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Abstract—The viscous dissipation heating of a finite length cylinder exposed to a steady uniform velocity
Newtonian fluid is analyzed numerically. The solution determines the elliptic, velocity and temperature
field, of a high viscosity fluid about an axisymmetric cylinder. Computations are performed for different
values of the Reynolds number, Prandt] number, the probe radius to length ratio and the ratio of cylinder
conductivity to fluid thermal conductivity. With polymer processing in mind the Reynolds number is varied
between 107* and 2 x 107! and the Prandtl number between 10° and 10°. The results also determine the
increase in the cylinder wall and tip temperature due to viscous frictional heating. Strong elliptic effects on
the velocity extend over 100 radius lengths upstream from the cylinder. The velocity field results indicate
a nearly ‘creeping flow’ type velocity distribution about the cylinder body. In contrast, the temperature
field is confined to a very narrow region of high deformation rates around the cylinder surface.

INTRODUCTION

THE EFFORT to measure local temperatures in a flowing
polymer encounters the difficulty that any object
exposed to a viscous flow is heated by internal friction
in a process which converts mechanical energy in the
fluid into internal energy and thus raises the probe
temperature. This process is known as viscous
heating. The resulting temperature increase has to be
minimized or has to be determined by calibration if
one wants to obtain from the recorded probe tem-
perature the temperature which the fluid would have
when the probe is absent.

This paper reports the results of an analysis of
viscous heating of a cylinder with finite length oriented
with its axis parallel to the velocity of the oncoming
flow. It is thought that the cylinder approximates the
shape of a temperature probe inserted into the fluid.
The first part of the analysis presented in this paper
considers a Newtonian fluid with constant properties
as a limiting case of a non-Newtonian situation. The
Reynolds number of the flow is postulated to be small
and the Prandtl number of the fluid to be large to
conform to the situation in polymer processing. The
effects of the non-Newtonian nature of the fluid and
of the temperature dependence of its properties will
be investigated in a second paper.

The velocity and temperature fields are obtained by
the analysis, in addition to the surface temperature of
the cylinder. Knowledge of these fields is a prerequisite
to an understanding of the relation between the tem-
perature history of a polymer melt and its effect on
the macroscopic physical properties of the polymer
material. The present paper, therefore, also has inter-
est in this context and it presents to our knowledge
the first study of this kind in an external flow around

an object, whereas internal flow situations for pipes,
ducts, and extruders have been reported in the litera-
ture [1-7].

PROBLEM FORMULATION

The following equations describe the steady, lami-
nar axisymmetric flow of a constant property New-
tonian fluid past a cylinder arranged with its axis
parallel to the main flow direction (Fig. 1). In the
equations, the pressure work term in the energy equa-
tion and the gravity term in the momentum equation
have been neglected. The equations have been made
dimensionless by the following change of variables :
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NOMENCLATURE
¢, specific heat x& coordinate measured from cylinder
D  deformation rate tensor, 4(VV+VVT) midplane
k  thermal conductivity x  dimensionless coordinate, x*/R.
L cylinder length
P*  pressure
P dimensionless pressure, P*R/nU, Grgek symbql s .
Pr  Prandtl number, nc, /k, 7 magnitude of deformation rate tensor D
, HE, Lo
R cylinder radius r]@ :llf:;ozltyt .
Re Reynolds number, 2pU R/n ¢ *p rature parameter,
#*  coordinate (T*=Ty)/(n Us/pc,R)
. . . #  angular coordinate
r dimensionless coordinate, r*/R .
* p  density
T* temperature P .
®  dissipation function
Ty upstream temperature .
. Y stream function.
U, upstream velocity
u*  velocity component
u  dimensionless velocity component, u*/U, Subscripts
V  velocity vector 0  upstream
v*  velocity component f  fluid
v dimensionless velocity component, v*/U, p  cylinder tip
x* coordinate measured from cylinder tip s solid.
energy equation on AF,EF
1 %C 10/( 00 u=1, v=0, O;=0; (8)
=~ Re Pr v@-fuu R o ' (
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FiG. 1. Coordinate system and computational domain (not to scale).
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past the cylinder. On segments AF and EF the flow
conditions are taken to be free stream values since
these boundaries are chosen to be far from the cylinder
body. Outflow conditions are assumed to exist on
segment DE which is located far downstream from
the cylinder. At the solid—fluid interface made up of
segments BG, GH and HC the no-slip condition holds
along with the continuity of the interface temperature.
It is also postulated that no temperature equalization
occurs within the cylinder (the heat conductivity of
the cylinder k, is zero). The equation and boundary
conditions show that the dimensionless velocity and
pressure fields are functions of the Reynolds number,
Re = 2pRU,[n, and the geometric length parameter,
R/L. The dimensionless temperature field depends in
addition on the Prandtl number, Pr = nc,/k;. An aver-
age probe tip temperature, @,, is defined as
1
0, =2J O|,_ordr. (12)
0

