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THE EXPLORATION OF CERTAIN' FEATURES OF TORNAPO 
DYNAMICS USING ALABORATORY·MODEL 

Neil B. Ward 

Three characteristic features. of tornadoes are 
simulated in'a laboratory system and the associated flow 
is observed and discussed. These are (1) a character­
istic surface pressure profile, (2) a bulging deformation 
on the vortex core, and (3) multiple vortices ina· single 
convergence system. Vortex motion is very sensitive to 
the geometrical features of the larger flow in which 
it is imbedded. Only when the diameter of the updraft 
column exceeds the depth of the inflow layer can features 
(1) and (3) be produced in the present model. When the 
updraft diameter is large compared to the depth of 
inflow, inertial effects associated with large changes 
in radial momentum produce significant convergent forces. 
When the updraft diameter is small compared to depth of 
inflow layer, the inflow speed is relatively small and 
related inertial effects are small. It is concluded 
that radial momentum flux is an important factor in the 
production of atmospheric vortices. 

1. INTRODUCTION 

The purpose of this study is to examine closely the role of 
the linear momentum possessed by the convergent layer of flow 
associated with tornado-producing thunderstorms. The study compares 
unique features of both tornadoes and laboratory produced vortices. 

In vortex motion in the atmosphere, high rotational speeds 
near the center are associated with convergence and conservation 
of angular momentum. Even a very small tangential speed at a large 
radius in a fluid mass generates large rotational speeds near the 
center when convergence continues to a sufficiently small radius. 
Ignoring frictional losses, the angular speed is a function of 
radial position and for this reason, it appears that radial momen­
tum needs to be given more consideration in vortex studies. 

In atmospheric motion on the tornado scale, it is found t~t 
. the area covered by the region of high rotational speed is 
generally very small compared to the area where strong convergence 
and vertical motion are taking place, and in tornado-producing 
thunderstorms, the convective area above the convergent flow field 



may be an order of magnitude greater in diameter than the width of 
the tornadic windpath. More specifically, in the area of high 
tornado frequency in the United States, the converging layer that 
supplies the thunderstorm updraft may consist of a surface-based 
moist layer no more than one mile in depth while the diameter of 
the thunderstorm updraft is 5 miles or more. Therefore, one would 
expect to best simulate such convection by providing rising motion 
over an area appreciably greater in diameter than the depth of 
the converging layer. The ratio of the diameter to the depth is 
referred to here as the IIconfiguration ratio." 

The vortex features produced and observed in the laboratory 
have not been intricate. No attempt has been made to measure flow 
velocities or to find pressure distributions except over the lower 
surface of the flow cavity, and, as a result, the vortices produced 
have been undisturbed. Photography, both still and cinema, has 
been employed in conjunction with illumination of smoke tracers to 
record visually observed flow characteristics for subsequent study 
and analysis. Much of the observational material is unavoidably 
qualitative although quantitative determinations have been made of 
the inflow angles at the edge of the convection zone and of the 
core radii of the vortices~ Measurement of the radial distribution 
of the static pressure at the lower surface has supplemented the 
observations of the fluid flow. 

In the following sections of this discussion, line drawings 
are employed which often do not represent specific measurements 
but do portray, as truthfully as possible, visually observed and 
photographed flow patterns. Measurements are indicated in several 
instances as plotted points or are mentioned in the figure legends. 
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2. . THE PHYSICAL MODEL 

Laboratory apparatus has 
been assembled to produce a flow 
system in·which both the diameter 
of a rising air column qnd the 
depth of the inflow layer can be 
varied. The apparatus, figure I, 
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produces an adjustably convergent 
airflow through a fine mesh 
cylindrical wire screen, 8 feet 
in diameter, which imposes con-, 
trolled angular momentum by its 
rotation around the perimeter. 
The convective flow is created 
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Figure 1. Vertical section of 
laboratory device. 
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distributed over the top of the convective chamber, 6 feet in 
diameter and 3 feet high. At the top of the chamber, figure 1, 
the air passes through a relatively fine mesh honeycomb material 
which effectively removes the tangential component from the flow. 
This de-couples the vortex from the convection of the exhaust fan 
and roughly simulates conditions at the top of an atmospheric 
vortex. 

