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Radius of influence of a vortex
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ABSTRACT. Using the pressure profile in and around a vortex tube a simple relation for the radius of influence of
the vortex has been derived. The results have been applied to assess the region of maximum devastation in a tornado. The
analysis reveals that the occurrence of ‘eye wall' region in a tropical cyclone is a hydrodynamical phenomenon.
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1. Introduction

With certain modifications many concepts of hydrody-
namical vortices could be applied to explain the observed
behaviour of atmospheric vortices. Needless to say, the main
factor that separates an atmospheric vortex from a hydrody-
namical vortex is the earth’s rotation. Due to this the mete-
orological vortices show some distinct characteristics. Yet
several features of atmospheric vortices are derivable from
the characteristics of hydrodynamical vortices. There are
many non-disjoint features where Coriolis force makes little
difference. One such example is the similarity between
small scale atmospheric vortices (like tornadoes, dust devils
etc.) and the hydrodynamical vortices. Up to a considerable
distance from the centre, even a synoptic scale atmospheric
system like tropical cyclone has several features of a hydro-
dynamical vortex.

Brand (1970) has applied certain characteristics of
Rankine vortices to study the mutual interaction of tropical
cyclones. In a recent study (under publication) the author
has applied the cavitation phenomenon observed in hydro-
dynamical vortices to explain the occurrence of the ‘eye’
region in a tropical cyclone.

It is well known that a vortex affects the fluid beyond
its boundary. The velocity and pressure distributions outside
the vortex are determined by the spin and the size of the
vortex. In the present study it has been established that the
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influence of a vortex extends upto a distance V2 R from the
centre as far as pressure is concerned (‘R’ being the radius
of the vortex). The pressure profile from the vortex centre
to the distance V2 R shows that the pressure gradient
between the region R to ¥ 2 R is the steepest. Thus, the
observed structure of tropical cyclones which shows the
existence of an ‘eye wall’ region having steepest pressure
gradient and most fierce weather (Riehl 1954), conforms to
the above hydrodynamical phenomenon.

2. Results and discussion

Consider a circular vortex tube of radius ‘R’ in an
incompressible fluid with its axis of rotation perpendicular
toxy- plane._'I)he motion is two dimensional and the vortic-
ity vector ‘¢, is directed along z-axis, its value being
constant within the tube and zero outside. From Stokes’
theorem the circulation surrounding the tube is given by:

C=Iv.d_>r=ﬂcurl V.E’s=nR2§

where, W is the tangential velocity.

(1

There are two types of motion; spin motion inside the
vortex tube and the induced motion outside the vortex tube
which is irrotational. It is easy to verify that
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where, " 1s constant spin velociiy within the vorte
tube. Applying Egn. (1) to a point inside the vorex locuy.
at a distance 7 from the centre 1r < Rowe po

2mrv=amw el = 2nru

arv= @r

Similarly, lor a point outside the vortex (7> £ we have

oy "
V= (WR/r =
Thus, the existence of a fimite vortex i a flud imphe.
the existence of a veiocity field outside 1. Egns.(5) and
show that the velocity field is continuous at the boundary ¢
the voriex

2.1. Pressure profile

Due to rotation, each fluid element inside the vortex
experiences a centripetal force which constitutes a pressure
as follows:

dp= (pdnw’r (5)

M integraton we ge
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where "p’ 1S the pressure al a distance r (<R} from the
centre, 'p s the fluid density and “p,," is the centrai pressuie
Similarly. the pressure equation for the induced motien
outside the vortex Is given bv (Sharma and Sacndevs 1273
w? R*
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where ‘P° s the pressure at infimity. “p,' could be
eliminated in Eqn.(6) by considering the continunty of pres-
sure at the boundary of the vortex {(ai r = R) and Eqn.(6)
couid be written us:

P_o2g2)
. J
If the vortex is moving irrotationally under the action
of gravity then the potential ‘gz could be introduced in
Eqgns.(7) and (8) as an external forcing as follows:

(8)

= s

i
=-0?rl+




SINGH : RADIUS OF INFUENCE OF A VORTEX 441

- gz wherer>R 9

e (f . wz,q?) — gz where r<R (10)
P

where, ‘g’ is acceleration due to gravity and 7’ is the
height. From Eqns.(9) and (10) we can write the equations
of free surfaces (isobars) by putting p = constant, and by
taking the origin at usual level of isobars (i.e., z = 0 when
r—<c). Thus the depth of depression (dimple) of isobars
could be written as:

1 w2? ©2R? ‘
g = - (11)
2 g g
Eqn.(11) describes the pressure profile in and around
the vortex (in xz-plane). At the centre of the vortex. i.e.. at
r=0 we get from Eqn.(11)
'p?
w*R-
= - (12)
g

Z
<

which is the maximum depression of isobars z,,,,,. At
the boundary of the vortex, i.e., r = R we have

- (13)

The depth of depression of isobars vanishes at
r = 2 R, which is obtained by putting z = 0 in Eqn.(11).
The pressure profile can now ke constructed, which is a
parabola (Fig.1).

