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ABSTRACT 

In an axisymmetric vortex which is in contact with a plane boundary perpendicular 
to the axis of symmetry, viscous effects will be significant in the vortex core and 
close to the boundary. Certain types of vortex core have been studied by Rott (1958, 
1959) and Bellamy-Knights (1970, 1971), neglecting viscous effects near the boundary. 
The boundary layer region away from the axis of symmetry has been studied by 
Bellamy-Knights (1974). On the boundary and near the axis of symmetry, these two 
viscous regions will interact. 

This paper sets out to unify the flows treated by Bellamy-Knights (1971, 1974), by 
obtaining similarity equations valid in this interaction region, which tend asymptoti- 
cally to the boundary layer equations with increasing radius and also tend to the core 
equations with increasing axial distance from the boundary. 

An exact solution of the unsteady, viscous, axisymmetric Navier-Stokes equations 
for an incompressible fluid, relevant to the core and interaction regions, is found as a 
special case of the solution of the general equations using a certain separation of 
variables. This reduces the Navier-Stokes equations to two coupled ordinary dif- 
ferential equations which are solved numerically. 

The resulting solutions can be used to model the conditions existing at the central 
core of a tornado vortex. The direction of axial flow in such vortices has long been a 
matter of some controversy, there being observational evidence for both directions. 
The solutions described here have the interesting property that either is possible 
depending on the value of Q, a parameter proportional to the angular velocity external 
to the boundary layer. In addition, in some circumstances, the existence of an axial 
stagnation point aloft is suggested. 

1. Introduction 

I n  the past few years, a considerable amount 
of work has been done in attempting to under- 
stand the flow patterns involved in the forma- 
tion, maintenance and eventual dissolution of 
tornadoes. Such studies as have been made have 
led to a dissection of the flow field into four 
more or less distinct regions (Fig. l ) ,  sum- 
marized below. (The mechanics of the region 
where the funnel meets the cumulo-nimbus 
cloud structure are largely unknown and will 
not be considered here.) The extreme violence 
of the flows involved has meant that there are 
very few actual measurements of flow para- 
meters and consequently there is still con- 
siderable controversy surrounding even the 
most basic of flow characteristics, for example, 
whether there is axial upflow or downflow 
or even both. This particular aspect will receive 
most attention here. Such uncertainty is due 

Tellus XXVII (1975), 3 

in great part to the difficulties of flow 
visualization inherent in the problem. For 
instance, the funnel region, as shown in photo- 
graphs, is an  isobaric surface rather than being 
directly representative of the velocity field 
and the debris caught up at the foot of a 
tornado will not in general follow particle paths. 

As a preliminary to the work which follows, 
the four regions depicted in Fig. 1 will now be 
discussed briefly. It has been usual to assume 
axisymmetric flow and so it is convenient to 
use cylindrical polar coordinates' (r, 8, z )  where 
r is the radius, 8 the azimuthal angle and z 
the axial distance from the ground. Region 
(a ) ,  the viscous core region, has been considered 
by many authors in both steady and unsteady 

Serrin (1972), in an individual approach uses 
spherical polar coordinates with considerable 
success. He considers a line vortex interacting with 
a plane boundary, therefore leaving open the 
problem of the actual structure of the core. 
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Fig. 1. Diagram of the flow field showing (a) the viscous core, ( b )  the outer potential flow, (c) the boundary- 
layer away from the core, and ( d )  the interaction region. . 

situations. Steady core solutions have been 
given by Burgers (1940, 1948) and Sullivan 
(1959), in which the reduction in circum- 
ferential velocity at  any radius due to the 
diffusion of the vorticity is balanced by the 
circumferential velocity increase resulting from 
the inwards convection of fluid with higher 
angular momentum. When the radial inflow is 
insufficient to contain this outward viscous 
diffusion, the situation is palpably unsteady. 
Such flows have been considered by Oseen 
(1911), Rott (1958, 1959) and Bellamy-Knights 
(1970, 1971). In particular, Oseen and Bellamy- 
Knights consider a similarity analysis in terms 
of the variable q = ra/4vt, where Y is the kinematic 
viscosity and t represents time. A feature 
common to all these solutions is a velocity field 
(u, v, w), in cylindrical polar coordinates, of 
the form 

u = u(r, t )  v = v(r ,  t )  w = zW(r,  t )  (1) 

The limitations of such solutions will be dis- 
cussed below. 

