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Abstract—The problem of laminar forced convective heat transfer from an isothermal circular cylinder
rotating about its own axis and placed in a uniform stream is considered. The direction of the forced flow of the
cooling fluid is assumed to be normal to the cylinder axis. The study is based on the solution of the unsteady
two-dimensional conservation equations of mass, momentum and energy. The problem s solved for Reynolds
number (based on the free stream velocity) up to Re = 100 and for velocity ratios (ratio between cylinder
circumferential velocity and free stream velocity) up to o = 4. Major emphasis is given to the effect of the speed
of rotation on the thermal boundary layer geometry and also on the local Nusselt number distribution.

INTRODUCTION

HEAT transfer from rotating bodies is one of the
important problems that is receiving growing attention
duetoitsengineering applications, such as heat transfer
from rotating machinery, spinning projectiles and
several others. According to the literature, the available
information in this area is rather limited to a few special
cases. A general method for solving such problems is
not easily available, not only due to the mathematical
difficulties involved but also due to the wide range of
body shapes as well as the different characteristics of the
velocity and thermal fields.

Experimental and theoretical investigations were
previously conducted to evaluate the effect of rotation
on the rate of heat transfer from spinning bodies. The
velocity and temperature boundary layers over a
rotating sphere in a forced convection heat transfer
regime was studied by Siekmann [1] who obtained a
solution to the boundary layer equations using the
Blasius series method. The solution is limited to the case
when the free stream velocity is paraliel to the axis of
rotation of the sphere and is valid up to the point of
separation but not after. A method for the calculation of
the heat transfer rate from rotating axisymmetric
bodies in a laminar forced convection regime was given
by Lee et al. [2]. The method, which is based on a series
solution of the boundary layer and energy equations, is
limited to cases in which the free stream velocity is
parallel to the axis of symmetry. The same problem was
investigated by Jeng et al. [3], however, for the special
case when the body surface has a step discontinuity in
its temperature. Heat transfer from axisymmetric
rotating bodies flying at supersonic speeds was studied
by Chou and Kalina [4] who found that increasing the
speed of rotation tends to decrease the local Nusselt
number over all the body surface except for a small
region in the neighborhood of the stagnation point.
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Convective heat transfer from an isothermal
axisymmetric body rotating in a fluid at rest was
investigated by Dorfman and Serazetdinov [5]. The
investigation was limited to laminar boundary layer
flows when the buoyant forces are negligibly small.
Although the approach was tailored for exponentially
shaped bodies, it was extended to obtain approximate
solutions for spinning bodies having other shapes. The
same problem was reinvestigated by Dorfman and
Selyavin [6], however, for the general case of arbitrary
surface temperature distribution. The turbulent heat
transfer from a circular cylinder rotating in a
motionless fluid was studied by Sherstyuk [7] in which
a mathematical model was presented for the friction
factor as well as the heat transfer coefficient. The same
problem studied in [5] was later considered by Suwono
[8] where a series solution method was adopted for
solving the velocity and thermal boundary layer
equations.

Experimental investigation of the effect of rotation
on heat transfer rates from a horizontal cylinder
spinning around its own axis in a quiescent fluid were
conducted by Anderson and Saunders [9], Etemad
[10], Dropkin and Carmi [11] and Becker [12]. A
theoretical study of the same problem at low rotational
speeds is found in the work by Goettler and Fillo [13].
The study was based on a series solution of the
governing equations of motion and energy. A
comparison between the experimental and theoreti-
cally deduced isotherms shows some considerable
differences.