In a later section the effect of internal equalization
of the cylinder temperature is investigated. In this case

equations (10) and (11) are changed to:

on BG,HC
k. 00, 00
== ket w
on GH
k, 0O, 00
u=v=0, k_r e (14)

and the Laplace equation for steady heat conduction
in cylindrical coordinates is added to the system of
equations (2)—(5) for the temperature field in the
cylinder body.

COMPUTATIONAL DETAILS

The governing equations were discretized by using
a control volume based finite difference scheme,
the details of which can be found in ref. [§8]. The
SIMPLER procedure as given in ref. [8] was used
for handling the flow field. The resulting system of non-
linear algebraic equations was linearized by successive
substitutions. At each iteration a direct inversion tech-
nique was used to solve for the flow variables (u, v, P),
along with a line by line [8] technique for the tem-
perature field ®. A penalty method formulation is
used to produce non-zero diagonal elements associ-
ated with the continuity equation in the coefficient
matrix. This technique discussed in detail in ref. [9]
allows efficient inversion of the coefficient matrix
using sparse matrix routines.

The computational domain was discretized by a
150 x 50 non-uniform grid in the x,r-directions,
respectively. The grid was finer in the x-direction at
the probe tip, in the r-direction the grid was finest
near the probe wall GH. In order to achieve grid and
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domain independent results a highly non-uniform grid
was found to be necessary. There were essentially two
reasons for this. First of all, the low Reynolds number
effect of the diffusion terms dominating the inertia
terms in the momentum equation caused a nearly
‘creeping flow’ type velocity distribution. Viscous
effects were found to extend hundreds of radius
lengths in all directions from the probe body. There-
fore, in order to simulate a probe in an infinite fluid,
it was necessary to increase the magnitudes of seg-
ments AB, AF, CD, DF, and EF until further move-
ment of these boundaries produced negligible changes
in the computed results. In practice this was
carried out until further increases caused less than
a 1% change in the computed quantities. Domain
independence  test indicated non-dimensional
lengths of 300 for AB, CD and 200 for AF, DE.

In conflict with the need to discretize a large
domain, the existence of large velocity gradients very
close to the corner BGH necessitated the use of an
extremely fine grid spacing at the corner to accurately
resolve the production of thermal energy by viscous
dissipation. In the grid independence studies it was
determined that grid spacings of the order of 107*-
10~° were necessary to sufficiently resolve the high
shear regions near the probe tip corner. This disparity
of length scales was responsible for the large number
of grid points used and the highly non-uniform
spacing of the computational grid. The computations
were performed on the Minnesota Supercomputer
Institute’s Cray-2 machines. Typical execution times
for the numerical solutions were of the order of 500 s,
the core memory required was about 5x 10° Cray-2
words (64 bit words).