When the convection diameter is large compared to the depth of 
inflow, a vortex core very small relative to the updraft diameter 
can be produced; the ratio may be of the order 1/50 or less. The 
inflow direction at the edge of the region of convection,'under 
these conditions, is very nearly radial, the deviation being only 
1 or 2 degrees. This means that the tangential component at the 
edge of the updraft is very small and is affected very little by 
frictional losses due to contact with the boundaries of the inflow 
zone. Asa result, no secondary flows occur outside the core, such 
as the downward motion described by Ying and Chang (1970) and Kuo 
(1969) • 

The inflow angle, 9, relative to a radial, can be measured 
effectively by a small windvane in the confluent zone, figure 1, 
where the spiral angle is approximately constant. Pressure profiles 
along the lower surface are obtained by a static pressure port in 
the center of a flat sheet of metal moveable in an arc across the 
lower surface of the convergence area and connected through small 

, tubing to an electronic manometer. 

3. APPLICATION OF EULER'S MOMENTUM THEOREM 

The interpretation of the observations of vortices produced 
with the laboratory system is facilitated through an application 
of the momentum theorem (Milne-Thomson, 1960) which pertains to 

Ii fluid flow into and out of a volume, V, enclosed by a surface, S. 
r. The theorem states that 
f;! 
<" 

r:. 
.J) 

! 

) 

(1) 

where n is the inward unit vector normal to the surface, p is the 
static pressure*, p is the fluid denSity, P is the external force 
per unit mass, including gravity, t is time and q is the fluid 
velocity. 

*Static pressure p as in the Bernoulli equation, p + pgh + PV2/2 
constant. 

3 



The flow is idealized to the extent indicated in figure 2, 
which shows the surface to which the theorem is applied, and by the 
following assumptions: 

(1) the fluid density, P, is constant 

(2) the flow is stationary so that ~ J: pqdV is zero, 

(3) external body forces and J: pPdV can be neglected, 

(4) actual pressures at the surfaces (0) to (5) in figure 2 
can be represented by average values which are cylindri­
cally symmetrical, 

(5) the inflow velocity at r = ro can be represented by an 
average, qo, having radial and tangential components 
whose magnitudes are Uo and vo ' respectively, 

(6) angular momentum is conserved and 

(7) friction is negligible • 
. ' 

Figure 2. Control volumes for 
application of momentum theorem. 
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The first three assumptions perIni t equation (1) to be 
shortened to 

I npdS = - pIn · qqdS 
s s . . . 

(2) 

Returning to figure 2, his the height of the inf low layer, 
ro is the radius of the zone of convection and rl isth~ radius 
of the vortex core, both treated as vertical cylinders. Appropri­
ate cylindrical coordinate reference planes, A and B,are, 
respectively, a vertical plane containing the Z-axis and bisect­
ing the volume V and a horizontal plane coinciding With the lower 
boundary of the flow cavity. The Z-axis coincides with the central 
vertical axiS of the vortex. The wedge angle~ 6, is supposed to 
be small enough to allow the substitution of 0/2 for sin 6/2. 

The vector equation (2) is equivalent to three scalar equa­
tions: one reiating the radial pressure thrust and the efflux of 
radial momentum parallel to the A-plane, another relating the 
pressure thrust and the momentum efflux perpendicular. to the 
A-plane and a third relating the pressure thrust and the momentum' 
efflux perpendicular to the B-plane. These equations are: 

. ro h 

P4,5(r
O
-rl )h6 - (p

O
r

O
-Pl r l )h6 = pu~roh6 - 6p L I v

2
(r,z)drdz -

r . 1 0 

o = -pu v r h6 
000 

and 

6p I 0 w
3
(r)u

3
(r)rdr (3) 

rl 

ro h 

- 6p r I v(r,z)u(rlz)drdz + 
~l 0 

5 

( 5) 



where the sign convention of a right-hand cylindrical coordinate 
system is employed and where: 

P4 5 is the average pressure over a vertical radial section, , 
Po and Pl are the average pressures on the cylindrical 

surfaces r = rand r = r l , respectively, 
.0 

P2 and P3 are the average pressures on the ~ower and upper 

surfaces, respectively, 

u(r,z), v(r,z) and w(r,z) are the magnitudes of the components 
of the velocity q(r,z) throughout the volume and 

u3(r), v3(r) and w3(r) are the magnitudes of the components 

of ·the velocity q3(r) on the upper surface (3). 

