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1. Introduction.

Although tornado occurrence is concentrated not-
ably in such regions as the midwestern section of the
United States, various parts of the world have ex-
perienced them. During the historic period and no
Joubt previously, people have been terrified and also
mystified by these most violent of meteorological ap-
oaritions.  In spite of increasing gencral knowledge
ibout tornadoes in recent years, the intrinsic processes
nvolved in their genesis remain largely undetermined,
mainly because sufficiently detailed observational des-
-riptions of various specific actions are still too difficult
»» obtain. This condition has invited the promulgat-
-0 of many hypotheses concerning the truc nature of
“ornadic disturbances, which differ basically in regard
- the mechanisms proposed [sce, e.g., KESSLER () for
-1 enumeration of some of these schemes].  Since
Zirect verification is not possible, each scientist must
“rm his own judgement as to which of these are
ot plausible. The prospect is that this state of
sfairs will continue, at least for some time to come.

[t must be recognized, however, that what may
-~pear plausible or implausible depends not only upon

- knowledge of facts concerning the tornado phe-
momenen itself, but also upon extrinsic factors such

our general scientific knowledge, and even more
srectly, our knowledge concerning other instances of

taung fluid systems in the atmosphere and else-
Thus, as it happens, although our information
~czarding requisite details of tornado structure has
zmown but slowly, much progress has been made for
-wample inospecifying the principal actions maintain-
=2 the differential rotation of the atmosphere as a
»role. Furthermore, not only have quite successful
~athematical models been made of the atmosphe-
-« gencral circulation, but also laboratory fluid models
-.v¢ been constructed which duplicate the main ac-

o~ involved. We therefore find ourselves in a new
. aceptual environment from which we may view
.ienh the physical problem possed by the mechanics
: the tornado circulation.

Lhere,
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This is not to say that many of the models which
already exist in the literature do not present valid
points which arc known or may prove to be correct.
However, as far as essentials for completeness go,
probably no existing tornado model, whether of the
mathematical or laboratory kind, is rcally adequate.
The present purpose is then to suggest some physical
teatures which may turn out to be precisely the needed
additional ingredients. These features described below
are of such a naturc as to suggest that circulations
comparable to the natural oncs found in a tornado,
except restricted in vertical extent, may possibly be
capable of being initiated artificially, through the
utilization of a properlv designed and engineered,
man-made structure. The actual use for such a device
would be as a prime mover to produce power for
commercial needs. The cnergy source would derive
from the latent heat of condensing water vapor.

2: Negative viscous action in convective systeiny.

During the past two decades or so it has comc to
be known in metcorological (and to some degree
astrophysical) circles that concentrations of angular
momentum in a rotating fluid system can be brought
about and maintained by a radial eddy transport of
such momentum into the zone of concentration of
high mecan angular velocity. From the standpoint of
kinetic energy, generally speaking this implics a trans-
formation of the encrgy associated with the cddy
motions into kinctic energy associated with the mean
rotation. A physical sourcc must therefore be in
operation to provide thc cddy kinetic cnergy. A
common circumstance is that the cddy motions com-
prisc a form of thermal convection, and are driven by
some appropriate mode of differential heating. The
process of obtaining concentrations of angular mo-
mentum in systems which operate in this manner [
have called negative eddy viscosity [see STARR (%),
Starr & Gavt (M)

Aside from thesc references, the literature concern-
ing eddy processes has become most extensive, and
the variety of natural phenomena investigated from
the present viewpoint is increasing. Most of the
initial descriptions were derived observationally for
the case of the terrestrial atmospheric general circula-
tion. No effort can be made here to provide biblio-
graphic information, although the reader may derive
some guidance to more recent results, mainly for the
atmosphere, from articles by STARR, PEIxoro & GAUT
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(19y; StARR, PEIXOTO & S1ms (!1); Prixoro, Gaut &
ROSEN (*); STARR (% 7 %).

In our atmosphere the large scale convection ex-
presses itself in warm poleward and cold equator-
ward currents separated by fairly large sectors of
longitude, which produce a net transport of heat away
from the more tropical regions. Due to the coriolis
effects and other factors, the poleward branches also
carry more angular momentum than do the equator-
ward return currents. As a result angular momentum
accumulates in a belt of circumpolar mean westerly
winds in each hemisphere and corresponding belts of
mean casterlies near the equator. The warm poleward
currents have also a small upward velocity, while the
cold equatorward flows descend as they proceed. In
this way the warm air rises to higher geopotential
levels while the cold air sinks to lower ones — a
necessary condition for a convective process with
respect to the field of terrestrial gravity.

