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Mixed convection about a rotating sphere
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Abstract—The paper presents a theoretical analysis of flow and heat transfer characteristics of the effects of
buoyancy force on laminar boundary layer over a rotating sphere in forced flow under two kinds of heating
conditions: uniform wall temperature and uniform surface heat flux. By applying appropriate coordinate
transformations and using Merk’s types of series, the governing momentum and energy equations are reduced
toaset of coupled ordinary differential equations, which depend on wedge, rotation and buoyancy parameters.
Numerical computations are carried out for Prandtl numbers 0.7, 1.0 and for various values of buoyancy and
rotation parameters. For aiding flow, it is found that both the friction factor and the local Nusselt number
increase with increasing buoyancy force. The local free stream velocity increases with buoyancy which, in turn,
affects the friction coefficient and Nusselt number. The coupling between rotation and buoyancy results in
increased overshooting of the velocity profiles in the vicinity of the rotating sphere. For an equivalent
buoyancy effect, heating by uniform surface heat flux yields larger local Nusselt number than heating by
uniform wall temperature. The ratio Nuyyr/Nuywr is higher for the rotating sphere (as compared to a
nonrotating case) and further the ratio increases as the sphere spins faster. The effect of free stream, rotation
and buoyancy on the eruption of flow is examined and also a suggestion for further investigation is made.
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1. INTRODUCTION

IN THE LITERATURE, investigations have been made for
laminar heat transfer from rotating axisymmetric
round-nosed bodies either for forced convection or for
pure convection (see, for example, [1-6]). The density
difference arising as a result of temperature difference
gives rise to buoyancy force. The neglect of buoyancy
effect on forced convective heat transfer may not be
justified when the velocity is small and the temperature
difference between the surface and the ambient fluid is
large. It may be expected that this buoyancy force will
affect the momentum and heat transfer rates.

Several authors [7-11] have discussed the effect of
buoyancy on non-rotating bodies. For rotating bodies,
Lee et al. [5] have investigated the laminar boundary-
layer transfer in forced flow, neglecting buoyancy force.
They have used Merk’s [12] types of series modified by
Chao [13] and their results compare favourably with
previous theoretical and experimental studies. More
recently Suwono [6] has considered the problem of
buoyancy effects on flow and heat transfer on rotating
axisymmetric round-nosed bodies for both aiding and
opposing flows in absence of a uniform flow from
infinity.

However, itisdifficult to clarify the effect of buoyancy
force on the flows arising from a combination of
rotation and forced flow of comparable magnitude.
Such problems arise in the study of re-entry missile
behaviour, fibre coating applications, rotary machines
etc. The coordinate transformation and Merk’s types of
series modified by Chao [ 13] has been employed for the
coupled momentum and energy equations. The
analysis is carried out for assisting flow (in which the
buoyancy force acts in the same direction as the
resultant flow due to rotation and flow from infinity)
and the behaviour is inferred for opposing flow. The
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effect of buoyancy on laminar boundary-layer transfer
over a rotating sphere in forced flow is investigated.

Chen and Mucoglu considered the problem of mixed
convection about a non-rotating sphere under two
kinds of heating conditions: (i) uniform wall
temperature [5] and (ii) uniform surface heat flux [14].
They concluded that the buoyancy affected velocity
profiles exhibit an overshoot beyond the local free
stream velocity for aiding flow. Also, for an equivalent
buoyancy force effect, heating by UHF yields larger
local Nusselt number than heating by UWT. It would
be interesting to examine the effect of coupling between
the rotation and buoyancy on this phenomenon.

2. GOVERNING EQUATIONS
AND SOLUTION METHOD

Consider steady, laminar, non-dissipative, constant
property (except the density changes which produce
buoyancy forces), incompressible boundary-layer flow
around a rotating sphere placed in a uniform stream
with its axis of rotation parallel to the free stream
velocity and opposite to the gravitational field as
depicted in the inset of Fig. 5. Let x, y and z be a non-
rotating orthogonal curvilinear coordinate system with
the corresponding velocity components u, vand w. If ris
the radial distance from a surface element to the axis of
symmetry, the governing boundary-layer equations are
given by

