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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 
to a set ofcoupled ordinary differential equations, which depend on wedge, rotation and buoyancy parameters. 
Numerical computations are carried out for Prandtl numbers 0.7,l.O and for various values ofbuoyancy 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 NuUHF/NuUW7 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. 

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, [l-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-l 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 [ 121 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 Bow and heat transfer on rotating 
axisymmetric round-nosed bodies for both aiding and 
opposing flows in absence of a uniform flow from 
infinity. 

However, it is difficult 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 [ 131 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 Bow due to rotation and flow from infinity) 
and the behaviour is inferred for opposing flow. The 

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 [S] and (ii) uniform surface heat flux [ 141. 

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, v and w. If r is 
the radial distance from a surface element to the axis of 
symmetry, the governing boundary-layer equations are 
given by 

au au w2 dr du, 
UaxfV--rdx= Qdx 

dY 

959 



960 R. RAIASEKARAN and M. G. PALEKAR 

NOMENCLATURE 

a acceleration due to gravity 
2RR 2 

B rotation parameter - - 
( > 3 n, 

for sphere 

r’ 

friction coefficient 
dimensionless stream function 

9 dimensionless rotating velocity 

Gr Grashof number, aP(TYi2’z)R3 

Gr* Grashof number, aflq,R4/kv2 
k thermal conductivity 

NU Nusselt number 
Pr Prandtl number, v/a 

4w local surface heat transfer rate per unit 

area 

x 
radius of sphere at x 
sphere radius 

Re, Reynolds number, Ru, Jv 
T temperature 

velocity component in x direction u 

U, approach velocity 

IJ, 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 

Y coordinate measured normal to x 
Z coordinate measured in rotating 

direction. 

Greek symbols 

;1 

thermal diffusivity 

thermal-expansion coefficient 

6” velocity boundary-layer thickness 
thermal boundary-layer thickness 

: = x/R 

; 
dimensionless Y coordinate 
dimensionless temperature, 

(T-TAT,- T,) 

;* 
buoyancy parameter, Gr/Rei 
buoyancy parameter, Gr*JRei12 

V kinematic viscosity 

A 
24 dU 

wedge parameter, - 2 
Ui, d< 

5 

dimensionless x coordinate 
stream function 

n angular velocity. 

Subscripts 
W evaluated at wall 
co evaluated at approach conditions. 

i?W aw uw dr @w 
u-+v-+--=vv,, 

8X dY r dx aY 

dT 8T a2T 
uz+vy=rXap2. 

(4) i(&Y)> W(%Y) and T(x, y) are transformed into 

dimensionless functions J CJ and 0 as follows 

2.1. Uniform wall temperature 

Here the boundary conditions are 

u=v=o, w =Rr, T = T, for y = 0 
(5) 

u = u,, v=w=O, T=T, fory+co. 

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 $(x, y) defined by 

R ati R ati u=---’ 
r ay’ 

~=--- 
r ax’ 

(6) 

The (x, y) coordinate system is transformed into the 
dimensionless ([, q) system according to 

(7) 

(9) 

and 

44 Y) = +Ws(i”, ~1, 

T-T, 

(10) 

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

f”’ +ff” + A( l-f”) 
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where with 

A=2$ 3 3sjn& 
0 e 

A+dd$; i_=$, 
e R ft(A,Ot =f;(A, 0) = g&A, 0) = @,(A, 01 = 0 (27) 

with the boundary conditions f;(A, 00) = gr(A, co) = or(A, ~0) = 0 

f=f’=O; g=U=l for?=0 
(15) 

and 

f’=l; g=@=O fortj-+a,. 

Now, for a sphere 
f’z” +fof; - 2(2 + AK& + 5f;;fi 

+ ZBAg,g, i A% =.fbf; --fLYi, (281 
r 
- = sin 4, u, 3 
R 

-- = z sin #I, 
45 dr 
- -, = 2h, 

U, r & 
g; +_&g; +fbg, - Ngof; + gfd) 