In the development of equations (3)-(5), it was assumed that the 
normal velocity component on the lower surface (2), where z = 0, 
and on the cylindrical surface (1), where r= r l , is zero. 

Equation (5) states that the efflux of momentum directed 
upward is equal to the net upward pressure thrust." Equation (4) 
is not of direct interest to this study, although it suggests an 
interpretation in terms of angular momentum flux. Equation (3), 
however, leads to a useful approximate relationship. 

First, on the right side of (3), we interpret the initial 
term as a flow of radial momentum inward through side (0), the 
double integral as the centrifugal effect and the last integral 
as an unobserved small upward leakage of radial momentum through 
side (3). The double integral is simplified by applying the 
theorem of the mean to the inner integral, 

h I v2(r,z)dz =. hv2(r), 
o 

and· then approximating and using assumption (6), we .write 

2 ,.., 2 2 2 
hv (r) - v 0 r 0 hlr • 

6 

(6) 

( 7) 
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To this degree of approximation, the double integral becomes 

2 2 1 1 v r (- - .-)h o 0 r l . ro 

2 
Then, neglecting the leakage integral, dividing by pvo rooh, and 
rearranging terms on the right side, (3) becomes 

(p -4,5 

-1 vo 
where 9, the inflow angle, is tan -. uo 

(8) 

Although (8) can be solved explicitly for rl/ro ' it is more 
useful to rearrange and obtain 

. 29 sJ.n 
(9) 

where r
1

, rand 9 are observed flow parameters of the vortex in 
the physica~model. . . 

Radial pressure distributions relevant to this study are 
indicated by two special cases: 

(1) When the inflow has no tangential component, vo ' v(r,z) 
and r l become zero and (3) reduces to: 

- - . 2· 
(P4 5 - P )r oh = pu r Oh 

, 0 0 0 0 
(10) 

where the leakage integral is again neglected. Since 
the right side of (10) is inherently positive, 
P4 5 > p , and the pressure distribution for values 
or' r < ~o must resemble that shown in figure 3(A). 

(2) The second case relates to a truncated wedge of height h 
extending from surface (0) outward to a similar surface 
at a radius rot and lying within the inflow layer. 
Equation (3) now becomes 

7 



2 2 
(~p - ---p ')r ' - (--p' - -p)r = p(u ' r ' - u r) (11) 4,5 0 0 4,5 0 0 0 0 0 0 

where P4'5 and P , are, respectively, average pressures 
over a v~rtical gection of the new volume V' and over the 
cylindrical surface r = ro',and uo ' is the radial velocity 
magnitude at r = ro'. Noting that uo'ro' = uoro because 
of continuity and that ro' > ro it follows that Po' > Po, 
indicating that the pressure in figure 3(A) increases 

___ " __ "_" ___ ~ _________ Q~tw~_:r(L_t_o..ward ambient pressure Pa' in the region r > roo 

Considering the conservative nature of the angular momentum 
in the converging fluid, the component of pressure due to tangen­
tial speed is 

This component is shown in figure 3(B). Combining the pressure 
deficits indicated in 3(A) and 3(B) leads to figure 3(C), the 
expected resultant pressure profile due to radial flow with circu­
lation,. 

4. EXPERIMENTAL RESULTS 

4.1 Effect of the Configuration Ratio, 2ro/h, upon the 
9, rl Relationship 

Figure 4 shows how the value of rl and the associated inflow 
angle 9 can be measured in the laboratory for comparison to (9)., 
Smoke tracer introduced at the lower surfac-e fi"lls the turbulent, 
nondivergent core so that it can be measured by sighting across 
the vor;tex, to a properly sc~led rule. 