The influence of the non-dimensional parameters
on the solution of the governing equations was deter-
mined as follows. For the case of an adiabatic probe
(k,/k; = 0) the effect of Re on the velocity and tem-
perature fields was studied by varying Re from 10~*
to 2x 10~', while Prand R/L were kept at 5 x 107 and
0.1, respectively. The value of Pr was varied from
10° to 10° for Re = 107% and R/L = 0.1 to study its
effect on the temperature field. With Re = 10~2 and
Pr = 5x 107 the geometric length ratio R/L was varied
from 0.01 to 0.15. In order to analyze the influence of
the thermal conductivity ratio on the fluid and solid
temperature distribution, k,/k; was varied from 102
to 10° with Re, Pr, and R/L maintained at 1072
5x 107, and 0.1, respectively.

RESULTS AND DISCUSSION

Velocity field

A streamline plot of the flow field near the cylinder
tip is presented in Fig. 2. The vertical and the hori-
zontal scales are nonlinear and vary as ./r and
J(x—x), respectively. In this plot, as in others
that follow, the axisymmetric nature of the flow has
been used to present results for the entire plane 6 =
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FiG. 2. Streamlines around the upstream half of a cylinder (R/L = 107!, Re = 1072, Pr = 5 x 107).

constant. It is evident from the relative spacings of
the streamlines, that as the fluid flows past the probe
corner BGH it experiences a significant amount of
acceleration. This strong acceleration, or equivalently
in Eulerian terms, this large velocity gradient, is a
major source of viscous dissipation heating near the
probe tip. Along the body of the probe, the stream-
lines appear nearly parallel to the probe wall indi-

cating a flow in which inertia effects are small in com-
parison with the viscous effects. This ‘creeping flow’
or ‘Stokes flow’ situation in which inertia forces are
negligible relative to the viscous and pressure forces
is characteristic of such low Reynolds number flows.
The effect of Re on the symmetry of the flow about
the midplane (rf-plane at O in Fig. 1) can be clearly
observed in Fig. 3. In this figure, lines of constant
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Fic. 3. Constant velocity contours for differing values of Reynolds number for w*/U, = 0.99, 0.95, 0.90,
0.875, 0.75, 0.625, 0.50, 0.375, 0.25 (R/L = 107, Pr=5x107).
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velocity have been plotted about the probe body. The
outermost contours have a value of u*/U, = 0.99 and
therefore represent the axisymmetric location of the
99% boundary layer. In the case Re = 5x 1073, the
essentially symmetric distribution of velocity contours
about the midplane is evident. As Re is increased, the
location of the 99% boundary becomes convected or
shifted downstream by the influence of the inertial
forces. This effect however, decreases as the cylinder
surface is approached indicating that in this region
the viscous forces dominate the inertial forces even at
Re = 107", Postulating the flow as creeping should,
therefore, be acceptable for the calculation of wall
shear stress and heat transfer.

The upstream elliptic effects are clearly evident in
the velocity profiles and the profiles of the defor-
mation rate 7 presented in Figs. 4 and 5. In Fig. 4,
the profiles present the non-dimensional ¥ component
with respect to the non-dimensional radial distance
from the cylinder axis. The viscous effects extend to a
distance of about 70 in the r-direction and about 100
in the negative x-direction. A plot of the magnitude y
of the deformation rate tensor D is presented in Fig.
5. This parameter is also called the ‘shear rate’ for
flows of generalized Newtonian fluids in which the
viscosity # is allowed to vary with y. This will be the
case for the fluids considered in the second paper.
Equation (5) indicates that y determines the amount of
energy converted from mechanical to internal energy
since ® = 2y, which is also true of all generalized
Newtonian fluids. In Fig. 5, it is apparent that the
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location of the maximum deformation rate shifts from
the stagnation point streamline (» = 0) upstream from
the cylinder body to the corner BGH at the cylinder
tip. The shift of the location of the maximum
shear rate towards (r = 1) is accompanied by a cor-
responding decrease in the stagnation streamline
shear rate magnitude. The region of high deformation
rate becomes narrower as the corner of the cylinder is
approached. Since the viscous dissipation source term
is essentially given by the deformation rate magnitude
¥, it is expected that the deformation rate distribution
will be of primary importance in development of the
steady temperature field ©;.

