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TORNADOES AND OTHER ATMOSPHERIC VORTICES

by Robert G. Deissler
Lewis Research Center
Abstract

The growth of random vortices in an atmosphere with buoyant instability and
vertical wind shear is studied analytically. A study is also made of the veloci-
ties in a single gravity-driven vortex; a frictionless adiabatic model which is
supported by laboratory experiments is first considered. The effects of axial
drag, heat transfer, and precipitation-induced downdrafts are then calculated.
Heat transfer and axial drag tend to have stabilizing effects; they reduce the down-
drafts or updrafts due to buoyancy. It is found that downdrafts of tornadic magni-
tude might occur in negacively-buoyant columns. The radial-inflow velocity re-
quired to maintain a given maximum tangential velocity in a tornado is deter-
mined by using a turbulent vortex model. Conditions under which radial-inflow
velocities become sufficiently large to produce tangential velocities of_ tornadic
magnitude are determined. The radial velecities in the outer regions, as well as
the tangential velocities in the inner regions may be large enough to cause damage.
The surface boundary layer, which is a region where large radial inflows can
occur, is studied, and the thickness of the radial-inflow friction layer is esti-
mated. Finally, a tornado model which involves a rotating parent cloud, as well
as buoyancy and precipitation effects, is discussed.

1. Introduction

Onservations of tornadoes have been made for many years, the first known
photograph having been taken in 1884 (Science. 1972: Fig. 1). The destructive
aspects of tornadoes are well known. Still, there appears to be little agreement
about their dynamics. The lack of agreement is, of course, at least partly due

to the devastating nature of tornadoes and the consequent difficulty of making
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meaningful measurements. Less devastating atmospheric vortices such as dust
devils and waterspouts might be profitably studied, but there is no assurance that
their mechanisms are the same as those of tornadoes. Thus theories and labora-
tory experiments should play an important role in tornado research,

Capabilities for observing the stronger vortices have, of course, been stead-
ily increasing (Preprints of Papers, Ninth Conference on Severe Local Storms,
1975). This is fortunate, since theories and laboratory experiments by them-
selves are in:ufficient. Thus we may perform an analysis of vortex behavior,
devise an experiment to test the analysis, and get agreement between the two.
However, there is no assurance that the results will apply to real atmospheric
vortices, unless we know that the assumptions made in the theory and experiment
apply to vortices in the atmosphere. In order to make progress, theory, labora-
tory experiments, and field observations are all indispensible.

Several aspects of atmospheric vortices are considered herein, including
their production, structure, and maintenance. Although the emphasis will be on
tornadoes, much of the discussion will also be applicable to smaller atmospheric
vortices, such as dust devils and waterspouts.

Throughout the paper we will use the Boussinesq approximation in the equa-
tions of motion of the fluid; that is, the fluid will be considered as incompress—
ible, except where density differences affect the buoyancy, and the density differ-
ences will be taken to depend only on the temperature. However, the effects of
moisture and vertical pressure differences on the buoyancy can vsually be accoun-
ted for by using suitable potential temperatures in place of ordinary temperatures
in the equations (e.g., Kuo, 1966). The potential temperature is defined as the
temperature attained by the fluid v'hen it is compressed adiabatically to a standard
pressure. The fluid may contain condensing or evaporating liquid. If the potential

temperature is independent of altitude, there will be no buoyancy force acting on u

displaced fluid element. Thus for the results to be applicable to atmospheric
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vortices, the temperatures in the analysis should be considered to be potential
temperatures,

In the tornado models considered, axial symmetry will be assumed. Although
there may be significant nonsymmetric aspects of tornadoes, most of the important
features should show up in an axisymmetric model.

2. Growth Of Random Vortices In An Unstable Atmosphere With Vertical Shear

Extensive studies of tornado and funnel-cloud occurrences (Wills, 1969, and
Modahl and Gray, 1971) have shown a high degree of correlation of those occur-
rences with atmospheric instability and vertical wind shear. Wills has stated
that it does not appear coincidental that the major tornado-producing region of
the world (the eastern two-thirds of the United States) is the only area where
strong vertical wind shears and strong potential instability are frequently simul-
taneously present. ‘Thus one approach to the study of tornado occurrences might
be to analyze the growth of random vortices under these conditions.