0 0

;};(ru)+ 5(rv)=0, (1)
du N du wdr  dU,
“ox vé’y rodx fdx

3%u .
tv_— +af(T—-T,)sind (2)
dy
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NOMENCLATURE
a acceleration due to gravity y coordinate measured normal to x
. 2 RQ\? ( h z coordinate measured in rotating
rotation parameter SZ or sphere direction.
Ce friction coefficient
f dimensionless stream function
g dimensionless rotating velocity Greek symbols

ap(T, — TR’

Gr Grashof number, 5

v
Grashof number, afg,, R*/kv?
k thermal conductivity
Nu  Nusselt number
Pr Prandtl number, v/«

Gw local surface heat transfer rate per unit
area
r radius of sphere at x

R sphere radius

Rey  Reynolds number, Ru, /v
T temperature
u velocity component in x direction

Ug approach velocity

U. velocity at outer edge of boundary layer

UHF uniform surface heat flux

UWT uniform wall temperature

v velocity component in y direction

w velocity component in rotating direction

X coordinate measured along surface from
stagnation point

o thermal diffusivity
B thermal-expansion coefficient
9, velocity boundary-layer thickness
o thermal boundary-layer thickness
¢ = x/R
n dimensionless y coordinate
0 dimensionless temperature,
(T—TTu—T,)
i buoyancy parameter, Gr/Re3
A* buoyancy parameter, Gr*/Rey/?
v kinematic viscosity
A wedge parameter, du.
U, d¢
£ dimensionless x coordinate
W stream function
Q angular velocity.
Subscripts
w evaluated at wall

o0 evaluated at approach conditions.

ow o ow L dr 3w )
u— ——— =V,
ox ay | r dx oy*
T + orT T @
U— + 0 = g ——
ox Ve T %57
2.1. Uniform wall temperature
Here the boundary conditions are
u=v=0 w=Qr, T=T, fory=0
(5)
u=U, v=w=0, T=T, fory—o0.

In equation (2), the positive and negative signs are to
be taken for assisting and opposing flows respectively.
They correspond to the cases T, > T, and T,, < T,
respectively.

The continuity equation is identically satisfied by
introducing stream function y(x, y) defined by

&p R 0y

u= V= —— 6

T Oy r 0x (6)

The (x, y) coordinate system is transformed into the
dimensionless (£, #) system according to

LG

Reg\'"? U, (r\y
'1—(25> EEE (%)

V(x,y), wx,y) and T{x,y) are transformed into
dimensionless functions f, g and 0 as follows
25 12 -
l//(x’ )’) = uaoR <R‘> f(g’ ’7)7 (9)
eR
wix, y} = r(x)Qg(<, n), (10)
and
oEm = (1
G T

Using the above transformations, the momentum
and energy equations (2){4) with the boundary
conditions (5) may be written as

S+ A=)

28 dr (r?Q? oaonf)
*7&<w> A =25y 1P
g, Adr 9. f)
g +g—- dégf =2 AGn) (13)
Prol 410 = Zéa(roﬁ (14)

ac.my
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where
R? 3 2¢ dU G
A=2%— U ) ging: A=e e, O
U, U, d&’ ReZ
with the boundary conditions
f=f=0; g=0=1 forn=0
(15)
f=1; g=0=0 fory-—co.
Now, for a sphere
Uu, 3 4 d
%:sin b =3 e, f d; 2A,
2 dr r? 8 (2+cos ¢)
—— =BA d A=—-———=. (16
F de U2 an Yilrcos g 1O

Foliowing Chao and Fagbenle [13], we write
expansions for £, g and 0 in the form of Merk’s series as
f A+ 452

fté,n) = folA rz)+26 fz(A 1)

az?
+(2<§£) Fl )+ (A7)

dA d2A
gl&m = go(A,m+2¢ A gi(A, ) +4E2 az;gz(/\, ")
A 2
(2«5 £> giiAm+--- (18)
dA d?A
B(E, 1) = Oo(A, ) +2¢ —— 0, (A, ) +4E% — 0x(A, 1)

d¢ ! d¢

A 2
(25 dé) O3(A, M+ (19)

Substituting (17)-(19} in equations (12}-{14) and
collecting terms of different orders, as usual, one
obtains a sequence of coupled ordinary differential
equations.