Relatively few studies have been carried out on the
problem of convective heat transfer from a rotating
cylinder in a cross-stream. Among these studies is the
experimental work by Kays and Biorklund {147 who
found that the heat transfer regime is dominated by the
cross-flow for speed ratios (ratio between cylinder
peripheral velocity and the free stream velocity) up to 2.
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NOMENCLATURE

a cylinder radius Greek symbols

c specific heat o speed radio, aw/u,,

Fo, f,, F, functions defined in equation (6) ] constant defined following equation

Gy, 9., G, functions defined in equation (6) (10)

hh local and average heat transfer & dimensionless logarithmic radial
coefficients coordinate, In (r/a)

Hy.h,, H, functions defined in equation (6) u dynamic viscosity

k thermal conductivity v kinematic viscosity

Nu,Nu local and average Nusselt numbers ¢ dimensionless temperature,

Pe Peclet number (T-TNL—-T,)

Pr Prandt! number 1 dimensionless stream function,

r radial coordinate V'/au,

Re Reynolds number, 2au /v 6 angular coordinate

T temperature T normalized time, T'u/a

U, free stream velocity () angular velocity of cylinder

U,y g radial and transverse components of { dimensionless vorticity, a{'/u,.
velocity.

At higher speed ratios the heat transfer process
becomes dominated by the rotational flow motion. A
correlation was given for the heat transfer coefficient
taking into account the combined effect of rotation, free
convection and cross-flow. A theoretical study for the
same problem, but limited to forced convection, was
carried out by Vasilev and Golubev [15]. However, the
study was based on a potential flow solution tosimulate
the velocity field around the cylinder. It seems from the
literature that an accurate theoretical analysis to the
problem of convective heat transfer from a rotating
cylindrical body in a cross-stream is not available. The
difficulty in tackling this problem arises from the lack of
information about the actual boundary layer
characteristics near the rotating body. For such
problems the velocity field depends on the body
geometry, fluid properties, free stream velocity, speed of
rotation as well as the ratio between the buoyant and
inertial forces.

In this work, the problem of forced convective heat
transfer from a circular cylinder rotating around its
own axis and placed in a uniform stream of a cooling
fluid is considered. The free stream velocity is assumed
to be normal to the cylinder axis while the cylinder
surface temperature is assumed uniform. The most
emphasis is given to the effect of rotation on the
convective heat transfer process. The analysis is based
on the solution of the full conservation equations of
mass, momentum and energy for the case of a two-
dimensional laminar forced convection regime.

GOVERNING EQUATIONS AND
METHOD OF SOLUTION

Consider the problem of two-dimensional incom-
pressible flow of a viscous cooling fluid over a hot
circular cylinder of radius q, rotating around its own
fixed axis with an angular velocity . The free stream of
the cooling fluid, which is assumed to be uniform, is

directed normal to the cylinder axis and has a uniform
temperature T . The cylinder surfaceisisothermal with
a constant temperature T,. The temperature difference
between the main flow and the cylinder surface
AT(= T,—T,) is assumed so small that the buoyant
forces are negligible in comparison with the inertial
forces. Accordingly, the fluid properties are considered
the same through the entire flow field. The polar
coordinate system (r, ) is defined such that the free
stream direction is # = 0. By introducing the modified
system (&, @) where ¢ = In (r/a), the governingequations
of mass, momentum and energy can be expressed in the
form of the vorticity, stream function and energy
equations as

el‘!%__i'/igg %.‘K.}.i(ﬂ_}.ﬂ
3t a0 ¢ 3 30 T Re\ae? * G2
{y
iy Y
28y _ 27 T
=3zt o @
0 o s 2 (¢ 3¢
"”3{*‘5‘@'55*52%*7’;(55—2%92)
3)

where the dimensionless quantities 7, {, ¥, ¢, Reand Pe
are defined as 1 = t'u,/a, { = {afu,, ¥ =y'fau,,
¢ = (T =T )/T,~T), Re = 2au_/v and Pe = Re Pr,
where Re is the Reynolds number, v is the kinematic
viscosity, Pe is the Peclet number and Pr is the Prandtl
number. All quantities with primes are dimensional
quantities.

The radial and transverse velocity components v,
and v, are defined as

v, = Ujfu, =e /o0
v = Uyl = —e ™S NY/BE.