Figure 5 shows a series of labor"a tory measurements made with 
the configuration ratio 4 .0. These, include a wide range of flow 
speeds and all show d reasonable correlation with (9) when K is 
equated to zero. While rl is very sensitive to- changes in inflow 
angle ,nocorrelation was found between rldnd the total speed at" 
the perimeter radius, roo 

8 
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Figure 4. Variation of core 
diameter with inflow angle. 
(a) 9 = 5°, (b) 9 = 12°, 
(c) 9= 26°, (d) 9 = 32°. 
(Above) 

Figure 5. Core radius vs 
inflow angle, 2ro /h = 4. 
(Right) 
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Figure 6. Core radius vs 
inflow angle, 2ro/h = 3. 
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Figure 7. Core radius vs 
inflow angle, 2ro/h = 2.2. 

If the configuration ratio is changed, the measured values 
of rl show an ordered deviation from (9). In figures 6 and 7 
where 2ro/h = 3.0 and 2.2, respectively, it is seen that the 
radius of the vortex core becomes progressively smaller at the 
same inflow angle, indicating that K becomes increasingly nega­
tive as the ratio 2rQ/h decreases. This effect will be discussed 
more fully at the end of section 4.2 which deals with observed 
pressure distributions. 

4.2 Surface Pressure Profiles and the High Pressure Ring 

The surface pressure traces in figures 8-11 were obtained 

50 

in the Laboratory with the configuration ratio equal to 4.0 and 
0.75. When the ratio is 4.0, the axial momentum flux at the top 
of the convergent Layer approximates the radial momentum flux at 
the perimeter of the convection z.one, while the smaller ratio 
requires the generation of momentum, since the average axial speed 
at the top .of the convergent Layer is .over 5 times the average 
infl.ow speed at the convecti.on perimeter. 

10 
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Figure 8, where 2ro/h = 4, results with radial inflow only, 
when a minimum pressure at the updraft perimeter is associated with 
a maximum of radial inflow speed and a zero pressure gradient. As 
the flow approaches the center, the pressure increases as the 
radial speed decreases, reaching stagnation at the center. The 
area of high surface pressure is associated with vertical accelera­
tion accompanying the convergence and matches qualitatively the . 
distribution shown in figure 3(A), indicated by the momentum 
theorem. 

In figure 9, the radial component of 'inflow at ro and the 
configuration ratio are the same as in figure 8, but a small tangen­
tial component, about 1/10 the radial speed, has been added to the 
flow so that the inflow angle 9 is now 6°. As the flow enters the 
zone of convection, there is very little difference in the outer 
portion of the pressure profiles, where the radial speed begins to 
decrease. As the air gets closer to the center, the tangential 
speed increases rapidly and the pressure decreases in a fashion 
resembling the pressure reduction in a free vortex as portrayed 
in figure 3(B). 

Surface pressure profiles have been obtained from barographs 
as tornadoes passed overhead or nearby. They have frequently shown 
a well defined ring of relatively high surface pressure surround­
ing the vortex'core and resembling that of figure 9 for the 
laboratory vortex when the configuration ratio is 4. Figure 12 
is a copy of the barograph trace obtained when a tornado cyclone 
passed over a National Severe Storms Project barograph at Newton, 
Kansas, on May 24, 1962, (Ward, 1964). 

Figure 12. Surface pressure 
record for tornado cyclone 
of May 24, 1962. 
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Figure 10 shows a pressure 
profile observed when a vortex 
is formed with tangential, speed 
about the same as in figure 9, 
but with the configuration ratio 
reduced to 0.75. Continuity 
requires a lower inflow speed to 
avoid excessive vertical velocity, 
and the inflow angle must be 
large for vortex formation. The 
profile in figure 10 was obtained 
with an inflow angle of 60°. In 
this example, the minimum inf low 
angle for a detectable vortex 
core was about 30°, even though 
the applied pressure deficit, . 
was somewhat greater than in 
the example of figure 9. Note 
that at the perimeter of the 



convection zone the pressure gradient force inward is large. 

In figure 11, the surface pressure profiles for the two con­
vective patterns are compared. In changing from the small 
configuration ratio to the large, it is apparent that, for the 
same vertical velocity, the l:'adial inflow component at radius 
r = 24 inches must incr~ase bya factor of about 21 to satisfy 
continuity. The increase in inflow speed is ~ssociated with a 
pressure decrease at that radius as indicated in the pressure 
profiles. 