Region ( b )  is a potential flow region well 
away from the effects of both the plane 
boundary and the vortex core. This provides 
the outer boundary conditions for both the 
core region and the boundary layer region (c), 
discussed later. In the work of Bellamy-Knights, 
this outer flow is assumed to be 

where y is a parameter governing the radial 
flow and 2nK, is the circulation. 

The third region, the boundary layer away 
from the core ((c),  Fig. l ) ,  has been considercd 
by, for example, Bellamy-Knights (1974). His 
approach is based on a similarity analysis using 
the boundary layer variable 5 = 212 l v t .  His 
work shows that such boundary layers exist 
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provided that the value of y lies in the same 
range as his 1971 paper indicated for the exist- 
ence of his core solutions. 

The present Rork arose from an investigation 
into the ‘stagnation point’ region ( (d ) ,  Fig. l ) ,  
using a similarity analysis in both of the 
aforementioned variables 7, 6. T t e  mathe- 
matical procedure used is as follows. The com- 
plete axisymmetric Navier-Stokes equations for 
unsteady, viscous, incompressible flow are re- 
duced to two equations for two dependent vari- 
ables, a stream function y and a circulation func- 
tion K =w, in terms of three independent vari- 
ables 7, 6 and t .  A search for solutions in terms 
of the 7, [ variables alone leaves two equations 
valid in the stagnation point region. 

In section 3, an exact solution for these 
equations is found by separation of variables 
which reduces the system to two coupled 
ordinary differential equations which can, 
for y = - 1 only, be solved numerically. This 
gives a boundary layer solution with an outer 
potential flow of the form 

r Rr z 

2t 4t t 
u = -  v = -  w = - -  

where R = KJv. 
This solution corresponds to a column of 

fluid in solid body rotation above a plane 
boundary but shearing in horizontal planes 
near the boundary in order to satisfy the no- 
slip condition there. The column also moves 
towards the boundary, there being a cor- 
responding radial outflow in order that con- 
tinuity be satisfied. 

It has been pointed out by Morton (1972), 
that vortices with a structure corresponding 
to (1) are weak vortices in the sense that they 
are driven by the outer flow and as such may not 
bear much resemblance to a tornado vortex as 
they also fail to satisfy the no-slip condition a t  
z = O .  The present work seems to suggest that 
this limitation a t  the ground can be removed 
but only for small radius if it is to be relevant 
to the tornado vortex. Only then can the swirl 
velocity be assumed proportional to r .  Hence, 
in this case, the no-slip condition is satisfied 
at  the cost of relinquishing the physically more 
realistic condition of constant circulation away 
from the core. 

On the question of the direction of axial 
flow, there is evidence for both upflow and 
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downflow near the ground. The existence of 
downflow is demonstrated rather forcibly by 
Rossmann (1960), who shows a photograph of 
pine planks driven half a metre into firm 
ground after the passage of a tornado core. 
Gutman (1957) also reports observations that 
branches, grass and other objects are frequently 
found as though screwed into the ground in the 
wake of such a core. On the other hand, 
Hoecker (1960), analysing the Dallas tornado 
of the 2nd April 1957, observed a region of 
upflow near the ground terminated by an axial 
stagnation point aloft and downward flow 
above that. He notes that more debris may be 
carried up when a funnel is suspended than 
when it is at  the ground, and that objects 
carried up under a suspended funnel may hesi- 
tate aloft before being ejected outwards, indi- 
cating stagnation on the axis. Recent experi- 
mental work by Ward (1972) also indicates the 
existence of both of these flow situations. As 
will be seen, the present work suggests that 
these two apparently conflicting flow situations 
could be reconciled as being simply cases with 
different R resulting in different flow patterns 
provided that they are fully developed in the 
sense that there is a central region of solid body 
rotation throughout the core. It may be noted 
that this region is not necessarily coincident 
with the visible funnel. 