Although onc might usc other systems to exemplify
this kind of convective action, such as that in a rotat-
ing laboratory model [sce HipE & Mason (3), for
instancc], the atmospherc is perhaps one which has
been studied the most. Without going farther afield
in this general arca, we shall therefore attempt to look
upon the tornado circulation as having a basic mech-
anical similarity to what has been described. It is
immediately clear that new concepts must be intro-
duced beyond what is pictured as taking place in a
tornado according to the more common views of the
subject.

3: The rornado vortex.

The most obvious immediate fact in regard to the
tornado vortex is that it represcnts an intense con-
centration of angular momentum around its axis. The
latter nced not be vertical, but instead may be even
practically horizontal for a portion of its length. For
simplicity in the first instance, wec may however
consider a vertical tornado for our model, except as
otherwisce necessary. It is convenient to develop the
discussion by enumerating a number of individual
arguments concerning various aspects of the problem.

a) The primary question is how the observed high
concentration of angular momentum about the axis
is achicved and maintained. It secems improbable
that coriolis forces acting on a symmetric convergence
of mass can gencrate it. Also, such convergence
acting in combination with a pre-existing region of
strong relative cyclonic vorticity, although a more
plausible explanation, still has many difficulties as
regards vertical motion in the vortex tube and other-
wise. We therefore propose to examine the hypo-
thesis that there exists an inward eddy flux of angular
momentum from the environment into the vortex.
The necessary eddy-type velocity distribution would
then be present on cross sections normal to the axis,
with the familiar tilted trough and ridge formations.

4

The effects of the drain of angular momentum from
the environment, i.e. a decrease in cyclonic rotation
or an appearance of actual anticyclonic rotation, would
not be marked because of the large radii involved. At
a given instant not all cross sections of the vortex tube
would necessarily be active, of course.

b) The quasi-horizontal inward and outward eddy
components of motion would again comprise a mode
of convection with certain distinctions, however, as
compared with the gencral circulation process in the
atmosphere. First, these actions would take place not
with respect to the earth’s gravity field, but with
respect to a substitute. This substitute is the out-
ward centrifugal force of the mean rotation, perhaps
two orders of magnitude larger than true gravity.
Secondly, the basic thermal asymmetrics between the
inward and outward flows would be provided by the
releasc of latent heat of water vapor, preferentially in
the inward moving air. Further essential aspects of
the thermodynamic processes become difficult to spe-
cify a priori, and must await further study later.

¢) Under the present views the source of cnergy
for the tornado circulation is the latent heat of con-
densing water vapor. This encrgy can be liberated at
all cross sections of the vortex tube, so that the driving
process can take place along its entire length, if moi-
sturc conditions etc., arc proper. It may be noted
that the process described can take place equally well
along stretches of the tube that are more or less hori-
zontal — or even at an angle slightly inverted, as
might somctimes happen. This follows, since the
encrgy release does not involve true gravity, nor does
it involve the coriolis force (directly at least). These
forces no doubt are of importance in setting the stage
in the atmosphere for the initial genesis of the tornado,
however.

d) The hypotheses here presupposed lead us to
a view of the sufficiently moist atmosphere as being
in a sensc a potentially explosive mixture, mechan-
ically speaking, becausc of its large latent cnergy
content. It requires but little computing to show that
if 10 grams of moisture associated with 1 kilogram
of air were to be condensed, and the entire resulting
latent heat liberated were converted into kinetic e-
nergy of translation of the kilogram of air, the velocity
would be inordinately large, i.c., about 200 m sec™.
Wind speeds in tornadoes are normally much less,
though concentrated gusts can be as large or larger.
The important question concerns the manner in which
the energy release mechanism can be triggered, so as
to initiate a spontaneous cataclysmal reaction. That
this does happen in nature with devastating results
we know to be true. Can we perhaps penetrate some-
what beyond what is commonly said about this sub-
ject and put together a more detailed picture?

e) The initiation process, as we know, takes place
in a mammato structure on the under surface of a
storm cloud. This formation is likely due to extre-
mely unstable conditions. We suppose, as in many



traditional discussions, that due to the presence of
cvclonic vorticity in the vicinity of shear zones, where
other conditions also are proper, a mild local rotation
develops somewhat by chance in the vicinity of the
Jependent bullate cloud. This we now say would
cause a mild local depression of isobaric surfaces,
and bring about the introduction of a small component
of gravity substitute, in our terminology. The rather
rurbulent convective action on a smaller scale can
now have a component radially inward and outward
~ormal to the vertical axis at the center. The negative
-Jddv viscous action can now take hold and concen-
zrate angular momentum near to the axis. This
:mward momentum flow takes place at the expense
7 the visible outer portions of the bulla where little
-~idence of rotation is to be scen at this stage.