Returning for a moment to a consideration of the factor K of 
(8) and (9), it seems reasonable to expect that the relative values 
of P4,5, PQ' and PI are indicated qualitatively by the surface 
pressures ~n figure 11. Figures.5 to 7 show that K changes progres­
sively as the configuration ratio changes, indicated by increasing 
deviation of rl-from the value rosin29. From (8), K is proportional 
to (P4 5 - po)ro - (P4 5 ..;. Pl)rl, and it appears from figure 11 that 
P4 5 c~n be larger thafi Po when the configuration rati6is large. 
SiAce ~4 5 - PI is always positive, the factor K may be negligible 
under th~se conditions, as ·is indicated by figure 5. As the con­
figuration ratio decreases, P4 5 - Po approaches zero and then 
becomes negative, so thatK wOOldbecome increasingly negative, 
as is indicated by figures 6 and 7. 

A final point is that K is inversely prop02tional also to the 
square of the tangential velocity component, vo. This was not 
taken into account in figures 5-7 since vo was not measured, and 
this neglect may explain some of the scatter in the data. 

4.3 The Vortex Core 

On nUmerous occasions, a significant bulge or· enlargement 
has been observed on tornado funnels, usually in the nascent or 
dissipation stage. Figure 13 i~ a series of drawings by Carl Reber 
who reported one such observation (1954). The enlargement can 
move up or down the funnel or remain stationary, probably indicat­
ing an association with a pattern of motion in the core rather 
than a local difference in rotation. 

The core, defined as the inner portion of a Rankine combined 
vortex where the angular momentum increases rapidly with radius, 
is a zone of great dynamic stability, (Eliassen and Kleinschmidt, 
1945). 

It is important, however, to consider the secondary effects 
that are observed in the axial, or vertical direction. Assume a 

13 



'Figure 13. Drawings of observed enlargement of vortex core, 
by Carl Reber. 
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vortex column as in figure 14 
with uniform vorticity. If a 
slice of the column ABCD is some­
how deformed into A' B' C 'D' ,the 
affected parcels, conserving 
their angular momenta, will rotate 
faster, -causing a lowering of the 
central pressure within the s~ice. 
This results in fluid accelera­
tion into A'B'C'D' from the 
adjacent slices, forcing its 
return toward ABCD. By a simi lar 
argument it can be shown that an 
enlargement along the vortex 
cylinder must be transitory also. 
Local excursions of fluid along 
the axis are frequently observed 
in vortex cores in the atmosphere 
and in the laboratory, and they 
are apparently due to perturba­
tions in the flow field. Other­
wise the core is very stable and 
nearly cylindrical in shape, except 
by friction in the surface boundary 

c:=> 
A' -'- S' 

A r ., 
S I c::> 

C 0 L ...JO' ... -C' A 

C:=> 
Figure 14. Rotational stability 

in a column. 

at its base where it is mcx:lified 
layer. 

Since the pressure fields in the laboratory vortices are 
produced and maintained without buoyancy, the following comments 
appear to be important. 

Consider a horizontally converging surface layer. When rota­
tion around the vertical axis is introduced, centrifugal forces 
develop which oppose the horizontal convergence and associated 
vertical stretching. If the tangential component is small at the 
perimeter of the convergence, centrifugal opposition may be ne-gli­
iblein the outer portion of the updraft zone, but as the axis is 
approached, centrifuga~ force increases very rapidly, inversely as 
the 3rd power of the radius. The core radius, r , where the 
centrifugal force per unit mass balances the pre~sure gradient, 
is a convergence boundary, so there can be no vertical stretching 
of the core fluid. Surface friction tends to reduce the centrifu­
gal resistance at the base of the core so that a more penetrating 
convergence in a shallow surface layer provides a limited mass 
flow for net upward movement within the core. The fluid in the 
updraft zone surrounding the core has a higher upward speed and 
exerts an upward drag force on the slower moving core fluid. 
Considering this relative speed and relating the pressure deficit 
at the base of the vortex to the pressure loss due to frictional 
flow in pipes, one could expect the pressure deficit at the base 
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to be related to Lid, where L is the length of vortex core (or pipe 
length) and d is the diameter. It appears that the pressure deficit 
at the base of a vortex core of sufficient length but of small 
diameter is maintained by these friction effects without local 
buoyancy or IIhydrostatic balance." This is surely true in the 
laboratory vortex. 