2. The governing equations 

The starting point of the analysis is the full, 
unsteady, viscous, axisymmetric Navier-Stokes 
equations, coupled with the continuity equation. 
For reasons to be discussed later, these will be 
considered in a laminar, incompressible form 
without buoyancy contributions. It may also 
be noted that dynamically allowable solutions 
are being sought without reference to the energy 
mechanism supporting them, so the energy 
equation is not required in this work. 

In  cylindrical polars, the Navier-Stokes 
equations then take the form 

au au au V’ 1 ap 
at ar az r Q ar 
--+u--+w---= 
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(4 )  

where e is the density and p is the pressure. 
The continuity equation is 

au u aw - + - + - = o  
ar r az  

These equations may be reduced to a more 
tractable form by expressing them in terms of 
two dependent variables, the stream function y,  
replacing the continuity equation, and the 
circulation function K ,  where 

Eliminating p from (2) and (4) gives 

a(( l / rs )D2yl ,y )  1 aK2 v 
a(r, 2) r8 az r 

- -. - - - --D4,+, 

( 7 )  

where D2 is the Stokes operator defined by 

and 

The various terms in ( 7 )  represent, from left 
to right, an unsteady term, a convective 
acceleration term, a coupling with the circula- 
tion and a viscous term. 

can be written as 
The circumferential momentum equation (3)  

Following Bellamy-Knights (1971,  1974) ,  the 
similarity variables 

(9) 

Equations (7) and (8) can then be written 

and 

where 

and 

Solutions are now sought in terms of q, 
Hence, let 

only. 

where the factor 4 is introduced for convenience 
and the A signifies nondimensional quantities. 
K c  is a constant with the dimensions of circula- 
tion. 

Then (10)  and (11)  become 

I - q(BZ(LM) -B4&) 

and 

where 

a [ a  1 L(7,[)G -q- - - ~ t - 
as 2 a$ 2 

and 

are introduced. 
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In view of the complexity of these equations, 
a further simplification is sought: 

Such a separation is suggested by the fact 
that in the cote region (Fig. l a ) ,  it was found 
that M and N were basically functions of q 
only (e.g. Bellamy-Knights, 1971), whereas in 
the boundary layer region (Fig. l c ) ,  they were 
functions of E only (Bellamy-Knights, 1974). 
This is essentially due to the f a c t  that both 
of these regions exhibit boundary layer type 
behaviour and therefore derivatives with re- 
spect to the length coordinate of the respective 
boundary layer (e.g. 6 for the core region) are 
neglected compared with corresponding deriva- 
tives with respect to the width coordinate 
(q for the core region). 

Substituting from (14 )  into the system (12 ) ,  
( 1 3 )  yields 

and 

h“ 1 H ”  h’ 5 H‘ H’ h‘ 
h 2 H  H h 

7% + a  F+ q- + - - = - f ’ F - - f F ’  (16 )  

which represent the complete Navier-Stokes 
equations for the laminar, axisymmetric flow of 
an incompressible fluid in the absence of body 
forces, for the particular separation of vari- 
ables 

The boundary conditions for the flow are 
f(0) = h(0)  = 0 
corresponding to zero radial velocity and zero 
swirl velocity on the axis r = O .  

