [15]

n—1

enthalpy-

U= 2 auc+ iI* (10)
i=1
Here, I is the total enthalpy
[=h+iu (11
=h zu )

and ay, B; are coefficients resulting from the diagon-
alization of the phenomenological coefficients matrix,
and Pr; is the equivalent Prandtl-Schmidt number in
terms of eigenvalues of this matrix. (The asterisk
denotes dimensionless values normalized by h,, the
free-stream enthalpy.) In addition,

¢ = z "{'ij‘:jv (12)
j=1
j=1

where y;;and y,; are defined in [15]. Thus, following the
solutions of the transformed field {;, one can arrive
back at the physical fields ¢; and 1.

Next, the wall boundary conditions are to be
expressed in terms of the {, field. For that purpose, we
first note that the coupled diffusion flux is obtained in
transformed form by multiplying equation (9) by y;;
and then summing over all n. Then, examining the
nature of equation (12} we express the flux J (¢, T} as
Ji{{;. The latter obeys the conservation form
equation

ac; ac;

6‘( i
Pt P+ pU—— =
és oy

2 .
&t Ty Lol (14)

where
" u (3
J,'(Ci,T)EJ,“(C‘)z“[Z Vi ET C
4 o i JPr y

¥ 2 By S (Pr, ~1>~-§--‘—-w3— ] (15)

Hence, the diffusion flux of species i at the wall (u = 0)
becomes

" w0 )
Jow=—{ Y it 20, 16
(j; /’Prj ('3y‘>l ( )

7w
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and by employing equations (5), {16} and (12), the
species boundary conditions at the wall, equation (7).
takes the form

n

g
Z }!Pr( })

This boundary condition will be satisfied here for each

{; as follows
p[& j) .
= — | = p K<,
P’j(.a)’, w f >

As to the remaining continuity and momentum
equations, we follow Chung’s [6] approach, and define
a stream function ¢, as

::’OWKiw Z }‘ijgj‘ {17}
it

i=

(18)

5 ‘Z’j
= — 19
pu=ral, 19
g & oy
pr = = peo ( Wy S Ly (20)
("V ct + 0 Pea K
Then, in terms of the variable
o ~12
7= (( «---wdy){ZC (gt — ‘<) 20
\Jo Peo Peolds

a dimensionless stream function is introduced as [6]

) 2 -1 2
= t&(x,y,z)( a0t Yo p x}l 22)
Peo Hs .

Hence, the momentum conservation

becomes

equation

7+ (}7 - 9-?—]‘)?' =0 (23)
uS I

subject to the following boundary conditions:
at y=0 f=1=0, fr=1

where the primes denote differentiation with respect to
).

Now, to enable comparison with Chung’s [6] results
and to allow the new coupled solutions of the present
study to be obtained in terms of Chung’s solutions, we
define here for each field {;, the following dimension-
less independent variables

Pr;
?; =1z S(‘ v

-1
z; = Pri{p K )(ugt — x)'? (‘; Cpeo!‘eo“s> .

and at y = »

(24)

(25)
Then, the energy-species equations finally becomes
1 6%,

se i * 0= () () ]
- -C)E) W

J

(26)
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and according to equation {18) the wali boundary
condition is

o,
a_’ii =z{;

In addition, at the outer edge of the boundary layer,

at n; =0, 27)

at m=x, {=0,= Y B {28)
m=0

Here, the total enthalpy and the concentration of

species distributions along the boundary-layer edge

are expressed by the following series of z;, respectively

=1 = i Az} (29)
m=0
and
C; = Cyp = i bz (30)
m=o
where, according to equation (10}
B, = i %ibo, + By, 3n

i=1

Thus, the multicomponent, thermodynamically-
coupled conservation equations and boundary con-
ditions were recast here by means of the transformed
field {; to a mathematical form which is similar to
Chung’s equation form. Hence, solutions for {;, are
obtained here adopting Chung’s method [6]. Then, to
arrive back at the physical field, we use here equation
(12), i.e. solutions for the surface atom concentration
¢, are carried out through the solutions of the
transformed field (;,, according to the following
equation

Ciyg = Z Vs;Cjw (32)
i=1

4. RESULTS AND DISCUSSION

To enable comparison with Chung’s [6] results, the
same given sample of the boundary-layer edge con-
centration distribution is considered here as

¢, = 09998 z — 0.6665 z* + 0.1481 z° (33)

although the present solution is valid for any arbitrary
variation of ¢, {and T,).

The surface atom concentration is calculated here
using equation (32) for dissociated oxygen and for
dissociated nitrogen for various temperature gradients
across the boundary layer, where the normalized total
enthalpy distribution I/1 ,,,, along the boundary-layer
edge, is described here using the same coefficients that
appear in equation (33).