A vortex core with inherent lateral stability and laminar 
flow in the lower portion can be produced in the laboratory. The 
upper portion, on the other hand, is always turbulent and contains 
a central downdraft, since the top of the vortex is exposed through 
the honeycomb barrier to non-rotating flow which cannot sustain 
a local pressure deficit. In the atmosphere, one would expect a 
lack of rotation at the top of the updraft within which the vortex 
is irrilledded, and, Similarly, a downdraft. 

The transition from laminar to turbulent flow resembles a 
step change and is sometimes called "vortex breakdown. 1I Figure 15 

shows a laboratory example. 

Figure 15. Laboratory vortex 
enlargement associated with 
transition from laminar to 
turbulent flow. 
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With constant convergence, an 
increase in circulation lowers 
the turbulent zone and, at the 
same time, increases the core 
diameter. The upward speeCl of 
the fluid outside the core may 
increase, but inside,the upward 
speed decreases and a net 
increase of relative speed 
develops. It is of interest 
that these changes increase the 
Reynolds number for the core and 
suggest that a critical Reynolds 
number is associated with the 
change from laminar to turbulent 
flow. 

In figure 16, the upward 
drag on the outer portion of the 
turbulent section of the core is 
greater than on the laminar sec­
tion, and the resultant vertical 
stretching in the outer core 
fluid requires vertical conver­
gence along the axis into the 
transition section. In the 
laboratory, the central flow in 
the turbulent core is character­
istically downward and part of 
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Figure 16. Flow schematic of 

vortex transition. 

Figure 17. Tornado pair, Elkhart, Indiana, Palm Suriday, 1965. 
(Photograph by Paul Huffman). 
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a secondary circulation resembling the downward motion at the cen­
ter of dust devils described by Scorer (1958). Regardless of 
whether a reversal of direction occurs along the axis at the level 
of transition from Laminar to turbulent flow, the localized accumu­
lation of fluid results in a pronounced lateral bulge. 

4.4 Multiple Vortices 

On numerous occasions, more than one tornado has been observed 
simultaneously, separated by only a short distance. Hurricanes 
also occasionally are observed to have two fleyes, n or separate 
central cores. Figure 17 is a photograph of a pair of tornadoes 
which occurred at Elkhart, Indiana, on Palm Sunday, 1965. In the 
Newton, Kansas, tornado cyclone of May 24, 1962, which had a calm 
eye one to two miles in diameter, the following was reported: 
"Funnels were appearing all around town at different locations, 
moving in various directions. TI Figure 18 shows a laboratory 
demonstration of two vortices in the same convergence area, and 
figure 19 shows a family of three. The cores here are not uniquely 

Figure 18. Laboratory vortex pair. Figure 19. Laboratory vortex 
family of three. 
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defined 'by the smoke tracer as in a single vortex, since any sta­
tionary tracer source on the lower surface will diffuse throughout 
the turbulent primary vortex core. Only an increase in tracer 
density can be obtained by present methods, and the distribution 
of the tracer is almost never uniformly distributed in the mul­
tiples. However, actual observation and movie film show the 
multiple vortices to be well defined. 

In the lab ora tory, more than one vortex can be produced only 
when the configuration ratio is greater than unity. When the ratio 
is 4, and the angle of inflow 9 is very small, 2° to 3°, a single 
vortex forms; as 9 is increased, the diameter of the core increases 
proportionately. The scale of the turbulence also increases with 
the inflow angle and when the latter reaches about 30°, a vortex 
pair develops. They are located on opposite sid.es of the' parent 
vortex near the radius of the maximum tangential speed and the 
pair rotates around the central axis at about half that speed. 
Once the pair is formed, the flow becomes' somewhat more stable 
and the cores are well defined. This mode will continue when the 
inflow angle is decreased several degrees below that required for 
pair formation. 

After a pair is formed, a third vortex will form, and then a 
fourth, as the inflow angle is further increased. In general, the 
greater the number of vortices in the system, the smaller.their 
individual core diameters. 

The critical inflow angle, 
9c ' at which multiple vortices 
form is very sensitive to the 
geometry of the convection. A 
vortex pair forms at an inflow. 
angle of about 30° when the con­
figuration ratio is 4; when that 
ratio approaches unity, the angle 
required for pair formation 
increases to about 75°. When the 
depth of the convergence layer 
exceeds the diameter of the con­
vection, no multiple vortices 
have been observed •. 