Also awlar = 0, giving the extra condition that 
f”(0) is bounded. 
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The no-slip condition on the ground z = O  
requires 

P(0)  = P’(0) = H ( 0 )  = 0 (18 )  

With reference to Fig. 1 ,  as + 00 for small q, 
the core region is entered, in which P(5) = 

f -C, H ( 5 )  = 1, and C is a constant. Hence, 
applying the boundary conditions 

P - 5 - C ,  H - 1  a s [ + c a  ( 1 9 )  

the flow becomes the essentially 7-dependent 
core flow mentioned earlier. In this limit ( 1 5 )  
and (16 ) ,  after one integration, reduce to the 
following equations for the core region, con- 
sidered by Bellamy-Knights (1971) 

(qj” +qf’)‘ +ff” -(f’)* +constant = 0 

qh” + qh‘ + fh’ = 0 

Similarly, as q + 00 for small 6, the boundary 
layer region (Fig. l c )  is entered, in which 
f(q) = yq + D, h(q )  = 1 ,  and D is a constant. Thus 
applying the boundary conditions 

f + y q + D ,  h + l  as q*00 

the [-dependent boundary layer region is ob- 
tained, and (15 )  and ( l 6 ) ,  again after one inte- 
gration, reduce to 

F”‘ + 25F’ + 4P’ + 2y( (F)* - 2 P F ” )  

+constant = 0 

H“ + 2EH’ - 4yFH’ = 0 

which are the equations derived by Bellamy- 
Knights (1974) for this region. 

3. A particular solution of the 
governing equations 

Ideally, it  is required to find a solution for 
the stagnation point region which mymptotes 
to a solution for the core region as 5 + 00, and to 
a solution for the boundary layer region as 
q + 00 (see Fig. 1) .  Although such a solution has 
not yet been obtained, by confining attention 
to the core region, the conditions m 5 + 00 can 
be satisfied as will now be shown. 

The simplest core flow solution is that ob- 
tained by Rott and given by 

f =Y7 
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and when q is small, h ot q, corresponding to 
rigid body rotation. This suggests that when 
r is small, the core solution approximates to 

where R/4t is the angular velocity. This 
velocity field must satisfy the equations of 
motion and if the relations (20) are substituted 
into the circumferential momentum equation 
(3),  it is found that y = - 1 for all R+O. 

Adopting this simplification, an example of 
the use of the general equations is now given 
in which it is assumed that away from the 
boundary the core flow consists of a radial 
flow specified by f = -q and an unsteady rigid 
body rotation, corresponding to h(q)  Q q. One 
weakness of such a solution is that the cir- 
cumferential velocity does not tend asymptot- 
ically to its value in the boundary layer solu- 
tion for large T .  It may, however, be a reason- 
able approximation for the core flow for 
small T .  

It is found that for the particular substitu- 
tion f = -q, h = q (absorbing any other multi- 
plicative constants), the equations ( 1 5 )  and 
(16 ) ,  after putting y = - 1, become 

F'"' + 2[F"' + 4FF"' + 6F" = - R'HH' (21) 

H" + 25H' + 4H = 4(P'H - FH') (22) 

Equation (21) can immediately be integrated 
once to give 

R'H' n' F" + 25F" 4- 4F' + 4FF" - 2(F')Z + __ = 2 + - -  
2 2 

(23) 

where the constant of integration is obtained 
by substituting the values of F ,  H and their 
derivatives as 5 + 03, where it is assumed that 
[P" + 0. This latter assumption is supported by 
all subsequent numerical calculations. 

Summarizing then, the velocity field 
,- 

R T  

2t 4t 
u = -T- P([) v = - H ( [ )  w = - 2 @ ( f )  

(24) 

where F(E), H ( 5 )  satisfy the coupled system 
(22), (23) subject to the boundary conditions 

(18) and (19), represents an exact separable 
solution of the Navier-Stokes equations cor- 
responding to an outer potential flow of type 
(20) with y = - 1, satisfying the no-slip condi- 
tion on a plane, fixed boundary at z = 0. It may 
be noted that the sense of rotation is unim- 
portant as the presence of R* in (23) means 
that if R is a solution, then - R is also. Further- 
more, the case R = O  corresponds to a simple 
radial-axial flow with no swirl. 