The no-slip, impermeability and isothermal conditions

@
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at the cylinder surface can be expressed as

Y =0y/00 =0, OY/dl= —a
and (5a)
¢=1 at ¢=0

while the free stream conditions far away from the
cylinder can be represented by

e *oY/00 - cos 0, e SY/BE —sin O
{—0 and ¢ —-0 as

Sb)

- o0

where a (= aw/u,,) is the ratio between the cylinder
circumferential velocity and the free stream velocity.

The method used for solving equations (1)}-(3) in
order to obtain the details of the steady (or quasisteady)
flow and thermal fields is based on studying the time
evolution of the two fields until steady conditions are
achieved. In the method, the fluid motion is assumed to
start impulsively from rest and at the same time the
cylinder starts its rotational motion with constant
angular velocity w. With no temperature difference
present between the cylinder surface and the main
stream, the velocity boundary layer starts to grow with
time. Later on, when the boundary layer thickens, the
cylinder surface is assumed to be suddenly heated to the
constant temperature 7,. This step increase in
temperature is followed by the simultaneous time
development of the velocity and temperature boundary
layers until reaching the steady (or quasisteady)
conditions. The approach s, in principle, similar to that
used by Dennis and Staniforth [16], Patel [17], Badr
and Dennis [ 18] and by Badr [19]. In this approach we
express the vorticity, stream function and temperature
asymmetric fields in terms of Fourier series expansions
as

{(&,6,7) = 2Gol&,7)

N
+ Y, [g4(&, )sinnd+G,(&,t)cosnd]  (6a)

n=1

¥(£.0,7) = §Fo(¢,7)

+ i [fi&,T)sinn8+ F(£,7)cosnf] (6b)

n=1

¢(€’ 0’ T) = lIIO(éa T)

N
+ Z [h(&, 7)sinnf + H,(E,T)cosnd].  (6¢)
n=1
Substituting from equation (6) into equations (1)3)
results in the following three sets of differential
equations:

G, 2 3G
26770 _ = T Y0, ¢
"% T Re gz o0 (72)
g, 4 (%
2 2{ 'l= 'l_— 2 .
gr® Re(a§2 "
3G, oF,
F,270 _pc o
+nF, o —nG, 2 48, (To)

oG 4 (3*G
2690. _ 4 L)
2 ot Re(fié2 " G")

—nf, %(29 - ng,,%gg +8,, (79
6;2"20 =e2 G, (8a)
% —nf, = €y, (8b)
662;,, —n?F, = e¥G, (8c)
e“a% = Pie gggﬂ +Y, (92)
ST
+nF,,ég—Ié—°—nH,,a—aFf—o+Y,ll (9b)
2e2‘%li—" = Pie(a;g” —nzH,.>
——nﬁ% +nh,,%2—° +%, (9

where Fg = Fy (£,1), Gy = G, (¢,7),...,etc.and S, S,
S, Yo, ¥, and Y, are functions of £ and 7 and are all
defined in the Appendix. The boundary conditions for
the functions given in equations (7}+9) are obtained
from equations (5) and (6) and can be expressed as

Fo=f,=F,=h,=H,=0
0f,/0E = OF ot =0, 0FoJ0¢ = —2a,

Hy=2at{=0 {10a)
Fm 601 gm Ho, h,, and H,, b d 0
fu— €%, O0F/0t—0 as ¢—o0 (10b)

where 6, =1 for n =1 and 4, = 0 for n # 1. Also, by
integrating both sides of each of equations (8a)—(8¢c)
with respect to £ between the limits 0 and oo, and using
the boundary conditions given in equation (10) we
obtain the following integral conditions

f © e Go(¢, 1) dE = 20 (11a)

0

J © @ G (& 1)dE =0 (11b)
0

f ) e? Mg (&, 1) dE = 25, (11c)
V]

The above integral conditions are used for calculating
the values of the functions G,, G, and g, on the cylinder
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surface (¢ = 0) at each time step for better accuracy.
Condition (11a) is also important to ensure the
continuity of pressure around the cylinder surface.