Once this initial « ignition » stage has been rcached
:nd other conditions are proper, a small intense vortex
iovelops within the cloud and achicves perforation
‘mrough the lower surface by a further downward
.r-ignition process into the otherwise often cloud-
=20 air below. The shape of the tornado cloud now
~~umes the form of the familiar funnel. If moisture
. aditions are proper this pointing stage is surpassed,
.~& the self-propagation continues to extend itsclf

wnward, perhaps to the surface. The important
.ature of the present view is that the downward
swiension process must be nourished by an adequate
-rent heat supply at each level that the vortex pene-
“-:zes. through the (local) agency of radial convective
..on and the negative (moist) eddy viscous process.

The downward lowcering of the vortex by the
..o deseribed above necd not be strictly vertical,

. the boring cffect might be deflected by inhomo-
Z.ootes in the air, or the vortex tube might be bent

2o oas a result of larger scale wind conditions. By

- ring - we do not mean that there is a feeding

anward of the main cnergy nceded, as has been
. Z. except for a small such transport of what we may

ignition energy ». It is probably significant for

. ~cheme being presented in this paper, that near
- . varth’s (level) surface the axes of tornado vortices
=2 to be vertical. This follows because near the
--ace the eddy motions (which presumably extend
¢ radial distance outside of the vortex proper) must
- ouasi-horizontal and are therefore incapable of
srporting any but an essentially vertical vortex tube.

s Apparently the birth of tornadoes takes place
- ::r or at the condensation level, as has been described.
1 o~ conceivable that upon occasion this level is rather

w. ~0 that even the somewhat vague early stage is
sarerienced at the ground. In such cases a well
rzinized vortex may never be formed. The initiation
ciompt is abortive, but even so damaging tornadic
=.~Jds may befall a small region for a brief period of
- ¢ during a strong thunderstorm. In such a case
-. cnergy for the disturbance probably originates
sreatly in the low layers, from moisture available in
‘r.ovicinity.

k) Some tornado vortices, when visible, present a
ragged, turbulent appearance. In these instances pro-
bably the condensation level is low and the air even
close to the surface is almost saturated. The inward
turbulent eddy motions soon reach condensation, even
with a small penetration of the vortex, since only a
slight adiabatic pressure decrease suffices to cause

saturation. Under such circumstances the tornadic
engine develops a high horsepower output, espectally
near the surface where it performs a large amount
of shaft work against ground friction. On the other
hand, some vortices have a smooth appearance espe-
cially in their middle and upper reaches. The very
fact that these segments are visible probably signifies
that the ambient air is not closc to saturation. The
funnel cloud then is found only ncar to the axis of
the vortex, and the vigour of the radial turbulent
eddy motions is minimal. The scgments of the vortex
tube involved arc operating under a throttled down
condition, generating only a small horsepower output
so to spcak, commensurate with a low shaft work
demand during an idling situation. Of course the
inner radii of the vortex, which rotate with a high
angular spced can appear much smoother than in
fact they really arc.

1) Once a tornado vortex 1s in existence the rotat-
ion of the carth docs not enter significantly in the
cnergy aspects of its circulation, although there might
be other cffects. Thus, so far as the preceding di-
scussion gocs, an anticylonic tornado 1s not excluded.
However, its initiation would requirc a much less
likely sct of circumstances than for a cyclonic one,
although by a suitable accident they may on rarc
occasions arisc [sce, ¢.g., CrRowLEY (")].

8.

4 Artificial generation of a rornado-like vortex.

This proposition is rendcred feasible in terms of
the foregoing theory which pictures the tornado as a
mechanism sui generis, which exemplifics the rather
direct conversion of latent heat of water vapor into
vigorous and concentrated kinetic energy. The fact
which is important presently is that according to the
views described the kinetic energy for each segment
of the vortex tube is generated in situ, even though
there may be certain equalizing processes among the
scgments to produce an articulate whole structurc
for the entire vortex tube. Thus the low pressure
at the axis of a segment must connect with that of ad-
jacent segments until at the upper reaches the ambient
atmospheric pressure is low enough for the vortex
tube to open out. At the lower end the chain effect
of self-ignition lowers the small end of the tube to the
ground or with, say insufficient moisture, the end
retreats upward.