Deformation rate profiles along the surface of the
cylinder wall (for positive x*/L values) are shown
in Fig. 6. These profiles have been plotted for three
locations symmetric with respect to the midplane O.
The creeping flow type symmetry about the midplane
is readily apparent. Velocity profiles along the cylinder
surface show only a small change from the x*/R = 0
profile in Fig. 4 and therefore they have not been
presented.

Temperature field around the adiabatic cylinder

An isotherm plot of the temperature distribution
around the upstream half of the cylinder is shown in
Fig. 7. A comparison of the thickness of the velocity
boundary layer (where u*/U, = 0.99) to the distance
of the isotherm in Fig. 7 for ®; = 10~ indicates that
the thermal boundary layer generated by viscous heat-
ing is much thinner than the velocity boundary layer.

r'iR
30.0 40.0 50.0 60.0 70.0
T T T T

20.0
T

0.0
T

0.0

0.0 01 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0
*
u /U,

FiG. 4. Velocity field upstream of the cylinder tip (R/L = 10~', Re = 1072, Pr = 5 x 107).
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FI1G. 5. Upstream profiles of the deformation rate y (R/L = 10™!, Re = 1072, Pr = 5 x 107).

The reason for this appears to be the concentration
of the deformation rate term 7 near the surface and
the large Prandtl number of the fluid. In Fig. 8, rep-
resentative temperature profiles are presented at vari-
ous x locations upstream of the adiabatic tip. The

similarity to the deformation rate profiles in Fig. §
is readily apparent. Similar to the thinning of the
maximum shear layer, the temperature profile
undergoes a noticeable increase in temperature at
the corner (r = 1) of the cylinder tip. Corresponding
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FiG. 6. Profiles of deformation rate at the cylinder surface (R/L = 107!, Re = 1072, Pr = 5x 107).
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FiG. 7. Isotherms at the upstream half of the adiabatic cylinder (R/L = 10~!, Re = 1072, Pr = 5x 107).

to the stagnation streamline deformation rate decrease,
there is a significant decrease in production of thermal
energy locally as the probe tip is approached. This
decrease is associated with a limiting value ®,=2.6
of the temperature along the stagnation streamline.
Temperature profiles along the adiabatic probe sur-
face are presented in Fig. 9. These results indicate an
increase in local wall temperature on the adiabatic
cylinder surface with increasing distance from the cyl-
inder tip. The effect of the flow and geometrical par-

ameters on this gradient are discussed in detail in the
next section.

Cylinder wall and tip temperature

The effect of Re, Pr and R/L on wall temperature
for an adiabatic cylinder are presented in Figs. 10-12.
The effect of Re on the adiabatic wall temperature
is shown in Fig. 10(a) for the case R/L = 0.1 and
Pr=5x10". A significant increase in the dimen-
sionless wall temperature gradient is evident as the Re
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Fic. 8. Temperature profiles upstream of the adiabatic cylinder (R/L = 10~, Re = 1072, Pr = 5x 107).
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F1G. 9. Temperature profiles on the adiabatic cylinder surface (R/L = 107", Re = 10" %, Pr = 5x 107).

of the flow is increased. This is in contrast to a bound-
ary layer situation (at large Re) on a plane surface
where the adiabatic wall temperature is constant along
the surface in the downstream direction. Figure 10(b)
presents the influence of Re on the cylinder tip tem-
perature @, as defined by equation (12) for the same
values of R/L and Pr. From this figure it is apparent
that the influence of the inertial terms at low Reynolds
numbers becomes small. Presumably for Re < 1074
there is a lower limit beyond which true creeping flow
would exist and Re would cease to be an important
parameter in the problem.

The effect of Pr on the cylinder wall and tip tem-
perature is shown in Figs. 11(a) and (b) for R/L = 0.1
and Re = 10~ The functional form of this depen-
dence and the magnitude of the influence is very simi-
lar to that of Re in Figs. 10(a) and (b).