The procedure by which the coupling coefficients
can be determined for multicomponent mixtures is
described in detail in [15]. However, the particular
formulations for the cases that are illustrated in the
present study, namely binary mixtures of atoms and
homonuclear diatomic molecules, are given in the
Appendix.
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The surface atom distribution, for variable tempera-
ture and concentrations at the boundary layer edge, is
presented in Fig. 2 for dissociated oxygen and for
dissociated nitrogen. When thermodynamic coupling
contributions are omitted from the present solution,
the results reduce to Chung’s [6] known solution. The
effect of temperature gradient at a certain station (z =
1.4) is also presented (Fig. 3). The present results
indicate that thermodynamic coupling effects, es-
pecially the thermal-diffusion effect, may cause sig-
nificant changes in surface concentrations for large
temperature gradients across the boundary layer.
These effects cannot therefore be neglected in such
problems as those encountered with strong moving
shocks explosion processes and detonation waves.

It is also shown that thermal-diffusion has a greater
effect upon the lighter gas (nitrogen in the present
case), as seen by comparison with Chung’s uncoupled
solution.

In conclusion, a general analysis of thermodynamic
coupling effects in boundary layer flows behind a
strong moving shock has been presented. It was
demonstrated how surface atom concentrations de-
pend on temperature gradients across the boundary
layer and on the molecular weight of the dissociated
gas.
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APPENDIX

The explicit particular formulations for the various coupl-
ing coefficients of binary mixtures of atoms and homonuclear
diatomic molecules are given.

The transport coefficient matrix €, which is given in [15]
for multi-component mixtures, reduces in the case of binary
mixtures to the following form

Wy Wy, Wy
Q={w,, w,;, w3} (A.1)
0 0 1

YorAM TAMBOUR

where the elements of this matrix are given by

1 D+
Wyy = - [Dl.l_ l.l'hl ‘hz)"i (A.2)
i Cor
1/D,+
M l'pf
Wy3= — W, (A4)

w = —— Sl A P
o HCps k+(h1 _hZ)Dl.T h,

(A.5)

k + (hy — hy)D
Wy, = - F U = ha)Dir ; (A.6)

HCps
k+ (hy — hy)Dy o

w0, =1 — o F ) D (A7)

' HCpp

The transport coefficients are calculated according to the
molecular theory of gases: D, , is evaluated on the basis of the
Lennard-Jones model [16] and for the thermal diffusion
ratio the modified hard-sphere model is used [17]. The
subscripts 1 and 2 refer to the atoms and to the homonuclear
diatomic molecules, respectively.

The procedure by which the equivalent Prandtl-Schmidt
numbers and the coefficients «;, B, y;; and y; are determined is
described in detail in [15]. However, the explicit particular
formulations for the present studied cases, are determined as
follows:

Let A be the diagonal matrix with elements 4,, 4, and a
unity, which are the eigenvalues of the matrix Q. A may be

expressed as [15]
A=M"1QM, (A.8)

where M is the model matrix, and M ™! is the inverse model
matrix with elements b;; (see [15])

bl.l bI.Z b1.3
Mt =] by, by, by, (A9)
0 0 bss

Thus, the equivalent Prandtl-Schmidt numbers are de-
fined by means of the eigenvalues of the coefficient matrix Q,
as

T (A.10)

The coefficients « ; and §; are defined by means of the elements
of the inverse modal matrix M~!

o _ bl,l_ . _ “%L .
1,1 ~b1.3 + 2.1 —hZ‘S »
(A.11)
bia by
ﬂ;-_bm. l”zA_bM-
and the coefficients y; and y, ; are given by
3, = — %21 o X1 .
=2 Yy mE
! 182 — a1 B ay By — x4 By
(A.12)
B. _ A

Pia = T
ayaBy— 2518
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LES EFFETS DE LA DIFFUSION THERMIQUE DANS UNE COUCHE LIMITE
A PLUSIEURS COMPOSANTS, CHIMIQUEMENT GELEE, AVEC UNE
RECOMBINAISON SUR UNE SURFACE CATALYTIQUE, DERRIERE UN CHOC
INTENSE ET MOBILE

Résumé — On analyse une recombinaison catalytique sur surface d’atomes dissociés dans une couche limite
laminaire a plusieurs composants, chimiquement gelée, derriére un choc intense en déplacement. Le
probléme de Chung est généralisé pour inclure les effets de la thermodiffusion. On résout I'équation de
conservation des espéces thermodynamiquement couplées, en employant une transformation de découplage.
De nouvelles solutions qui incluent les effets de transport simultanés sont obtenues pour la distribution
superficielle des atomes quand la température et la concentration atomique varie arbitrairement dans le gaz
sans viscosité, et la surface a une propriété quelconque mais uniforme de catalyse. Les effets de
thermodiffusion sur la distribution superficielle de concentration d’oxygene dissocié et d’azote dissocié sont
présentés pour plusieurs gradients de température a la traversée de la couche limite. Les résultats indiquent
que les effets de thermodiffusion peuvent provoquer des modifications sensibles de la distribution
superficielle de concentration pour de forts gradients de température et ne doivent pas étre négligés dans de
tels probléemes.