2; dr r2R2 
---=BBh and A=- 
r dr U,z 

~~~~~~~~~~. (16) 
+ Sf,gb =Sbg, -fig;, (29) 

Pr- l g; +“&s; -4y*o, + 5&eb =f& -j,eo (30) 

Following Chao and Fagbenle [13], we write with 
expansions forf, g and 19 in the form of Merk’s series as 

S(5tr) =ff(A,rl)+2S~h(A,‘l)+4~‘~f~(A,~) 
_#,(A, 0) = f W, 0) = g2(Ar 0) = &(A, 0) = 0 

(31) 
&(A, a) = g2(A co) = @,(A, co) = 0. 

(17) 
The local friction factor C, and the local Nusselt 

number Nu are defined in [S] and now have the 
expressions 

x jW,OI+26~.~XA>O) 
[ 

(19) +4<$(;(A,O)+... (32) 1 
Substituting (17t(19) in equations (12W14) and 

collecting terms of different orders, as usual, one 
1/Z - _ r UC Nu Re; - R u(25)-“2 

obtains a sequence of coupled ordinary differential 
m 

equations. 
For the zeroth order term, 

f&(A,O)+2+‘,(A,O) 

~~‘+~~~+A[1 -(~~)2+~g~] iAI@, = 0, (20) 

0;; +lbsb - 2A&% = 0, (21) 

+4;i2$O;(A,0)+~.- (33) 
i 1 

0;; + Pr foCIi = 0 (22) 

with 2.2. Uniform surface heat$ux 

fo(A,O) =fe(A,O) = 0, g&X 0) = @,(A,01 = 1 
In this case, the boundary conditions are 

(23) 
fb(A, m) = 1, g&l, CD) = &(A, co) = 0. ec=v=O, w=rQ, 

For the first and higher order terms for y = 0 (34) 

f’r” +fof; - 2(1+ A)fbf’, + 3f Gfi u = Ui,, v=w=O, T=T, for y + co. 

+ 2BAg~g~ + Al& = ~ 
KG? fo) (24) The transfo~at~~ns are the same as in Section 2.1 
U,sj ’ (i.e. UWT case) except equation (11) which is now 

g;‘+f0g;--2fg1--2Nf;gfJ+g1fb) replaced by 

W, ~1 = CT(x, Y)- T,1&?/kNb (35) 
+ 3ftsb = $$, (25) 

The governing equations are the same as (20H31) 
with the replacement of i by I* where 

Pr- ’ 8’; +foO; - 2fbS, + 3ft@e ‘* -8z,-~ WWe) (26) 
Gr* = agq,R4/kv2 and .J.* = Gr*/Reii2. (36) 

“MT 28:5-E 
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For this case, the Nusselt number has the expression 

3. NUMERICAL RESULTS 

AND CONCLUSIONS 

Governing equations (20H22), (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, A, ;1 and Pr regarded as 
parameters for the UWT case. However, for the UHF 
case i is replaced by i*. They have been numerically 
integrated by the multiple shooting method using the 
subroutine DTPTB Cl53 from the International 
Mathematical and Statistical Library on DEC-System 
IO. 

3.3. Uniform wall temperature case 
The velocity and temperature wall derivatives are 

giveninTables1,23and4forB= 1,4,10;Pr =0.7,1.0 
and 1 = - 2.0,0,0.5,1 .O. Knowing the values of various 
ji, gi and Bi, 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 i, = 0, our problem reduces to that of 
Lee [S], 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 [S], his 
curves (1. = 0) are depicted by broken lines in our 
figures. 

Results for velocity distributions are shown in 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 6, 
decreases. Comparison of Figs. 1, 2 and 5, for B = 1, 
shows the influence of buoyancy on 6,, i.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 
llow [l 11, overshooting beyond the local free stream 
velocity is observed in the vicinity of i = 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, zjO, 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 I increases. However, from the 

3 

” 

il, 

? 

? 

FIG. 1. u/U, and W/E2 vs q for B = 1,lO and Pr = 1 when 
A = 0.1. 

FIG. 2. u/U, and WfR0 YS q for B = 1, 10 and Pr = 1 when 
A = 0.3. 

+ irodi 

FIG. 3. AnguIardistributions ofthe local friction factor and the 
local Nusselt number for B = 1 and Pr = 1. 
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FIG. 4. Angular distributions of the local friction factor and the 
local Nusselt number for B = IO 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, &Rei’2, for the local force stream velocity 
distributionsareshowninFigs. 3and4forB = 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 

1 0 

I 0 
f) 

8 

” 

U, 
6 

4 

2 

FIG. 5. Velocity profiles when A = 0.5 and temperature 
profiles when A = 0.3 for B = 1, Pr = 1. 

FIG. 6. Temperature profiles when A = 0.1 and heat transfer 
results at representative angular positions for B = 1, Pr = 1. 

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

According to Suwono [6], for sufficiently large 
values of i, the separation occurs not due to collision of 
flowbutdueto thevanishingofthelocalstreamstressat 
the wall. The present work is a generalization of 

Suwono’s [6] problem, wherein the effect offree stream 
velocity is taken into account. Now, consider the case 
when the buoyancy parameter, 1, 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 1 
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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/ 

i (rod1 

FIG. 7. Angular distributions of the local friction factor for 
B = 0, 1, 10 and Pr = 1 (UHF case). 

FIG. 8. Angular distribution of the local Nusselt number for 
B=0,1.10andPr=l(LJHFcase). 

B=O,l,lO 
/ 

-- - $=I 215 

- +=I 486 

-cu- +=o 

FIG. 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 El 11) 
is Ntr RP~“~ = 0.8149. In our case, Nu Re,“2 
= 0.8383,0.9599 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. 

Numerical computations were carried out for Pr 
= 1; B = 4 I, 10; and for various values of buoyancy 
parameter 1*. When L) = 0, our problem is comparable 
with [ 141 (wherein Pr = 1 has been taken instead OFPY 
= 0.7). According to them both the local wali shear 
stress and the local Nusselt number increase with 
buoyancy for assisting flow. 

As in thecase of UWT, for a fined Il* (from Figs. 7 and 
8), it is dear that as B increases both $C,Re$’ and 
Nu Re, I!’ increase and the curves for wallf shear stress 
become steeper which results in shifting of the 
separation point towards the equator, Thus for 
su~Ei~nt1~ large values of a, it is possible that the 
separation occurs due to coIlision of Bow. Also for a 
fixed S, increase in buoyancy force increases the local 
wall shear with a resulting defay in the Bow 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 R, between the two eases. This leads one to 
the result 

Nu UHF 2J2i-COSQI 1 I 
vz.z - ---, .-.- 

NU 3 (1 Jr cos $) 0(&O) fY(A,O) 
(3%) 

UWT 

where 8, 0 values are taken from UHF and UWT cases, 
respectivegy. 

The Nusseh number ratio versus h, is ithzstrated in 
Fig. 9 at representative angular positions of r$ = 0, 
1.215and 1.486For the rotation parameter 3 = t&1,10. 
Xt is seen (Fig. 9) that NtauHF/NuuwT ratio is unity for 4 
= Oand increases as &increases. Thus for ~~equivalent 
buoyancy force effect. heating by uniform surface heat 
flux yields larger locai Nusseh number than heating by 
uniform wall temperature. Also the ratio ~~~:u~~~~~w~ 
is larger for the rotating sphere (in comparison with the 
non-rotating case [143) and further this ratio increases 

as B increases. Thus,even though rotation enhances the 
heat transfer rate in both cases, the effect is more 
pronounce 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 

R&um4-Onprksenteuneanalyse th&oriquedeI%coulementet du transfert thermiqueet deseffetsdelagraviti 

sur la couche limite laminaire sur une sphkre tournante plactte dans un koulement fork, avec deux espkes de 

conditions : temptrature pariitale uniforme et flux surfacique uniforme. En appliquant des transformations de 

coordonnies approprikes et en utilisant des skies du type Merk, les tquations de quantitt de mouvement et 
d’bnergie sont rtduites & un systkme d’iquations diff~rentielles coupl&es, qui d~~ndent des param&res de 
rotation et de gravitt-. Des calculs numCriques sent faits pour des nombres de Prandtl 0,7 et I,0 et pour 
diffkrentes valeurs des parametres de rotation et de gravit& Pour I%coulement aidt, on trouve que le coefficient 
de frottement et le nombre de Nusselt local augmentent avec les forces de gravitt. La vitesse locale de 
1’6coulement libre augmente avec la gravitk qui, en retour, affecte le coefficient de frottement et le nombre de 
Nusselt. 1-e couplage entre rotation et gravite augmente I’exdsde vitesse des profils de vitesse au voisinage de 

la sphere. Pour un effet de graviti kquivalent, le chauffage ii flux surfacique constant conduit ri des nombres de 
Nusselt locaux plus importants que pour le chauffage B temperature pariktale uniforme. Le rapport 
~~~u~,~~~~~~,~estplusgrandpourlasph~re tournante(encomparaisonducassansrotation)etlerapportcroit 
lorsque la sphkre tourne plus vite. On examine l’effet de l’koulement libre, de la rotation et de la gravitk sur 