The radius of influence of the vortex, R; is given by
(Fig.1),

Ri=V 2R (14)

It is evident from Fig.l that the pressure gradient is
steepest just beyond the boundary of the vortex (between the
region R to V2 R).

The pressure gradient becomes very slack towards the
central region. In fact depth of depression of isobars varies
from 1/2z;,x 10 7/82may from R to 1/2R towards the centre
whereas it varies from 7/82;,4x 10 Zmax from 1/2R to the
vortex centre. Thus, the pressure gradient remains very flat
in the immediate vicinity of the vortex centre (upto the
distance R/2 from the centre).

The pressure gradient in the region 1/2R to R is three
times stronger than that observed in the region from the
vortex centre to 1/2R. The pressure gradient in the region
from Rto Y 2 Ris 4/3 times stronger than that in the region
from 1/2R to R and about 4 times stronger than that in the

region from vortex centre to 1/2R. This type of pressure
gradient profile gives valuable insight into the structure of
a tropical cyclone,

2.2. Applications to atmospheric systems

2.2.1. Tornadoes

Due to their small scale the tornadoes come very close
to the vortices described in the foregoing section. Thus, the
maximum winds would occur just at the boundary of a
tornado from Eqns.(3) & (4). The steepest pressure gradient
would occur just after the boundary of the tornado.

2.2.2. Tropical cyclones

As mentioned earlier the pressure profile in an around
a hydrodynamical vortex provides a theoretical background
for the observed structure of a tropical cyclone in the vicinity
of its centre. If we consider the fields of velocity and
pressure close to the cyclone centre, then these variables
have similar features as observed in small scale atmospheric
vortices, like tornadoes and dust devils. The flow in this part
of a tropical cyclone is cyclostrophic due to the negligible
Coriolis force as compared to the pressure gradient and the
centrifugal forces. Now, if we apply the pressure gradient
distribution of section 2.1 to a tropical cyclone it would
imply that there is a central region in a cyclone where
pressure is minimum, but the pressure gradient is flat and
hence the winds are gentle or calm. This region extends
approximately upto a distance of about 1/2R on either side
of the centre. This appears to be the ‘eye’ of the cyclone as
observed in actual structure of tropical cyclones. It may be
pointed out that here'R’ is the radius of maximum winds
Thus, theoretical results show that the ‘eye’ radius in a
tropical cyclone is about half of the radius of maximum
winds.

The ring 1/2R to Y 2 R would probably qualify for the
‘eye wall’ region as observed in tropical cyclones. The
theoretical ‘eye wall’ region, 1/2 R to V 2 R to satisfies all
the properties of velocity and pressure fields that are asso-
ciated with the actual ‘eye wall' region, namely strongest
winds and the steepest pressure gradient. The theoretical
results clearly bring out a region around the vortex with the
characteristics of the *eye wall’ region of & tropical cyclone.
Another application of the theoretical results presented here
would be to deduce that in a tropical cyclone the flow is
approximately cyclostrophic upto the distance V 2 R from

the cyclone centre whereas it is gradient beyond V 2 R.

3. Conclusions

The following deductions could be made from the
theoretical results of the study:
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() The theory predicts the existence of an ‘eye wall’
region in a tropical cyclone which agrees well with the
observed structure of tropical cyclones. That the occurrence
of an ‘eye wall’ region in a tropical cyclone is a hydrody-
namical phenomenon is proved beyond doubt.

(i) The theoretical results show that ‘eye’ radius in a
tropical cyclone is approximately half of the radius of maxi-
mum winds, ie.,

R, =12R

where R, and R are radii of the ‘eye’ and maximum
winds respectively.

(iii) The theory predicts the existence of a super ‘eye wall’
(R to ¥ 2 R) within the ‘eye wall’ (1/2R to V 2 R). Thus, the

most fierce weather would occur in the region RtoV 2 Rin
a tropical cyclone. Similarly, in tornadoes maximum devasta-
tion would occur in the region Rto ¥ 2 R, Itis difficult to verify
this from the observational evidence at present.

(iv) Ina tropical cyclone the flow appears to be approxi-
mately cyclostrophic upto the distance v 2 Rfrom the centre
and beyond ¥ 2 R it is gradient. This is in accordance with

the well known assumption which is probably based on
some observational evidence.
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