Smoke tracers show downward 
motion along the axis of a system 
containing multiple vortices, and 
outward radial motion near the 
lower surface, as illustrated in 
figure 20. The converging air 
from the outside enters the 
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Figure 20. Observed surface flow 
for laboratory vortex pair. 



annular area with a strong tangential speed while that of the 
diverging central portion is much less. Thus the annulus at low 
levels is characterized by strong horizontal convergence, hori­
zontal shear and vertical stretching, all favorable for vortex 
formation. 

As described earlier in section 4.3, the upper end of a vortex 
degenerates in a non-rotating atmosphere, and the pressure deficit 
which can be maintained at the base of the core is related to Lid, 
the ratio of its length to its diameter, d = 2rl. As d is increa~ 
and L is kept constant, non-rotating air can maRe its way downward 
through the core mor~ and more freely and act to dissipate the 
pressure deficit. In the experimental apparatus, when d approaches 
a critically large value, a single vortex becomes unstable, with 
accompanying large scale turbulence and' large fluctuations in core 
diameter. It appears that this instability is the result of the 
presence of inward directed forces associated with radial momentum 
flux sufficient to produce a vortex core whose central pressure 
deficit requirement is greater than can be maintained in the 
presence of subsidence in the large core. In this condition of 
instability, when one or more vortices of smaller horizontal scale 
form in the annulus of figure 20, they tend to be stable, since 
their smaller cores can maintain a greater pressure deficit. 

It is suggested that multiple, or secondary, vortices in the 
atmosphere may be similar to these and result in "suction spots" 
in some tornadoes, as described by Fujita (1967), figure 21. 

-Measurements in the laboratory along the lower surface show the 

Figure 21. Tornado path with 
. suction spots (from Fujita, 

19:67) • 

secondary vortices to be accom­
panied by extremes of low 
pressure, much lower than in 
the central area of the primary 
vortex. 

5. CONCLUSIONS 

There is no evidence that a 
sink of limited area and of 
sufficient intensity to produce 
a tornado occurs naturally in the 
free atmosphere. Once a tornado 
is formed, however, there are 
several known factors which favor 
its maintenance. An extreme 
radial pressure gradient exists. 
to account for centripetal 
acceleration. Localized heat of 
cond~nsation in the funnel cloud 
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and in the upper area of reduced pressure , acting under the 
influence of rotational stability, contributes to the radial 
pressur~ gradient by ,the "hydrostatic" effect. Also, as the vor­
tex increases in scale, subsiding motion along the central axis 
may provide air of significantly higher potential temperature. 
But nOI1e of these factors exists beforeth.e vortex is formed. 

Laboratory results substantiate the poiht of view that for 
vortex fqrmation, there must be a large influ~ of radial momentum ' 
which can produce a force field such that a portion of the fluid 
mass is "required to converge against opposing centrifugal force 
plus any net outward pressure thrust. One condition which should 
be favor'able for the buildup of a large ra<;lial momentum flux is, 
the chimney effect resulting 'from the dyng,micstability of a rotat­
ing convective column on a thunderstorm scale (Ward, 1967). 

There is evidence that small but intense, short-lived tornadoes 
f~equently occur at.some distance from active' convection areas of 
thunderstorms. Thes.e may occur, not because of local buoyancy­
produced convection, but as the result of the momentum of a 9trong, 
convergent local wind field, such as at the leading edge of a strong 
thunderstorm outflow, where such tornadoes are frequently observed. 
When there are several storms over an area, the qonvergent field 
may be due to colliding outflows. If the flux of horizontal momen­
tum is sufficient, there can be in~ense vortex motion, even though 
the required vertical motion may be due to mechanical forcing of 
even negatively-buoyant air. 

It is hoped that this study will encourage research into the 
factors affecting the geometry of atmospheric convection and the 
intensity of inflow as they .are related to atmospheric vortex 
motion, and that future measurements of velocity and pressure dis­
tributions can be made with the existing laboratory vortex system 
in order to further explore the significance of the ro/h ratio. 
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