l’truption de 1’8coulement et on fait une suggestion pour une ktude ulttrieure. 

MISCHKONVEKTION AN EINER ROTIERENDEN KUGEL 

Zusammenfassung-Dieser Artikel stellt eine theoretische Untersuchung der Einfliisse einer Auftriebskraft 
aufeine laminare Grenzschicht an einer in erzwungener StrBmung rotierenden Kugel unter zwei Arten von 
Heizbedingungen vor : konstante Wandtemperatur und konstante Wlrmestromdichte an der Oberflgche. 
Durch Anwendung van entsprechenden Koordinatentransformationen und Benutzung der Merk’schen 
Reihen werden die Erhaltungsgleichungen fiir Impuls und Energie auf ein System von gekoppelten 
gewiihnlichen Differentialgleichungen reduziert. Numerische Berechnungen wurden fiir Prandtl-Zahien van 
0,7, I,0 und fiir verschiedene Werte der Auftriebs- und Rotationsparameter durchgef~hrt. Fiir eine 
gleichgerichtete Striimung ergab sich, da8 der Reibungsfaktor und die iirtliche Nusselt-Zahl mit griit3er 
werdender Auftriebskraft zunehmen. Die iirtliche freie Striimungsgeschwindigkeit wird mit dem Auftrieb 
griil3er, was wiederum den Reibungskoeffizienten und die Nusselt-Zahl beeinfluDt. Die Kopplung zwischen 
Rotation und Auftrieb zeigt sich in einem zunehmenden Uberschwingen der Geschwindigkeitsprofile in der 
Nlhe der rotierenden Kugel. Fiir den gleichen Auftriebseffekt fiihrt das Heizen mit konstanter 
Wlrmestromdichte an der Oberfllche zu einer griil3eren Nusselt-Zahl als das Heizen bei konstanter 
Wandtemperatur. Das Verh&ltnis van Nu “JNuuwr ist gr(il3er fiir eine rotierende Kugel (verglichen mit dem 
nichtrotierenden Fall), und auljerdem steigt dieses Verh~ltnis an. wenn die Kugei sich schneller dreht. Es 
wurde der EinfluB von freier Striimung, Rotation und Auftrieb auf die Str~mungsabl~sun~ untersucht. 