The time required for the evolution of the velocity
and thermal boundary layers has been divided into two
distinct periods. The first period begins when the free
stream and the cylinder start their impulsive motions
from rest. Analytical solutions for the stream function
and vorticity at r = 0 were previously obtained [18]
and used as initial conditions in the numerical solution.
Because of the small boundary layer thickness
prevailing in this period the logarithmic coordinate &
was replaced by the boundary layer coordinate x such
that & = 2(27/Re)**x following references [18] and
{20]. The numerical technique used for solving
equations (7) and (8) to advance the solution of  and {
intime is exactly the same asthatused in [ 18] and [19].
The numerical integration in this period is terminated
attime 7 = Re/8 at which the boundary layer becomes
thick enough for utilizing the original coordinate ¢.

The second period starts following the end of the first
one where the full details of the velocity field are known.
The cylinder surface temperature is now assumed to be
instantaneously raised to T,. According to the previous
assumptions, the temperature rise will have no effect on
the time development of the velocity field since the
buoyant forces are assumed negligible. The three sets of
differential equations are now integrated simul-
taneously in order to advance the solution of ¢, { and ¢
in time until reaching steady state when there is no
vortex shedding or a quasisteady condition when
vortex shedding takes place.

Following reference {19] the number of terms N in
the Fourier series was 2 at the start of the first period.
This number was allowed to increase with time
whenever any of the last non-zero terms in the series
reaches a certain small value (=10"%). However, the
maximum number of terms used in all cases was 20.
During the first period of motion a step size Ax = 0.05
was used while 161 points were utilized in the x
direction. On the other hand, the step size A¢ during the
second period was 0.1. The number of points in £ and
accordingly the size of the flow domain were changing
with time in order to minimize the time of computation.
The outer boundary of the flow domain is determined
such that the values of { and ¢ at that boundary are
below a certain small imit {~107*%). The maximum
value of £ used in all cases was 10 which corresponds to
a distance away from the cylinder as far as e*? times its
radius, The details of the numerical method are as given
in reference [19].

DISCUSSION OF RESULTS

The influence of the cylinder rotation on the thermal
boundary layer characteristics and on the overall heat
transfer rate is investigated in the range of Reynolds
numbers from Re = 5 to Re = 100, and in the range of
speed ratios from & = 0.1-4. Let us now define the local
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and average Nusselt numbers as
Nu =2ah/k and Nu = 2ak/k (12)

where & is the coefficient of thermal conductivity of the
fluid and h and hare the local and average heat transfer
coefficients which are related to the temperature field by

= —kOT/or), - J(T.~T,), k= (1/27:)[2” hdo.
Ja

(13)

The relationship between each of Nu and Nu and the
functions Ho, h,, H, can be easily deduced from
equations (6), (12) and (13) and can be written as

N
Nu = [—8}{0/8&——2 Y. {0h,/0¢ sinnb
A=l

+@H, /8¢ cos nﬂ}] (14a)

£=0
Nu = [~3Ho/0¢); -0 (14b)

The results obtained showed that the local Nusselt
number, as well as the surface vorticity distributions,
are highly influenced by the rotational motion of the
cylinder. Figure 1(a) shows the distribution of Nu
around the cylinder surface for the case of Re = 5 and
different rotational speeds. At low values of ¢ (2 = 0.1)
the variation of Nu deviates only slightly from the
symmetrical distribution around the line 8 = 0 {or 8
= 180°) that prevails in the case of a fixed cylinder. One
can also see from Fig. 1(a) that the curve showing the
variation of Nu tends to flatten as the rotational speed

Table 1. Values of the average Nusselt
number at different Reynolds numbers and
speed ratios