Clearly then, in an engineering attempt to generate
the tornado type process under controlled conditions
one must deal with only a segment of the vortex tube,
and the problem of the end conditions must be dealt
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with in some satisfactory manner. All that we can
do in this discussion is to offer one suggestion in this
regard, being mindful that it might serve merely as a
point of departure for much further comment later.

We may start with a rudimentary design for a
latent energy power plant. For reasons of conven-
ience in construction the smallest practical size of the
structure should be envisioned. So far as is known
the smallest diamecter of bona fide tornadoes in the
atmosphere is about 50 meters [sce picture in Ency-
clopedia Britannica, 1960 ed. under TorNaDpoO]. We
may assume this size for our purposes, although still
smaller functioning ones may perhaps be possible.
The length of the (vertical) segment to be uscd should
probably be much larger, say about 500 meters. The
main working part of the installation would be a
vertical rotor in the form of a large spool having these
dimensions and a stem diamcter of perhaps ten meters,
mounted on bearings so that it may rotate about its
long axis. Small radial impeliers might be needed,
affixed to the stem to increase frictional interaction
with the surrounding moist atmosphere.

The mode of opcration is as follows. Assuming
the air to be of proper high humidity, the rotor is
given a suitable rate of spin by a conventional starting
motor of some convenient type, to create a vortex in
the environment. The vortex would presently be-
come unstable with respect to moist adiabatic inward
moving cddy componcents of motion, thus creating
a turbulent regime in the vortex. The eddy motions
would then tend to cause an inward eddy momentum
flux, 1.c., exhibit the negative eddy viscous phenomenon.
Henceforth the vortex would be self-supporting with,
let us say, a pressure at the rotor stem of perhaps
50-100 millibars below the ambient atmospheric pres-
The (planc) rotor flanges would prevent a
filling of this partial vacuum from the top or bottom.
Power take-oftf would now be made from the rotor,
since the latter would be driven by the self-sustained
voitex.

The moist eddy turbulence would continuously ex-
change air from which water vapor has been squeczed
out by the convective aspect of this turbulence, for
more moist air from the cnvironment. We assume
that the environment has a continued new supply of
moist air (a natural breeze might feed it to the plant
sitc from the up-wind direction). The condensed
fresh water would be flung outward from the vortex
in the form of drops and could be collected by some
appropriate catchment structure,

Numerous items of intcrest and of critical detail
arc naturally brought into focus by the material which
has been outlined. Some of thesc may be listed as
follows.

1) How sure are we that a power plant of the kind
described could, at least eventually, be made to work
as indicated? In a subject so complicated as the
natural turbulence in a tornado — of which our device
can be only an approximate artificial analogue —

surce.
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nothing can be really certain. However, our view of
tornado mechanics has many features which commend
it as realistic. If in picturing the experimental analcgue
the essential ones are not sacrificed or compromised
excessively, the model should work, although its
perfecting and construction would be a rather imposing
project to contemplate. However if we are to find
new sources of power, installations of large physical
size no doubt will have to reccive consideration in many
of the novel processes which doubtless will be envi-
sioned, not alone the onc projected herein.

2) Why cannot small scaled-down laboratory ver-
stons be made to test out the prospects of success for a
full scale model? All manner of preliminary experi-
mentation, even perhaps some at first unlikely looking
investigations, should be made in order to cxamine
the subject as thoroughly as possible, since if final
success can be attained, the importance of the results
would justify these cfforts. Once problem in scaled-
down modcls would be whether liquid water (or drops
of other water-substitute) could be removed from the
vortex to prevent re-cvaporation which wouvld annul
the energy releasing action.

3) Could mathcmatical models be made of the tur-
bulent energy release process in the moist air? No
doubt cnce the physical actions are known in greater
detail through physical thinking, more observation of
prototypes and from various kinds of cxperimentation,
many forms of mathematical treatment will contribute
to an increased knowledge of such turbulence proces-
ses.  Unfortunately numerical models involving con-
densation phenomecena are difficult to make, requiring
cxtremely fine grid meshes.

4) Most sources of commercial power utilize fossil
fuels which represent stored cnergy in some form.
Nuclear power is an exception. Water power on the
other hand utilizes more recently received solar energy
stored in the liquid hydrosphere. Latent encrgy re-
prescnts seolar cnergy acquired most recently and
stored in the gascous hydrosphere. Its supply is
continuously replenished and is conveniently available,
although some geographic arcas have relatively richer
supplies of it than others. Its utilization would make
but little impression on the supply available, because
of its rapid regeneration. Also, no particular pollu-
tion problem should accompany its use as outlined
above, since the by-product is fresh water at close to
normal temperatures — an increasingly valuable com-
modity.