AuSerdem wird ein Vorschlag fiir weitere Untersuchungen gemacht. 

CME~AHHA~ KOHBEK4~~ OKOJlO BPA~A~~~~C~ CQEPbl 

AwoTauw- B pacore i$pencraaneH ?eoper~~ecK~ti aFfa.76r) teser-rttn pi xapafwepkicriw Ten:roo&ieHa 

C y’Ie,OM RIHIIHMI1 MaCcOBOR CHilbl Ha :laMHlfa~Hblti llOr~dtUiWfblii c_lOi% Ha!I Bp~IUd!+Wci?CR 8 

BbrHy~JeWOM nO,OKe C+epOii ,,pLl ,lByx BH.LIaX ,C”JIOBb,X yCJOSUil: O,WOpO~Haa TeMIEpaTypd CTeHKM 

w 0nHoponsbIti ~a noeepxkfoc~n Terl:IoeoA 110~0~. flpw npkiMe”enaM cymecTaybouwx npeo6pa3osafwfi 

KOOpaHHLil H HCnO_TbSOBaHI”M p%IOB Meplta ypkIBHcHlln COXpaHeHAR ‘,HeprHe H LIBMTeHMR CBOLWTCSI K 

CBS3aHHOil CMCTeMe 06blYHbIX L&+@epeHUMa,7bHblX ypaBHeH& 3aaMCIIUIIIX 07 IlapaMeTpOB BpaUIeHMa 

U MaCCOBOii CHjfbl M ,‘r_Za MW,ZIy HI1MEI. ~WZIeHHbIc pacYeTbI Bb,llO,7NeHbI &JR YlICen npaHiIT;IS 0.7: 
1.0 u pa3ntrslib1x 3Ha~~eH~~ napaMeipa epameHMfi M ~O~~MHO~ CwlbI. HafiaeHo, ‘ITO 311x arOp~~‘IHOrO 

TeYeHHR KaK KO~3+$MUHeHT TpWFfn, ,aK LI .7OKa,?bHOe YMCJIO Hyccenbra BO3paCTaFOT C yBe,‘lWcHH‘2M 

rlO,l7,eMtiOii CUIIb,. ,lOKa.lbHafl CKOpOCTb CBO6OL,HOKOHBeKTMBHOr0 ,lOTOKa paCTeT C fIO,!IS.eMHOit 

canoti. Ko’ropaa. B CBOW orepeat., an&iael Ha Ko?@mmeHr rpemin M YMCJO Hyccenbra. B3a#MoneB- 
ClBMe Bpi,I.,,cHHa M IIOLI~eMHOli CHJIbl “pMBO,W, K pOCry OTKJIONeHMIl npO+Ll& CKOPOCTM B6JI113M 

Bl,dUIW,IIIeMc,7 C+epbI. np,, 3KBMBaJIeHT”blX llO,LIbCMHb,X CH.‘Iax HarpcB O,!IHOpOnHbIM IIOBepXHOCTHblM 

Te,,.lOBbfM ,101OKOM :IaeI &klbluee _‘IOKa_lhHOe ‘lWC.10 HyCCeJbTa, 9eM HarpeB IlpM OiIHOpO!IHOfi 

ie.~nepaIype cTeH6w O~HomeH~e Nu t i,I :Nu, %, Bbnue nnrr 8p~~nI~~~me~ca c~$epbr (no CpaB~e~~~ co 

c:rywe~ tfea~~maf~me~cfl) I* B aanbtreiimell ortfomemie paciei c ycuopem4eM apamen~a. MccneaoRaHbr 

B.‘INIIHMC cE,O6O:IHOrO l,OTOKa. BpaUIeHHS 1, MaCCOBOri CFf”bI Ha IlO~bbeM Te’leEmII II JaWbl ilp‘?~_VO~eHHH 