Finally, defining the non-dimensional pres- 
sure by 

the pressure field corresponding to (24) is 

4. Numerical integration of equations 

The coupled ordinary differential equations 
(22) and (23) subject to the boundary conditions 
(18) and (19), were solved numerically on an ICL 
1906A computer using a library routine for 
solving the two-point boundary value problem 
for a system of n ordinary differential equations 
in a given range (0, [,). E ,  is chosen sufficiently 
large so that te > E b ,  the edge of the boundary 
layer. 

To use the routine, the values of H ,  H ,  F ,  
F', and 3'" a t  [ = O  and E = [ ,  must be 
specified. In this case, seven of these boundary 
values are known from the no-slip conditions 
(18) and the conditions a t  infinity (19). The 
routine then uses a modified shooting method 
which starts with approximations to the 
unknown boundary conditions H'(O), F"(0) and 
P(E,), and exits with values of these which 
satisfy the original differential equations (22),  
(23) and the known boundary conditions (18) 
and (19), to the desired accuracy. 

Computation was started a t  = O  (zero- 
swirl) and increased in increments An. The 
converged boundary conditions for ewh value 
of R were used as starting values for the 
next value, R + A R .  Although this method 
relies on the continuous dependence of the 
solution on parameter values no trouble was 
encountered. 

Tellus XXVII (1976), 3 
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Fig. 2. F"(0) v. Ra. 

The program was also run in a more general 
form in which the parameter R could be con- 
tinuously changed as part of the matching 
process, giving some insight into the question 
of uniqueness which will be discussed briefly in 
the next section. Some programs were run as 
far as E = 30 Ea, over which range errors due to 
discretization and numerical instability were 
negligible. 

5. Discussion of results 
The numerical results showed that, for 

various values of the parameter R, solutions 
of (22) and (23) were found satisfying the 
boundary conditions (18), (19), provided y = - 1, 
giving a radially outward flow outside the 
boundary layer. 

The question of uniqueness, namely whether 
at most one flow can exist for each value of R, 
has been left open. While this seems likely, 
and the numerical work supports this con- 
jecture, the complexity of the relevant differ- 
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Fig. 3. A typical unseparated streamline. 

ential equations makes this, and the question 
of whether the solutions depend continuously 
on the parameter R, unanswerable at present. 

The major part of the discussion will be 

1 2 '2 

Fig. 4. A typical separated streamline. 
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A 

F i g .  5 .  Curve A shows the variation of the height 
of the stagnation point with R2. Curve B indicates 
the height at which the radial velocity is zero. 

1.5 

1 

centred on the two types of flow occurring. 
These are distinguishable by the sign of P”(0) 
(essentially au/az on the boundary), and Fig. 2 
shows the behaviour of P”(0) as the parameter 
Ra varies. It may be seen that for O < R 2 <  
4.952 = A  say, P”(0) > O ,  whilst for R2 > A ,  
P”(0) ‘0, giving reversed flow adjacent to the 
boundary. The flows for R2 less than and 
greater than A will be referred to as unseparated 
and separated boundary layer solutions respec- 
tively. 

An unseparated boundary layer solution has 
axial downflow for all 5, i.e. throughout the 
column. Such a solution is shown in Fig. 3 
which gives a typical streamline for a value of 
R2 < A .  When Re > A ,  however, F’(0) < O ,  and 
there is an axial stagnation point aloft with 
associated upflow in a cell adjacent to the 
ground. Fig. 4 illustrates a typical streamline 
for the case R2 =11.46 > A ,  whilst Fig. 5 
shows how the height of the stagnation point 
above the boundary varies with Ra. 

Figs. 6 and 7 show the variation of the 
radial velocity P’ and the circumferential 
velocity H respectively, with R2. The develop- 
ment of the radial velocity profiles with R2 
is clearly seen here. The circumferential 
velocity, however, is much less sensitive to 
such changes in R and the variations are not 
detectable on the scale of this Figure. How- 
ever, a detailed investigation shows that an 

f I 

Pig. 6.  Radial velocity profiles for R2=2.6, 11.46, 20 (curves (a), (b ) ,  (c) respectively). 