The cffect of the geometric length ratio R/L is
presented in Figs. 12(a) and (b) for Re = 107 and
Pr = 5x10". In the non-dimensional coordinates of
Fig. 12(a) it is apparent that as R/L increases the wall
temperature and wall temperature gradient decrease.
This is essentially due to the fact that Re is based on
the radius R and therefore a decreasing R/L (for a
constant Re) implies a shorter probe, for which it is
expected that a smaller temperature rise at a given
x*/L location would occur. The crossover point at
small x*/L is due to the fact that ©, is a weakly
increasing function of R/L as shown in Fig. 12(b).

Effect of heat conduction in the cylinder

The results presented above have all been for the
idealized case of an adiabatic cylinder. In reality the
temperature distribution over the surface of the cyl-
inder will be influenced by internal heat conduction
in the cylinder. To exhibit the effect of the thermal
conductivity of the cylinder material on the tip tem-
perature and the temperature gradient, Figs. 13(a)
and (b), have been included. Figure 13(a) shows the
smoothing effects of an increase in the conductivity
ratio k,/k; on the temperature gradient. As the cyl-
inder becomes perfectly conducting, the probe tem-
perature becomes uniform. This decrease in the tem-
perature gradient is associated with a significant
increase in the tip temperature ©, as shown in Fig.
13(b). The low k/k; (insulated) and the high &, /k;
{perfectly conducting cylinder) asymptotic limits arc
clearly evident.

Numerical example

The relations obtained in the preceding section will
be used to calculate the error which a temperature
probe, similar in shape to a cylinder, experiences in a
steady, low Reynolds number and high Prandtl num-
ber fluid flow by viscous heating. The Newtonian con-
stant properties used are chosen to reflect typical
liquid polymer values. The kinematic viscosity of the
fluid is postulated to have the value v = 5m?*s™' (the
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FI1G. 10(a). Effect of Reynolds number on the local wall temperature of the adiabatic cylinder (R/L = 10~',
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F1G. 10(b). Effect of Reynolds number on the tip temperature of the adiabatic cylinder (R/L = 10—,

Pr=5x10").
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F1G. 11(a). Effect of Prandtl number on the local wall temperature of the adiabatic cylinder (R/L = 107",
Re = 1072).
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Fic. 11(b). Effect of Prandtl number on the tip temperature of the adiabatic cylinder (R/L = 107",
Re = 1072).
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Table 1. Dependence of the temperature par-
ameter ®, on the length ratio R/L (Re = 107°

and Pr = 10%)
R/L Adiabatic Isothermal
0.050 472 74.34
0.025 437 85.50
0.010 4.01 106.60

range for polymers is of the order of 1-100 m* s™*)
and its specific heat to be ¢, =2x10* Jkg="' K.

The approach velocity of the fluid to the probe is
assumed U, = 1.0 m s~ and the diameter of the probe
2R = 5x107% m. The Reynolds number of the flow
is obtained with these values to be Re = 1072,

The error of the temperature probe, the difference
between the dimensional tip temperature T;'; and the
upstream fluid temperature T, is obtained from equa-
tion (12) to be

2UG/e,
Re

Ty—T, =0, . (15)
The temperature parameter @, is obtained from Fig.
13(b). It has the value 4.75 for an adiabatic probe
(without temperature equalization by internal heat
conduction in the probe), and the value 52 for an
isothermal probe (according to a probe heat con-
ductivity of o0). With the values listed above, the error
of the temperature probe assumes the value 4.75°C
for the adiabatic probe and 52.0°C for the isothermal
probe. It is, therefore, important to reduce internal
heat conduction by proper probe design. It should
however be possible to approach the value for an
adiabatic probe since the temperature parameter ©,
increases only slightly for k,/k; < 1. A calibration of
the temperature error or an estimate of its value using
the preceding figures is probably required for the situ-
ation of this example to obtain sufficient accuracy
of the temperature measurements. The temperature
error is relatively insensitive to the ratio of probe
radius R to probe length L as indicated in Table 1, in
which the temperature parameter @, of the probe tip
is listed for an adiabatic and an isothermal probe.
One will probably prefer to round off the tip of the
temperature probe instead of the plane tip of the cyl-
inder. This, however, should have a minor influence
on the average temperature of the probe tip.