Re o Nu
5 0.1 1.440
Q.5 1.437
1.0 1431
20 1.407
4.0 1.355
20 0.1 2.512
0.5 2.509
1.0 2473
2.0 2.364
40 2203
40 0.1 3.508
0.5 3471
1.0 3.405
20 3.141
4.0 2.760
60 0.1 4.105
Q.5 4.101
1.0 4.026
20 3.682
40 3.055
100 0.1 5.364
0.5 5.311
1.0 5.139
2.0 4.546
4.0 3413
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F1G. 1. The effect of the speed ratio on the local Nusselt number distribution around the cylinder surface for the
case of Pr = 0.7 and (a) Re = §, (b) Re = 20 and (c) Re = 40.

increases. The same phenomenon occurred at higher
values of Reynolds number as can be seen in Fig. 1(b)
and 1(c). This behavior is expected since as « increases
the flow region surrounding the cylinder becomes more
dominated by the speed of rotation and not by the main
flow velocity. A similar behavior, but for the heat
transfer coefficient, was found experimentally by Kays
and Biorklund [14] although their work was carried
ont at much higher values of Reynolds numbers.

The effect of rotation on the location of the points of
maximum and minimum local heat transfer coefficients
canalsobeseenin Fig. 1 where both points areshifted in
the same direction of the cylinder rotation. For
example, in the case of Re = 5, the point of maximum
Nusselt number has been shifted from 8 = 180° to 0
= 246° at o = 4, while the point of minimum Nusselt
number has been shifted from 8 = 0 to § ~ 82°. The
effect of rotation on the vorticity distribution on the
cylinder surface can be seen in Fig. 2(a){c) for Reynolds
numbers of Re = 5, 20 and 40, respectively. At higher
Re values (Re = 60 and 100) the velocity field ceases to
be steady due to vortex shedding except at high
rotational speeds. Accordingly, the local Nusselt
number and vorticity distributions given in Fig. 3(a)
and (b) for the case of Re = 60 are only plotted at a
certain selected time. These curves are periodically

HMT 28:1-Q

changing in accordance with the velocity and
temperature fields.

The calculated values of the average Nusselt number
at different Reynolds numbers and rotational speeds

are listed in Table 1. The table shows that Nu decreases
as o increases in the considered range of Re and o. This
behavior is similar to the findings of Chou and Kalina
[4] for the case of high speed flow over an axisymmetric
rotating ' body. The phenomenon can be explained on
the basis that due to the rotational motion of the
cylinder it becomes surrounded with a certain volume
of rotating fluid that never gets entrained to the main
stream. This rotating fluid acts as a buffer zone between
the cylinder and the free stream. Such flow field
characteristics will restrict the heat transfer regime
between the rotating fluid and the main stream to
conduction only. This effect will naturally tend to
decrease the overall heat transfer rate. It should be
mentioned here that the values obtained of the average
Nusselt number at small speed ratios (x = 0.1) are
found to differ only slightly from the values obtained for
a fixed cylinder by Dennis et al. [21] and by Hatton et
al.[22]. This also serves as a check to the accuracy of the
method of solution.

To show the effect of rotation on the velocity and
thermal fields the streamline and isotherm patterns are
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F1G. 2. The effect of the speed ratio on the surface vorticity distribution for the case of (a) Re = §,(b) Re = 20
and (c) Re = 40.

plotted in Figs 4-6 for the cases of Re = 5,20 and 40 at
different speed ratios. One can see from Figs 4(b), 5(b)
and 6(b) that increasing « tends to increase the volume
of the isolated fluid rotating around the cylinder. It can
also be seen that the circulating fluid zone in the wake of
the cylinder completely disappears at high speeds of

{a)

8
4
t o
-8l 2
[ a

160 200 240 280 320 360
g

o] 40 80 120

rotation. The isotherm patterns for the cases of Re
= 5,20 and 40 show the strong dependence of the
temperature field on the rotational motion of the
cylinder. At small values of 2 (¢ = 0.1)theisotherms are
almostsymmetrical around theline 8 = 0.Itcanalsobe
seen that as o increases all theisotherms are found to be