For the zeroth order term,

o +fof o+ ALL—(f0)* + Bggl £ AAf, = 0, (20)

o +fogo—2Af ogo = 0, (21
05+ Prfo0, =0 (22)
with
fZ)(As C‘O) = 1’ gO(Av OO) = GO(Aa CD) = 0
For the first and higher order terms
VLI 20+ A) o f 1+ 3o fi
Af o fo)
2BA + A8, = 4
+ gog1 + A0, ETWR (24)
g1 +fod1 —2f 091 —2AM(f 190+ 911 0)
go:So)
316 =
o = Fao s 9
—1 g _ 906, 10)
Pro 0L+ —2f 0, + 3,0, = "a(/z % (26)

HMT 28:5-E

with
FHA0) = fiA0) = g,(A,0) =6,(A,00 =0 (27)
SiA 00) = gy(A, 00) = 61{A, 0) =0
and
Y Hfof =22+ Mo+ 5 o),
+2BAgog, £ AN, = o1 —fof1» (28)
g5 +fods—H 092~ 2M(gof 2+ 921 0)
+596 =109, —h196 (29)
Pr1 8, +£,6, 4160, + 50, = fo8: —fi, (30
with
A 0) = f5(A,0) = g2(A,0) = 0,(A,0) =0 G31)
ToA, 0) = g{A c0) = B5(A, 00} =

The local friction factor C; and the local Nusselt
number Nu are defined in [5] and now have the
expressions

r f’,
icoret = 2% e

l: olA, 0)+2§——f (A, 0)

42
+4£7 A A, 0)-!—--} (32)

de?

Nu Reg 112 = — = 91(25)‘”2
R u,

Joun

1(A,0)

2
+4§2d72-0’m 0)+--~] (33

2.2. Uniform surface heat flux
In this case, the boundary conditions are

oT
u=v=0, w=rf, qwz_k<f_....> =0
ay /y
fory=0 (34)
u=U, v=w=0 T=T, for y — 0.

The transformations are the same as in Section 2.1
(i.e. UWT case} except equation (11) which is now
replaced by

0, m) = [T(x, )~ T..1Rex*/(auR/k). (35)

The governing equations are the same as (20)«31)
with the replacement of 4 by 4* where

Gr¥ = afq, R*kv? and A* = Gr*/Rei*. (36)
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For this case, the Nusselt number has the expression

x dA
Nu Reg'? = [ WA 0)+2¢ 3 0,(A,0)
d2A -
HE G 00 0+ } NET)

3. NUMERICAL RESULTS
AND CONCLUSIONS

Governing equations (20)22), (24)26) and (28)-
(30) with their boundary conditions (23), (27) and (31)
respectively can be treated as simultaneous ordinary
differential equations with A, B, 4, 1 and Prregarded as
parameters for the UWT case. However, for the UHF
case A is replaced by A*. They have been numerically
integrated by the multiple shooting method using the
subroutine DTPTB [15] from the International
Mathematical and Statistical Library on DEC-System
10.

3.1. Uniform wall temperature case

The velocity and temperature wall derivatives are
givenin Tables 1,23and 4for B = 1,4,10; Pr = 0.7,1.0
and A = —2.0,0,0.5, 1.0. Knowing the values of various

Ji» g; and 8, the significant boundary-layer quantities,
such as the local frictional coefficient and the local
Nusselt number are obtained using the formulae (32)
and (33). When A = 0, our problem reduces to that of
Lee [5], which was used as a check on our calculations
and the agreement was found to be fairly good. For
comparison of our results with those of Lee [5], his
curves {4 = 0) are depicted by broken lines in our
figures.

Results for velocity distributions are shownin Figs. 1,
2 and 5. For aiding flow, at the stagnation point, it can
be seen (Fig. 5) that the velocity gradient at the wall
increases as the buoyancy force increases and hence J,
decreases. Comparison of Figs. 1,2 and 5,for B=1,
shows theinfluence of buoyancy on 4,,1.e. the boundary-
layer thickness decreases rapidly as the angle increases.
For B = 10 (Figs. 1 and 2), the velocity gradient at the
wall increases as the buoyancy force increases with an
accompanying increase in the velocity near the wall
region. In the case of non-rotating mixed convection
flow [11], overshooting beyond the local free stream
velocity is observed in the vicinity of A = 5(and above).
In the case of flow due to a rotating sphere, for a given
buoyancy force, overshooting takes place earlier. This
is due to coupling between buoyancy and rotation
which enhance each other resulting in increased
overshooting of the velocity profiles.