Tellus XXVII (1975), 3 
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Pig. 7. Tangential velocity profile for values of n2 
considered here (aa Q 30). 

increase in the value of R2 causes H’(0)  to 
increase, i.e. increased angular velocity leads to 
slightly larger values of H at corresponding 
values of 5 and this is as expected. 

The function F ,  corresponding to the axial 
velocity is shown in Fig. 8 for both separated 

and unseparated solutions. The curve F =[ is 
also plotted illustrating the boundary condi- 
tion P ( [ )  +[ -C as 5 + co. The constant C then 
represents the horizontal displacement in the 
lines after they have become parallel at about 
[ = 1.5. 

The physical situation represented by the 
two kinds of boundary layer solutions discussed 
above is essentially as follows. Away from the 
boundary layer, there is a balance between 
centrifugal and convective acceleration terms 
and an inward pressure gradient. This balance 
ceases to be maintained near the boundary 
because the centrifugal and convective fields are 
disrupted by the presence of the boundary 
whereas the inward pressure gradient is much 
less affected. The unseparated solution then 
shows an axial downflow and radial outflow 
decelerated by the presence of the otherwise un- 
balanced inward pressure gradient. As Ra in- 
creases, the radially inward pressure gradient 
must be correspondingly larger to balance the 
higher centrifugal acceleration in the core and 
eventually, in the boundary layer where the 
centrifugal field is depressed, overcomes the 
radial outflow thus causing a cell of reversed 
flow in the neighbourhood of the ground. 

Finally, the isobars of the dynamic pressure 
field i are shown in Fig. 9 for both separated 
and unseparated solutions. It may be noted 
that in both cases the isobars are funnel- 

Fig. 8 .  Axial velocity profiles for Re = 2.6, 11.46, 20 (curves (a) ,  (b ) ,  (c) respectively). 
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Fig. 9. Typical isobaric surfaces for A,  a separated solution and B, an unseparated solution. Pressure 
decreases towards the t-axis. 

shaped well away from the boundary. Further- 
more, in the separated case, after initially con- 
verging as the ground is approached, they begin 
to diverge. If the hydrostatic background pres- 
sure field of the earth's atmosphere po(z) ,  say, is 
also included, the resulting actual isobars have 
qualitatively similar bahaviour. In particular, 
for the separated solution, a broadening of the 
actual isobaric surfaces near the ground can 
occur, a feature which has been noted in many 
tornadoes. 

6. Conclusions 
It has been shown in the present work that the 

velocity field 

where F ,  H satisfy 

n2 
F " i - 2 t F " + 4 F ' + 4 F F ' - 2 ( F ' ) 2  + -(H2- 1 ) = 2  

2 

H I  + 2tH' i 4H = - 4 ( F H  - F'H)  

subject to  the boundary conditions 

F(0)  = F'(0) = H ( 0 )  = 0 

F ( E ) - E - C ,  H ( E ) * l  as 5+00 

is an exact solution of the Navier-Stokes equa- 
tions under the conditions stated at the begin- 
ning of section 2. 

The results showed that for O G Q 2  G4.952,  
there exist boundary layer solutions for which 
radial flow is everywhere outward and the axial 
flow downward. For Q2 > 4.952, however, there 
is a cell of reversed flow adjacent to the ground 
in which the opposite holds. 