Such an analysis has already been carried out in a study of the growth due to
buoyancy of a homogeneous turbulence (or vortex distribution) with shear
(Deissler, 1967, 1971). The self-interaction between the turbulent eddies (ran-
dom vortices) was assumed to be small compared with their interaction with the
mean temperature and velocity gradients. (This assumption does not necessarnily
imply that the random vortices are weak.) That case is of interest here, since we
are more concerned with the interaction of the vortices with the mean gradients
than we are in their interaction with one another. The initial distribution of
vortices is assumed isotropic, but their distribution becomes anisotropic under
the influence of the mean gradients. Although this approach considers the occur-
rence of atmospheric vortices as random events, it should show conditions under
which such occurrences are highly probable. From a forecasting standpoint this
may be all that ean be hoped for: the prediction with certainty of the exact time

and place of a tornado occurrence may not be feasible.
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Results for the growth of the vorticity and size of typical vortices are shown
in Fig. 2 for a Richardson number Ri based on vertical temperature and velocity
gradients of =10, That is a typical Richardson number for tornado occurrence
(Wills, 1969), where (Ri ﬁg(dT/dz)/(dU/dz}2). (The vorticity of a typical vor-
tex is taken here as the root mean square vorticity at the wave number where
the vorticity spectrum is a maximum. The size of a typical vortex is taken as
the reciprocal of the wave number at which the vorticity spectrum is a maximum.)
The quantity g is the thermal expansion coefficient, g is the gravitational body
force per unit mass, dT/dz is the vertical gradient of potential temperature
(negative for unstable conditions), dU/dz is the vertical gradient of horizontal
velocity (vertical wind shear), and Ko is a characteristic wave number (recip-
rocal of size) for the initial vortices. The value of "6 shown in the figure is
somewhat arbitrary but should be of the right order of magnitude for an unstable
atmosphere if the vortices under consideration are themselves turbulent, In that
case the kinematic viscosity v will be replaced by a much larger turbulent vis-
cosity (Deisegler and Perlmutter, 1960).

The results in Fig. 2 show that both the vorticity and size (particularly the
vorticity) of a typical random vortex increase considerably with dimensionless
time (dU/dy ~ 0.003 sec"l). This result is illustrated schematically by the vor-
tices sketched in Fig. 3 for an early and a later time. Thus, in agreement with
th> observational studies of Wills and of Modahl and Gray, the theoretical results
show that the simultaneous presence of strong potential instability and vertical
wind shear are favorable for the development of atmospheric vortices. The re-
sults also show the importance of the time element in the strengthening of atmo-
spheric vortices. In addition to the Richardson number, a dimensionless time
(dU/dz)t is also an important parameter. (Alternatively we could, by multiply-
ing (dU/dz)t by (Richardson number}l/:}. consider the dimensionless time to be

1/2

[,fg{d'l‘/dz) tj. ) Thus if the conditions of strong potential instability and
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vertical wind shear persist for a long enough tirae, the occurrence of strong at-
mospheric vortices will become highly probable,

One point which might be emphasized is that in this model we have not had
to postulate a large supply of cyclonic or anticyclonic verticity, The net vorticity
can in fact be zero, some of the vortices being cyclonic and some of them anti-
cyclonic, On a large scale, this generation of vortices may be similar to the
split of a thunderstorm into anticyclonic and cyclonic storms (Fujita and
Grandoso, 1968), Of course the large vortices (tornadoes or tornado cyclones)
are more likely to be cyclonic because of the effect of earth rotation, Thus
lines of tornadoes (cyclonically rotating clouds) tend to move away from squall
lines (nonrotating clouds)(Fugita, 1975). But the smaller dust devils are nearly
as often anticyclonic as cyclonie, (According to this point of view the movement
of cars on the left instead of the right side of the road, to generate less cyclonic
and more anticyclonic vorticity (Isaacs et al, 1975), would not appreciably in-
fluence the total number of tornadoes, but it may decrease the proportion of
cyclonic to anticyclonic ones, In order to do that it may be necessary for the
road to be hotter than the surroundings (Manton, 1976).)