The temperature distributions are displayed in Fig. 5
(for A = 0.5) and Fig. 6 (for A = 0.1). It is obvious that
the thermal boundary-layer thickness, Jy, decreases and
hence the temperature gradient at wall increases as the
buoyancy force increases. In absence of forced flow, it is
clear from Suwono’s work [6] that the temperature
gradient increases as A increases. However, from the

yo
2

Fig. 1, u/U, and W/RQ vs 1 for B=1, 10 and Pr = 1 when
A=01

F16. 2. /U, and W/RQ vs fﬁr B=1,10and Pr=1 when
A =403

L i
05

¢ (mdb} 7
FiG. 3. Angular distributions of the local friction factor and the
local Nusselt number for B=1and Pr= L.
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F1G. 4. Angular distributions of the local friction factor and the
local Nusselt number for B = 10 and Pr = 1.

present work, it is observed that the uniform flow from
infinity decreases the steepness of the temperature
profiles.

The angular distributions of the local wall shear
stress, SC;Rel/2, for the local force stream velocity
distributions areshownin Figs. 3and 4for B = 1 and 10
respectively. The local wall shear increases with
buoyancy force and rotation. However, in com-
parison with buoyancy, rotation has a more
pronounced effect on wall shear.

The eruption point of flow can be determined by
finding the point where the x-component of local-wall
frictional stress has the same magnitude but with the
opposite direction. An increase in the rotation

o
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Fig. 5. Velocity profiles when A = 0.5 and temperature
profiles when A = 03forB=1,Pr= 1.
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Fi1G. 6. Temperature profiles when A = 0.1 and heat transfer
results at representative angular positions for B=1, Pr = 1.

parameter, B, can be interpreted in two ways: either
decrease in the free stream velocity, u,, or the increase
in the rotation speed, Q.

According to Suwono [6], for sufficiently large
values of 4, the separation occurs not due to collision of
flow but due to the vanishing of the local stream stress at
the wall. The present work is a generalization of
Suwono’s [6] problem, wherein the effect of free stream
velocity is taken into account. Now, consider the case
when the buoyancy parameter, 4, has a fixed value.
From Figs. 3 and 4, it is clear that the curves for wall
shear stress become steeper as Bincreases, which results
in shifting of the separation point towards the equator.
The imposition of a uniform flow from infinity on the
flow due to rotation results in delaying the flow
separation. Thus for sufficiently large values of u,,, it is
possible that the separation occurs due not to collision
but due to the vanishing of the local wall shear stress at
wall.

When Q and u,, are fixed, the increase in buoyancy
force increases the local wall shear with a resulting
delay in the flow separation. This is because inside the
boundary layer, the buoyancy force assists the resultant
flow due to forced flow from infinity, u, and the
rotation.

The local surface heat transfer rate increases as 4
increases (Figs. 3 and 4) for aiding flow, while an
opposite trend is observed for opposing flow. Also for a
given buoyancy force, the local Nusselt number is seen
to decrease with increasing angle from the stagnation
point. To provide a better understanding of the local
heat transfer characteristics for the entire regime of
mixed convection for aiding flow, Fig. 6 has been drawn
to show the effect of buoyancy force on the local Nusselt
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F1G. 8. Angular distribution of the local Nusselt number for

¢ {(rad)
B =0, 1, 10and Pr = 1 (UHF case).

F1G. 7. Angular distributions of the local friction factor for
B =0,1,10and Pr = 1 (UHF case).
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FI1G. 9. A comparison of the local Nusselt numbers between uniform surface heat flux and uniform wall
temperature.
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number at three representative angular positions 0,
1.215 and 1.486.

The asymptote at the stagnation point for the pure
forced convection (i.e. a uniform flow from infinity)
about a non-rotating sphere (Chen and Mucoglu [117)
is Nu Reg'? =108149. In our case, Nu Reg!?
= (.8383, 0.9599 for B = 1, 10 respectively. Thus, the
rotation enhances the heat transfer rate at the
stagnation point which is as expected. The same trend
may be expected to hold as the angle is increased.

3.2, Uniform surface heat flux case

Numerical computations were carried out for Pr
= 1; B =0, 1, 10; and for various values of buoyancy
parameter ¥, When B = (, our problem is comparable
with [14]{wherein Pr = | has been taken instead of Pr
= .7). According to them both the local wall shear
stress and the local Nusselt number increase with
buoyancy for assisting flow.