In  considering the flow in a tornado vortex, 
this model has several inadequacies. Of par- 
ticular importance is the failure to satisfy the 
condition that the velocities tend to zero as 
r ,  z + 00. Effects of turbulence are not included 
although it is likely that in the region where 
such a solution may be relevant, i.e. in the solid 
rotating central core, the flow is lightly stressed, 
and such effects are not important. Compres- 
sibility and buoyancy forces are also neglected. 
This is not completely justified, but it can be 
argued that the magnitudes of the velocities 
suggested in a tornado are neither so large that 
compressibility effects will be important nor 
so small as to give buoyancy forces time to 
become significant. A more fundamental weak- 
ness is that the simple time-dependence in- 
herent in this work cannot successfully model 
the considerably more complicated time devel- 
opment of a tornado vortex. For example, the 
present model has a singularity in the velocity 
field at t = O .  However, in the formative stage 
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of a tornado, the relevance of the model is in 
considerable doubt anyway as a basic require- 
ment, namely the solid rotating central core 
for all f ,  is not fulfilled. (Observations tend to 
suggest that the disturbance grows down from 
the cloud structure during formation.) With 
these considerations in mind and noting from 
(24) that  the circulation decreases with time, the 
relevance of the model is limited to the viscous 
decay stage of a tornado core. 

I n  spite of these inadequacies, the solution 
does allow the no-slip condition to be satisfied 
and it also models the viscous effects in an 
established central core by assuming a solid 
body rotation. It also suggests the possibility of 
unifying the two types of tornado core flow 
discussed in the introduction in terms of the 
angular momentum in the central regions of 
the core. 

Finally, it  should be noted that the angular 
velocity in this core model is a/4t and not just 
n. Therefore low values of a* (i.e. < A )  do not 
necessarily correspond to low angular velo- 
cities and similarly, high values of a* (i.e. > A  ) 
do not necessarily imply high angular velocities. 

It is hoped that, in spite of its limitations, 
this model may help to throw some light on this 
extremely complicated problem. 
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TEqEHEIE B CEPAUEBMHE BHXPFI BBJIEI3kl TOYKLl 3ACTOfl 

B OCeCMMMeTPM4HOM B A X p e ,  c o n p a K a c a I O u ( e M c R  

C A M M e T p H U ,  B R 3 K A e  3t#lt#leKTbI 6 y n y T  C y l q e -  
CTBeHHbI B C e p A q e B H H e  B A X p R  M B ~ J I H ~ H  rpa- 
HAqLJ. H e K o T o p b I e  MOfleJIU C e p A q e B E l H M  B M X P R  

H a 8 T C O M  (1970, 1971) B n p e ~ e 6 p e m e ~ ~ n  34- 
(PeKTaMEI B6JIH3H r p a H H q b I .  0 6 J I a C T b  norpa- 
HMqHOrO CJIOFI BAaJIH OT OCA CHMMeTpHA A 3 y s a -  

~6naan  OCA CHMMeTPHH 3 T H  R B e  B R 3 K H X  06nac.r~ 
6 y Q ' T  B3aHMOAefiCTBOBaTb.  A a H H a .  C T a T b R  

c n n o c K o f i  r p a ~ s q e 8 ,  n e p n e H A m y m p H o 8  OCA 

~ s y s a n ~ c b  POTTOM (1958, 1959) A B e n n a M l i -  

JIaCb B e n J I a M A - H a f i T c o M  (1974). Ha r p a H a q e  A 
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HBH CJ’WeCTByIoT AOKa3aTeJ IbCTBa  B03MOWHOCTkI 

3 A e C b  peILIeH11R 0 6 n a ~ a 1 o ~  MHTepeCHbIM CBOft- 
CTBOM: K a X A O e  113 H A X  BOBMOH(H0 B 3aBACki-  

H a J I b H O r O  YrJIOBOft CKOPOCTA B H e  n O r p a H R q H O r 0  
CJIOR. K p O M e  TOPO, np11 HeKOTOPbIX 06CTORTeJ Ib -  
CTBaX MOXHO I I p e A n O J I O X H T b  C y W e C T B O B a H R e  
H a B e p X y  TOqKM 3aCTOR H a  OCM BI IXPR.  

06011~ H a n p a m e m f t  B ~ ~ W ~ H I I R .  O n H c a H H b I e  

MOCTLI OT B e n I i v l i H b I  R - n a p a M e T p a ,  nponopwio- 
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