CONCLUDING REMARKS

A numerical analysis has been presented for steady,
low Reynolds number flow of a high Prandtl number
fluid for an adiabatic cylinder of finite length with its
axis parallel to the main flow direction. The fluid is
postulated to be Newtonian and to have properties
which are independent of temperature. The effects of
Reynolds number and Prandtl number as well as of
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the ratio of cylinder radius to its length on the velocity
and temperature field, the probe wall and tip tem-
perature are presented in a number of figures.

As expected, the viscosity dominated flow field
extends hundreds of probe radii in all directions dem-
onstrating the elliptic character of the equations
describing the flow. Surprising, however, is the fact
that the temperature field created by viscous dis-
sipation is confined to a narrow region surrounding
the cylinder. Both of these conditions cause the tem-
perature along the probe surface to increase in the
flow direction. In contrast, boundary layer solutions
for plane flow over a flat surface at large Reynolds
numbers result in a wall temperature which is constant
in the flow direction [10].

The temperature gradients along the cylinder wall
may generate heat conduction within the cylinder
which tends to equalize its temperature. An additional
calculation, therefore, considered the effect of internal
heat conduction in the cylinder on the temperature
variation along the cylinder wall and on the tip tem-
perature.

A useful application of the analysis in this paper is
the determination of the temperature error caused by
viscous dissipation of the flow to which a temperature
probe with a shape similar to the cylinder is exposed.
Figures 13(a) and (b) and a calculated example indi-
cate that it is important to minimize internal con-
duction in such a temperature probe when it is used
to measure the temperature in a flowing polymer.
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CHAUFFAGE VISQUEUX D’UN CYLINDRE DE LONGUEUR FINIE, AVEC UN
FLUIDE TRES VISQUEUX EN ECOULEMENT PERMANENT LONGITUDINAL—
1. FLUIDES NEWTONIENS

Résumé—On étudie numériquement le chauffage par dissipation visqueuse d’un cylindre de longueur finie,
exposé a un fluide newtonien ayant une vitesse uniforme et permanente. La solution détermine le champ
elliptique de vitesse et de température pour un fluide trés visqueux autour d’un cylindre axisymétrique. Des
calculs sont effectués pour différentes valeurs du nombre de Reynolds, du nombre de Prandtl, du rapport
rayon/longueur de la sonde et du rapport de la conductivité thermique du cylindre a celle du fluide. En
pensant aux fluides polymeéres, le nombre de Reynolds est rendu variable entre 107* et 2x 107", et
ie nombre de Prandtl entre 10° et 10°. Les résultats déterminent aussi Paccroissement de température
de la paroi du cylindre et de Pextrémité, du fait du chauffage visqueux. Des effets elliptiques intenses
sur la vitesse s'étendent jusqu’a des distances de 100 fois le rayon, en amont du cylindre. Les résultats
sur le champ de vitesse montrent une distribution de vitesse proche du type “‘écoulement rampant”
autour du cylindre. En contraste, le champ de température est confiné 2 la région trés étroite des fortes
vitesses de déformation autour du cylindre.