Asinthecase of UWT, fora fixed 4* {from Figs. 7and
8), it is clear that as B increases both $C,Reif* and
Nu Reg Y2 increase and the curves for wall shear stress
become steeper which results in shifting of the
separation point towards the equator., Thus for
sufficiently large values of Q, it is possible that the
separation occurs due to collision of flow. Alse for a
fixed B, increase in buoyancy force increases the local
wall shear with a resulting delay in the flow separation,

Next, we compare the local Nusselt number results
for UHF case with those for UWT case. This can be
done as in [12] by defining an equivalent buoyancy
parameter A, between the two cases. This Jeads one to
the result

Niggg 2 2+cosq3‘ i 1 39)

Neuws 3 (1+c0sd) BA0) GAO)

where 8, & values are taken from UHF and UWT cases,
respectively.

The Nusselt number ratio versus 4, is illustrated in
Fig. 9 at representative angular positions of ¢ =,
1.215and 1.486 for the rotation parameter B = 0, 1, 10,
it is seen (Fig. 9) that Nuygs/ Ntgw ratio is unity for ¢
== (and increases as ¢ increases. Thus for anequivalent
buoyancy force effect, heating by uniform surface heat
flux yields larger local Nusselt number than heating by
uniform wall temperature. Also the ratio Nugpe/Nugwy
islarger for the rotating sphere {in comparison with the
non-rotating case { 147) and further thig ratio increases
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as Bincreases. Thus,even though rotationenhances the
heat transfer rate in both cases, the effect is more
pronocunced in the UHF case than by UWT case.
The effect of variation of Prandtl number on the flow
and heat transfer due to buoyancy, rotation and forced
flow has not been considered in this paper and this
could be a subject matter for further investigation.
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CONVECTION MIXTE AUTOUR D'UNE SPHERE TOURNANTE

Résumé-—On présente une analyse théorique de'écoulement et du transfert thermique et des effets de la gravité
surla couche limite laminaire sur une sphére tournante placée dans un écoulement forcé, avec deux espéces de
conditions : température pariétale uniforme et flux surfacique uniforme. En appliquant des transformations de
coordonnées appropriées et en utilisant des séries du type Merk, les équations de quantité de mouvement et
d’énergie sont réduites 4 un systéme d'équations différentielles couplées, qui dépendent des paramétres de
rotation et de gravité. Des calculs numériques sont faits pour des nombres de Prandtl 0,7 et 1,0 et pour
différentes valeurs des paramétres de rotation et de gravité. Pour 'écoulement aidé, on trouve que le coefficient
de frottement et le nombre de Nusselt local augmentent avec les forces de gravité. La vitesse locale de
I'écoulement libre augmente avec la gravité qui, en retour, affecte le coefficient de frottement et le nombre de
Nusselt. Le couplage entre rotation et gravité augmente 'excés de vitesse des profils de vitesse au voisinage de
la sphére. Pour un effet de gravité équivalent, le chauffage a flux surfacique constant conduit a des nombres de
Nusselt locaux plus importants que pour le chauffage & température pariétale uniforme. Le rapport
Nugye/Nugwrest plus grand pour la sphére tournante(en comparaison du cas sans rotation)et le rapport croit
lorsque la sphére tourne plus vite. On examine 'effet de Pécoulement libre, de la rotation et de la gravité sur
I’éruption de I'écoulement et on fait une suggestion pour une étude ultérieure.

MISCHKONVEKTION AN EINER ROTIERENDEN KUGEL

Zusammenfassung — Dieser Artikel stellt eine theoretische Untersuchung der Einfliisse einer Aultriebskraft
auf eine laminare Grenzschicht an einer in erzwungener Stromung rotierenden Kugel unter zwei Arten von
Heizbedingungen vor: konstante Wandtemperatur und konstante Wirmestromdichte an der Oberflache.
Durch Anwendung von entsprechenden Koordinatentransformationen und Benutzung der Merk’schen
Reihen werden die Erhaltungsgleichungen fir Impuls und Energic auf ein System von gekoppelten
gewdhnlichen Differentialgleichungen reduziert. Numerische Berechnungen wurden fiir Prandtl-Zahlen von
0,7, 1,0 und fir verschiedene Werte der Auftriebs- und Rotationsparameter durchgefiihrt. Fiir eine
gleichgerichtete Strémung ergab sich, dal der Reibungsfaktor und die Srtliche Nusselt-Zahl mit groBer
werdender Auftriebskraft zunehmen. Die Ortliche freie Stromungsgeschwindigkeit wird mit dem Auftrieb
groBer, was wiederum den Reibungskoeffizienten und die Nusselt-Zahl beeinfluBt. Die Kopplung zwischen
Rotation und Auftrieb zeigt sich in einem zunehmenden Uberschwingen der Geschwindigkeitsprofile in der
Nihe der rotierenden Kugel. Fir den gleichen Auftriebseffekt filhrt das Heizen mit konstanter
Wirmestromdichte an der Oberfliche zu einer gréBeren Nusselt-Zahl als das Heizen bei konstanter
Wandtemperatur. Das Verhéltnis von Nugys/Nugy+ ist groBer fiir eine rotierende Kugel (verglichen mit dem
nichtrotierenden Fall), und auBlerdem steigt dieses Verhiltnis an, wenn die Kugel sich schneller dreht. Es
wurde der Einflull von freier Stromung, Rotation und Aufirieb auf die Stromungsablésung untersucht.
AuBerdem wird ein Vorschlag fiir weitere Untersuchungen gemacht.