5) Power output estimates are difficult at best for
our plant. Some conditional notions may however be
made to indicate at least some potentialitics. Let us
assume that under load conditions the vortex condenses
out one kilogram of water per second for each one
meter of vertical distance along the central axis
— seemingly a possible expectation. The total for the
entire height is therefore §5:< 10> gm sec™!, The corre-
sponding latent energy releaseis roughly 3 < 108 cal sec!
or about 1.25 < 10 erg sec!. At an efficiency of 4



-.rcent this is equivalent to an output of 50 mega-
aatts, which is cortalnly an acceptable amount.

¢ No doubt there is a minimum water vapor
. atent of air below which a given design of a latent
.mergy power plant could not function properly. Thus
...matological factors would be of prims importance
= locating plant sites. It of course does not follow
‘=21 the most favored locations would be those having
- zhest frequencies of tornadoes. Tornado occur-
-.nee depends not only upon high moisture but also
_ron the triggering opcration which is provided na-
~.nally by rather infrequent proper combinations of
.rxer meteorological factors. The second of these
» uld not be needed in the case of the power plant as
- .on stated already.

= The cquipment described for the generation of
- wer was suggested to me partially through efforts

Jesign a machine to produce fresh water from
--mospheric sources [sce STARR, ANATI & SALSTEIN ('¥)
.=d Starr, ANATI & GauT ()], In order to bring
;.- to its adiabatic condensation pressurc, a large
.rucal lift was needed, i.e., about 1-2 km, so that the
.rtical tube used would have to be of at least some-
~=at greater height. The only way to climinate this
- uble seems to be to use a gravity substitute as we
-:v¢ done here. Parcels of air migrating inward may
‘=1 experience the requisite drop in pressure by
- ing a much shorter distance, if the gravity sub-
wute 1 suthciently large. Since a practical means
- Joing this is to usc the centrifugal force in a strong

-tex, the linkage with tornado mechanics is an
-=1ous one. On the other hand, the possibility of
- “Jucing an organized pool of kinctic energy from
T r~ulent cddy form through the agency of the ne-
“-uive eddy viscous phenomenon has long been a
Zicoccupation of mine. My long quest for a mecans of
“T:ng it to gencratc power in substantial amounts
-+~ at length now prospercd somewhat, although what
“iv been said here is of course but the merest of
“iannings. Moreover, we must in any cvent reco-
"<:ze that there may be other methods by which latent
ioergy can be utilized fotr the gencration of power.
X My colleague, Dr. Norman E. Gavur, has sug-
~ted to me that the type of plant described above
Z.:ight be advantageously combined with a conven-
Tonal thermal or, perhaps more especially, with a
t:uclear plant. The point being that the rejected heat
~rom these latter could be used to enrich the input
o the latent energy plant, so that the total over-all
todect of the system would be to secure an
.nhenced efficiency of power production and a de-
crease of heat pollution for the entire environment.
study of this question might show also that an en-
z:ched input for the latent energy component can
reduce its minimum necessary size for a given output,
:nd make iniial trial construction less expensive.

9. All methods of high output power generation
carry a risk of accidents with possible loss of life and
dostruction or damage of property. In the case of

our projected latent energy plant, besides other risks,
there could be a danger that under structural collapse
the tornado-like vortex would escape into the atmo-
sphere, forming an actual tornado to ravage the sur-
rounding countryside. Not much can now be said
about such eventualities — presumably the risk could
be reduced by proper safety measures.
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Summary — A dynamic mechanism for the genesis
and maintenance of the tornado is described and compared
with various known facts of observation. The view is
taken that the circulation derives its energy from the latent
heat of condensation of water vapor. The kinetic energy
appears first in eddy form as a product of moist convection,
not with respect to the earth’s gravity but with respect to a
gravity substitute which is much larger, namely the cen-
trifugal force of the mean tornadic circulation itself. The
cddy kinetic energy is then transformed into the kinetic
energy of the mean circulation through the well known
negative eddy viscous process. Each segment of the tor-
nado vortex tube can thus generate its own energy supply
in situ. A proposal is made that the tornado mechanism
outlined could be initiated and controlled in a properly
engineered latent energy power plant, for the commercial
generation of electricity. Using the smallest diameter
vortex observed in natural tornadoes (i.e., 50 meters) and
a vertical segment height of 500 meters, a very crude
estimate of the output is of the order of so megawatts.