1

o] 40 80 120

760 200 340 280 320 360
8

F16.3. The vorticity and local Nusselt number distributions around thecylinder surface for thecase of Re = 60,
Pr = 0.7 at © = 20; (a) vorticity, and (b) local Nusselt number.
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Fig. 4. The isotherm and streamline patterns for the case of Re = 5 and Pr = 0.7 at different speed ratios,
(a) isotherms, (b) streamlines.
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a=0l a=0.l

o= |

a=4 a=4

{a) Ad=4a (b)

FIG. 5. The isotherm and streamline patterns for the case of Re = 20 and Pr = 0.7 at different speed ratios,
(a) isotherms, (b) streamtines.
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a =0l

a=|

(g}

Ad=0.
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{b}

FIG. 6. The isotherm and streamline patterns for the case of Re = 40, Pr = 0.7 at different speed ratios,
(a) isotherms, (b) streamiines.
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F1G. 7. The effect of rotation on the thermal boundary layer thickness around the cylinder for the case of

—
==
f

() A¢ =0l (b)

FiG. 8. The isotherm and streamline patterns for the case of Re = 60, Pr = 0.7 at different speed ratios and at
1 = 20, (a) isotherms, (b) streamlines.
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displaced upward and the points of maximum and
minimum temperature gradients are shifted as shown
in Fig. 1. If one considers the edge of the thermal zone
bounding the cylinder to exist at ¢ = 0.01, the effect of
the rotational speed on its shape would be as shown in
Fig. 7 for the case of Re = 40. The streamlines and
isotherms are also plotted in Fig. 8 for the case of Re
= 60 at a certain chosen time. However, since there is
no steady state at small values of « the velocity and
thermal fields continue to change periodically.

CONCLUSION

The effect of rotational motion on forced convective
heat transfer from a circular cylinder is studied in the
range of Reynolds numbers up to 100 and speed ratios
up to 4. In the considered range, it is found that the flow
and thermal fields are strongly influenced by the speed
of rotation of the cylinder. The overall heat transfer
coefficient tends to decrease as the speed of rotation
increases because of the existence of a rotating fluid
layer that separates the cylinder from the main stream.
The average values of the Nusselt number are listed for
the different cases considered and the effect of
rotational speed on the geometry of the thermal
boundary layer is also investigated.
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APPENDIX

The functions S, S, and S, given in equations (7a){7c) are
defined as

- 04, oF, o,
So=§ln{ %9 f,, T Ga—é}
(A1)
N a '
5= 2 ;[fx Jf1]+ [KF —(m—n)F,]
m=1
+mgm[%f?—sgn(m n)i} G [‘i%_%p?’]
(A2)
N a a m
Sw= 2 _aE[KFx‘F(’" WF.] = = (Khc+f)]
m=1
+m, [6;;,( 6;;] mG I:aig-+sgn(m n)ﬁ]
(A3)

where K = m+n,J = [m—nj,sgn (m—n)is the sign of the term
(m—n) and sgn (m—n) = 0 when m = n. All the functions are
equated to zero when their subscript exceeds N.

The functions Yy, Y,, and Y,, written in equations (9a)~9¢c)

are defined as
Xy oh, 6F,, af,,>
-z "( g +h 2 e
(A4}
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X oh

¥, = Z;E{fo il+ —[fo (m—nF,] = Z [KFXHm nF 31— '"[fo+~’]33
oF, OF,
+mh,.[—f——~sgn(m n)E] mH,,.[*azi—E] +mh [62" aF’] mH, [;g +sgn (m— ﬂ)-j:’-]
(A3) (A6)