ERWARMUNG EINES ZYLINDERS MIT ENDLICHER "LANGE DURCH DIE
REIBUNGSHITZE IN EINEM FLUID HOHER VISKOSITAT BEI STATIONARER
AXIALER UMSTROMUNG—1. NEWTON'SCHE FLUIDE

Zusammenfassung—Die Erwirmung eines Zylinders endlicher Linge, der einer gleichméBigen Stromungs-
geschwindigkeit in einem Newton’schen Fluid ausgesetzt ist, wird numerisch untersucht. An einem achsen-
symmetrischen Zylinder in einem hochviskosen Fluid ergibt sich ein elliptisches Geschwindigkeits- und
Temperaturfeld. Die Berechnungen wurden fiir verschiedene Reynolds- und Prandtl-Zahlen, Radius/
Lingen-Verhdltnisse des Zylinders und verschiedene Verhiltnisse der Wiarmeleitfahigkeiten von Zylinder
und Fluid durchgefiihrt. Im Hinblick auf die Polymer-Herstellung wurde die Reynolds-Zahl zwischen 10~*
und 2 x 10~ ' und die Prandtl-Zahl zwischen 10° und 10° variiert. Zusitzlich ergibt die Berechnung auch eine
TemperaturerhShung an der Zylinderwand und -stirnseite durch die Reibungshitze. Die starke elliptische
Verformung des Geschwindigkeitsprofils dehnt sich bis zum Hundertfachen der Zylinderliinge in das
Zustrémgebiet aus. Die Ergebnisse des Geschwindigkeitsfeldes deuten auf eine Art schieichende Strémung
an der Oberfliche des Zylinderkdrpers hin. Im Gegensatz dazu bleiben die Verdnderungen des Tem-
peraturfeldes auf einen sehr schmalen Bereich an der Zylinderoberfliche beschrinkt.

BSI3KOCTHBIA HAT'PEB LIUJIMHIPA KOHEYHOH JJIMHbLI, [TPOJOJILHO
OBTEKAEMOT'O CTAIIMOHAPHBIM TTOTOKOM BbICOKOBSI3KOM KHUIKOCTH—
1. HBIOTOHOBCKHE XUJKOCTH

AunoTanus— YHCICHHO aHATH3UPYETCA HATPEB UHAMHIPA KOHEYHOM JUTHHBI 3 CYET BA3KOH QHCCHTIALMHK
nipu 06TexaRRi CTAUNOHAPHBIM ONHOPOAHRIM NOTOKOM HBIOTOHOBCKOH ¥uixocTs. Onpeapjens! M-
THYECKHE TOJAS CKOPOCTH M TEMIEPATyphi BLICOKOBA3KOH XHAKOCTH BOKPYT OCECHMMETPYHOrO
UHMNKMHAPA. PacueThl BBITIOMHEHB! MPH PA3/HYHBIX 3HaYeHusAX umcen Peifnonmbaca u [panarns, oTHotue-
Hnit pajdyca 30HIA K ero [UIMHE M OTHOINCHMH TEMUIONMPOBOJHOCTEH WMIMHAPA M XHIKOCTH. Yucno
PeiiHObACE MIMEHSROCh B AWanaszone ot 1074 mo 2 x 107}, a uucno Mpauaras—or 10° no 10°, uro
XapPAKTEPHO INS TEXHOJOTHH MOJIMMEPOB. YCTaHOBJICHO YBEIHYEME eMNeEpaTypbl CTCHOK H TOPUOB
HHJHADPA, BHI3BAHHOE HArpesoM 32 CHYET BA3KOro Tpewna. CanpHOE BIMAHHE UTHOTHYHOCTH NOJA HA
CKOpPOCTB PACHPOCTpAHSETCH BBEPX N0 TEHEHMIO OT WMIHHADA HA paccTosHMe, pasHoe Gojee yem 100
panMycaM INUTHHAPA. AHAJM3 TOJA CKOPOCTH HOK&3all, YTO CKOPOCTH BOKPY! IMIHHADHYECKOTC Teid
PacpOCTPaHAETCA O THOY “TNON3ydero Teuenusn . TeMmnepaTypHoe Xe NONE OTPAHHYCHO OHCHb y3KOiH
061aCTbIO, TI¢ UMEIOT MECTO BHICOKHE CKOPOCTH JethopMaiHH BOKPYr NOBEPXHOCTH HHTHHAPA.