Can we conclude, then, that vortices of tornadic intensity can be generated
and maintained by the mechanism considered in this section? The' 1 't be
generated in that way, but if they are like turbulent eddies, they will dccay in
times on the order of a few multiples of r/v, where r is the vortex radius and
v is its velocity, Thus the Dallas tornado (Hoecker, 1960) had a radius at the
maximum tengential velocity of about 70 meters and a maximum tangential veloc-
ity of about 70 meters per second, so that its lifetime, if it is like a turbulent
eddy, would be on the order of a few seconds, a time much too short to be
realistic for tornadoes, On the other hand, a vortex having the same value of
radius times tangential velocity as the Dallas tornado (a measure of the vortex

strength), but a diameter of several miles, could have a lifetime on the order of
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a few hours. Thus the large to. 'yclone or rotating parent cloud (Fugita,
1960) from which the tornado contracted, might have been similar to a turbulent
eddy formed in the way considered in this section, But in order for a vortex of
tornadic strength and size to be maintained, large radial inflows will be required
(see section 5).

Another point which should perhaps be discussed is that buoyancy=ir¢ iced
instability tends to produce horizontal vorticity (Deissler, 1967), whereas the
vorticity in tornadoes tends to be more nearly vertical, However since only a
small percentage of the vortices develop into tornadoes, it will be sufficient if
at least some of them are not horizontal, Ferhaps the reason vertical shear,
as well as buoyancy, is apparently required for tornado development (Wills,
1969) is that vertical shear tends to produce more ronhorizontal vorticity than
does buoyancy (Deissler, 1967),

Once a vortex has been generated in an apparently random fashion, as dis-
cussed in this section, we can consider its structure, We will now look at a
vortex in more detail.

3. A Frictionless, Adiabatic Model

For the sake of simplicity we will consider first a [rictionless vortex with-
out heat transfer. The analysis given here is a generalization of that given by
Deissler and Boldman (1974), The steady-state equations for the conservation
of mass and momentum for an axially symmetric flow can be written, with the

Boussinesq approximation, as (Landau and Lifshitz, 1959)

L2y + g i
rodr Jz
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dip P oT |
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where r and z are, respectively, the radial and vertical coordinates, u, v,
and w are the radial, tangential, and vertical velocities, p is the density, p is
the pressure, T is the potential temperature in the vortex, Pe is the equilibrium
pressure, ToU is the equilibrium temperature at z = 0, g is the acceleration of
gravity, and g = T3 is the thermal expansion coefficient for the atmosphere.
The last term in Eq. (2) is the buoyancy term, where the vertical temperature
gradient in the surrounding atmosphere u'l‘U/uz., and T, are assumed constant,
Let w=w(z) and v = v(r) within the vortex or region of interest, If the first two
terms in Fq. (4) are small compared with the third term, as they probably are
for most of a tornado (Hoecker, 1961), Eq. (1) shows that p-p_ = (p - P (. (In
the outer region, although the first term may not be small compared with the third,
p=p, as calculated from Eq. (4) either with or without the first term, is small.)

Equations (2) and (3) become

- ¢T \\
W (2 : . . -
w 2NE -p’[.',('l 0™ T+t z (9
Jdz \ Jz

and
’v - »
dvir) +\’11!__U (6)
“r r

Solution of Eq, (5), with the initial condition w = w_ when 2z = 0 then gives,

0
for the vertical velocity,

r ar  11/2
2 . 92
w=4 !u'l"} - 2,1;{(']'0“ - Tz = fg —= z:l (7
Jz

From Eqs. (1) and (7) we get, by using the condition that u is finite at r = 0,
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Equations (7) and (8) show that for large z,

w= (=g v'l‘e/azlvgz; u= vl{-m: f"’l‘c/dZ)l/2 r (9
2

whereas for small z,

W= Wou= ﬂ}g\"l‘eo - T) l'/(2w0} (10)

Thus the radial velocity u canbe large if wg is small and T . - T is non-

el
zero at z = 0. As will be seen in section 5, a large radial inflow is favorable for
the maintenance of large tangential velocities.

From Eq. (6), we get

v/v‘ = (r/rl)'l (11)

where vi is the tangential velocity at r = ry- This equation applies reasonably
well except for very small r, where friction becomes important (Deissler and
Pervlmutter, 1960). The important question of when tangential friction cannot be
neglected will be considered in detail in section 5,

Although the vertical temperature gradient d’l‘c/dz is important in the at-
mosphere, i's ei’ect is hard to investigate in the laboratory. Thus, in order to
see if the model considered here can give reasonable correspondence with labora-
tory results, we devised experiments where the buoyancy force was proportional
to TcU - T (orto Peg = P)- For that case, along a streamline (Deissler and

Boldman, 1974),
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o/ry = (2/2)"! (12)

where 2 is the value of z at some inner reference radius ry A plot of Eq. (12)
is shown in Fig. 4, where w;, is 0 and z increases negatively downward. This
plot is not intended to imply that the velocities in a tornado are necessarily down-
ward; the stream lines could just as well be plotted corverging upward, How-
ever, inour experiments the vortex was heavier than the surrounding fluid, and
its motion was downward.