CONVECTION LAMINAIRE FORCEE AUTOUR D'UN CYLINDRE TOURNANT

Résumé—On considére le probléme du transfert thermique par convection laminaire forcée autour d’un
cylindre tournant autour de son axe et placé dans un courant uniforme. La direction de I'écoulement forcé du
fluide refroidissant est normal & Paxe du cylindre. L’étude est basée sur la solution des équations de bilan, en
régime variable bidimensionel, de masse, de quantité de mouvement et d*énergie. Le probléme est résolu pour
un nombre de Reynolds {basé sur la vitesse au loin) allant jusqu’a Re = 100 et pour des rapports de vitesse
{rapport de la vitesse circonférentielle du cylindre a la vitesse du courant) allant jusqu’a o = 4. Un intérét
particulierest porté & l'effet dela vitesse de rotation sur la géométriedela couche limite thermique et aussisurla
distribution du nombre de Nusselt local.

LAMINARE ERZWUNGENE KONVEKTION AN EINEM ROTIERENDEN ZYLINDER

Zusammenfassung—Das Problem der Wirmeiibertragung bei laminarer erzwungener Konvektion an einem
isothermen kreisformigen Zylinder wird betrachtet, welcher sich um seine eigene Achse dreht und sich in einer
gleichférmigen, quergerichteten Stromung befindet. Die Untersuchung beruht auf der Ldsung der
instationiren zweidimensionalen Erhaltungsgleichungen fiir Masse, Impuls und Energie. Das Problem wurde
fiir Reynolds-Zahlen (gebildet mit der freien Stromungsgeschwindigkeit) bis zu Re = 100 und fir
Geschwindigkeitsverhéltnisse (Verhéltnis zwischen Zylinderumfangsgeschwindigkeit und freier
Stromungsgeschwindigkeit) bis zu « = 4 geldst. Besondere Aufmerksamkeit wurde dem EinfluB der
Rotationsgeschwindigkeit auf die Geometrie der thermischen Grenzschicht und auf die Verteilung der
Srtlichen Nusselt-Zahl verwandt.

BJAUSHME BPAHIEHUSA LIWJUHIIPA HA KOHBEKTHUBHbIA TEMJOMNEPEHOC

Ansorauus-—PaccMaTpHBacTCH 334842 O NAMHHAPHOM BHIHYKICHHOM KOHBEKTHBHOM TenaonepeHoce
OT H3IOTEPMHYECKOrO KPYIJIOro HHNMHADA, BPAIIAIOIErocs BOKPYr coBcTBEHHOM OCH H TOMEIUEHHOTO
B OAHOPO MBI NOTOK XuAKOCTH. [IpenonaraeTcs, YTO BIHYAACHHBIA MOTOK OX/IAKAAIOMIEH KUAKOCTH
HAmpaBieH MepIeHAMKYIAPHO K OCH uuideapa. MccnenosaHHe NPOBOAMTCA HA OCHOBE PELUEHHS
HECTALMOHAPHBIX ABYMEPHBIX YPABHEHHH COXPAHCHHS MACCHl, MMIY/ILCA W FHEPrHM. 3ajaya peluaercs
Ans sHaveHui yncaa Pefinonbiaca (BHIYHCASEMOrO 1O CKOPOCTH HEBOZMYLLEHHOTO 10TOKA) BIJOTH 1O
Re = 100 1 orHotienus ckopocTeli (OTHOLHCHHE OKPYXKHOH CKOPOCTH HMIHHAPA K CKOPOCTH HEBO3IMY-
HICHHOTO JI0TOKA) BRAOTH 00 ¥ = 4. OCHOBHOE BHHMAHHE YIAENEHO HCCACHAOBAHMIO BAHAHHA CKOPOCTH
BPRLUEHHS UMHMHIPE HAa FEOMETPHIO TEMIOBOTO [OFPAHMYHOIC CHOS, 4 TakkKe Ha DACHPCCiCHHE
soxanbHbIX uucest Hyccenbra.