UBER THERMISCHE DIFFUSIONSEFFEKTE IN EINER CHEMISCH EINGEFRORENEN,
AUS MEHREREN KOMPONENTEN BESTEHENDEN GRENZSCHICHT MIT KATALYTISCHER
REKOMBINATION AN DER OBERFLACHE HINTER EINER STARKEN
DURCHLAUFENDEN STOSSWELLE

Zusammenfassung — Es wird die katalytische Oberflichenrekombination von dissoziierten Atomen in einer
chemisch eingefrorenen, aus mehreren Komponenten bestehenden laminaren Grenzschicht hinter einer
starken durchlaufenden Stofwelle untersucht. Das Problem von Chung wird hier dahingehend
verallgemeinert, daf die Effekte der Thermodiffusion und der Mehrkomponenten-Diffusion
mitberiicksichtigt werden. Die thermodynamisch gekoppelte Massenerhaltungsgleichung wird gelost, indem
unsere Entkopplungs-Transformation angewendet wird. Neue Losungen, die die Querkopplungseffekte des
Transports beinhalten, werden fiir die Oberflichenverteilung der Atome erhalten, wenn die Temperatur und
die Atomkonzentration willkiirlich in dem nicht-viskosen, dissoziierenden Gasstrom variieren und die
Oberfldche eine willkiirliche aber gleichfGrmige katalytische Wirksamkeit besitzt. Thermodiffusionseinfliisse
auf die Oberflichenkonzentrationsverteilung von dissoziiertem Sauerstoff und dissoziiertem Stickstoff
werden fiir verschiedene Temperaturgradienten in der Grenzschicht angegeben. Die vorliegenden Ergebnisse
zeigen, daf Thermodiffusionseffekte signifikante Anderungen in der Oberflichenkonzentrations-Verteilung
bei grofen Temperaturgradienten verursachen und deshalb bei solchen Problemen nicht vernachlissigt
werden diirfen.

O TEPMOJHUPPY3UOHHBIX IPPEKTAX B XUMHUUYECKH 3AMOPOXEHHOM
MHOI'OKOMIMOHEHTHOM ITIOrPAHMYHOM CJIOE NMPHU HAJIMYHUHN
KATAJTUTUYECKOW PEKOMBHUHAIIMM HA TMOBEPXHOCTHU 3A NMEPEMELIAIOMMMC S
CHUJIBHBIM CKAYKOM VIUIOTHEHUWA

AHHOTaUHA — AHaJIM3HPYETCA NOBEPXHOCTHAS KaTaTHTHYECKas DEeKOMOMHAUMA IHCCOLMHPOBAHHBIX
ATOMOB B XHMMYECKH 3aMODOXEHHOM MHOTOKOMIIOHEHTHOM JIaMHHAPHOM MOTPaHHYHOM CJloe 3a
CHIBHBIM MePEeMEIUAIOIMUMCA CKaYKOM YIUIOTHEHHS. Y DaBHEHHE COXPAHEHHMS TEPMOIHHAMHYECKH CBi-
3aHHBIX KOMNOHCHTOB PEIIAETCA HAaUIMM METOMOM HECBA3aHHBIX npeobpasoBanuit. Hosbie perennus,
BKJTIOMAIOIIHE NEPEKPecTHBIE 3bdekThl nepeHoca, NMOJIydYeHbl [ PacCNpeAesieHHS aTOMOB NO MOBEPX-
HOCTH, KOI/1a TeMnepaTypa H KOHUEHTPAllHd aTOMOB M3MEHSIOTCA NMPOH3BOJIBHO B NOTOKE HEBA3KOTO
JHCCOUMHPYIOLIETO ra3a, a MOBEPXHOCTb MMEET MPOH3BOJILHYIO, HO OJHOPOLHYK KaTaJIMTHYECKYIO
cnocobuocTs. [MokaszaHo BiAMAHME TepMHuecKOH AuddY3UM Ha pacnpefesicHHE 1O NMOBEPXHOCTH KOH-
LUEHTPallHKM IMCCONMHPOBAHHOTO KHCIOPO/a H AHCCOLMMPOBAHHOTO a30Ta NPH Pa3/IMYHbIX IPaJHEHTAX
TeMIepaTyphl MONEPEK MOrPaHHYHOrO cnos. [loyueHHble pe3ylbTaThl CBHAETENLCTBYIOT O TOM, 4YTO
TepMoaubdy3HOHHBIE 3hdEKThl MOTYT BBI3bIBATH 3HAYMTEIBHBIC H3MEHEHHWS B DaCrpeleSeHHHM KOH-
LEHTPAlMH MO MOBEPXHOCTH NpPH GONBLIMX IPAIHEHTaX TEMIEPATyPhl, a MO3TOMY [OJIKHBL YYHTHI-
BAaTBCH B 3aJa4aX TaKOro THMa.