CMEIIAHHAS KOHBEKLHA OKQJIO BPAIIAKMENCS COEPHI

Aunorauus--B paGoTte upeacrasieH TEOpeTHHECKHH aHAIHM3 TENCHHS H XAPAKTEPHCTHK Tertoobmena
C YHETOM BIMSHHS MACCOBOH CHIbI Ha TAMHHAPHBLI [IOTPAHMYHBIR CI0H HaA BpallaloWeHCcs B
BLIHYXAEHHOM noToke chepoit IpH JIBYX BHI4X TEMJIOBBIX YCJOBHI: OJHOPO/IHAS TEMIIEPATYPA CTEHKH
M OJHOPOAHBIA HA 1IOBEPXHOCTH TeN 10BOH 110T0K. [1pH NMPUMEHEHHH CYUIECTBYIOLIMX Npeobpa3oBaHuil
KOOPJHMHAT U HCNOIBL30BAHWH PAJAOB Mepka YPaBHEHHS COXPAHEHHS YHEPTHM M ABHKEHUS CBOASTCS K
CBA3AHHOM cHcTeme OOBIMHBLIX auddepeHUNaIbHbIX YDABHEHNN, 34BUCHIMX OT (APAMETPOB BpaUICHUS
H MACCOBOM CHIbl M YIila Mexidy HumH. HuciaeHHble pacueTs! BbllIOHEHH 48 uncen [Ipauarns 0.7:
1.0 ¥ pa3fiuyHBIX 3HAYSHHN NapaMeTpa BPALLCHUR H NOAbEMHON cHibl. HaliaeHo, 4TO Anig BTOPHYHOTO
TeueHHA Kak KOXpQHUMEHT TPeHHs, TaKk M JoKaabHoe uncno HyeccesbTa BO3pACTaroT ¢ yBEAHUCHHEM
TObEeMHOM CHJIbL. JIOKATbHAS CKOPOCTH CBOOOIHOKOHBEKTHBHOIO NOTOK4 PpACTeT € [OABLEMHOMH
CHIION, KOTOpAs, B CBOK Ouepe/lb, BIXAET Ha Kod(ohuuMeHT TpeHus u uucno Hyccenbra. Bianmogaeit-
CTBHE BPALUECHWS M NOABEMHON CHIIBI NPUBOJHT K POCTY OTKJIOHEHHs npodu.ieil CKopocTH BOIM3H
Bpallatouleiica chepsl. ITpH 3KBHBANEHTHBIX IOJABEMHBIX CHIAX HATPEB OAHOPOIHBIM I10BEPXHOCTHBIM
TEn10BbIM 1HOTOKOM aetT OO.biuee okaibHoe uxcio Hyccelbra, ueM HArpes NpH 0AHOPOAHOM
remuepatype crenkd. OTHoweHHE Nity i/ Vit wy BBILE ANS BpAll@Ioweiics chepbl (IO CPABHCHUIO €O
CAY4AEM HEBPAILAIOWEHCS) H B 3 15HCHINEM OTHOWEHHE PACTET € yCKopeHueM spawenus. Mecneaosausi
BHSHHE CBOOOMHOIO NOTOKA, BPALICHHS H MACCOBOM CHITbI Hd IOJBEM TEUEHHA H JaHbl HPEATOKEHHS
110 4. 1bHEeHIIeMY HCCITe10BAHMIO.