In one experiment (Deissler and Boldman, 1974) the boiloff from liquid
nitrogen, to which a small amount of initial vorticity was added, provided a source
of cool, heavy gas which could accelerate downward to produce a concentration of
vorticity Condensation streamers made the flow visible.

Top and side views of the resulting gravity-driven vortex are shown in Fig. 5.
The predicted stre .mline shown in Fig. 5(a) was calculated from (Deissler and
Boldman, 1974)

(1'/r0)'4 -1

Q= Q”i-—_ (13)
-
(11/1‘0) -1

where the central angle ¢ was set equal to zero at an outer radius o and ¢y
is the value of ¢ at an inner radius . Both the theory and the experiment
show a characteristic hook shape for the streamlines. In the outer portion of
the vortex the flow is nearly radial, whereas in the central portion it becomes
nearly tangential,

It might be mentioned that the vorticity concentration shown in Fig. 5 was not
dependent on having a flat surface immediately above the vortex. However a

hollow cylinder several vortex diameters high and closed at the top was placed

above the vortex to reduce the vertical velocity w, to a low value at the plane
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where the fluid entered the vortex. According to Eq. (10), then, the radial veloc-
ity at that plane was large, and vorticity concentration could take place. Inan
actual tornado a temperature inversion (stable region above the vortex may have
somewhat the same effect (Ward,1956). Similar results we. ¢ obtained when a
plate was placed immediately above the vortex. The plate simulates the ground
it the upward and downwaid directions are reversed, so that the flow is thought
of as being upward.

The side view of the vortex shown in Fig. 5(b) appears to be similar o that
predicted in Fig. 4, at least for the region reasonably near the top. However
to show the vertical development of the vortex somewhat more clearly, and to
investigate the effect of vertical sucar in the environment on the development of
the vortex , we (Boldman and Deissler) devised another experiment, in which a
rotating column of dyed dark corn syrup (specific gravity. 1.3) accelerated down-
ward through horizontally flowing water. In this case the vertical velocity at the
point where the heavy fluid entered the water was restricted to a comparatively
low valua by the friction in a rotating tube through which the fluid flowed before
it entered the water,

Runs were made with and without rotation and with and without water flow.
The results for the four cases are shown in Fig. 6. (In order to show the columns
more clearly, the corn syrup lying on the bottoin has been removed.) The con-
traction of the column as it accelerates downward to produce vorticity concent ra-
tion (in the rotating cases) is clearly seen in this experiment, and is similar to
that predicted in Fig, 4. The results with and without rotation appear to be about
the same (except that the columns in the rotating cases whip around more). This
result might be expected. if the analytical model in this section is applicable,
since Eq. (5) or (7) is independent of rotation, and since the continuity condition
for this case can be written as D“w = constant. Thus the diameter D of the

column at any vertical position should be the same with rotation as without,
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Comparison of the results with and without horizontal water flow (vertical wind
shear) seems to show that the columns with water flow are somewhat smaller than
those without, One might be inclined to expect this intuitively, since he night expect
the vertical shear to cause additional stretching of the column, [f, however, one
modifies Eq. (5) for the case where the column makes an angle ¢ with the ver-

tical, Eq. (5) becomes,

y (,'!- »
“.Q.‘l;_',g TuU_T +._'_"Z cos 0 (14)
dz 07

where w ar  z are in the axial direction, and 7 is in the vertical direction.

But since dZ = dz cos ¢, Eq. (14) becomes

dw oT,
W— = =g lvu-'l'r-—_-kz, (15)
7z 8Z /

which has the same form as the equation for ¢ =0 if w and 7Z are, respectively,
in the axial and vertical directions. Since the continuity condition is still I):!\\' =
constant, the colurmn diameter with and without horizontal water flow should be the
same at a particular vertical position. Therefore any differenc es between the cases
with and without hcrizontal water flow in Fig. 6. if they are real, must be due to
the effects of axial friction. Those effects were neglected in Eq. (15).

Thus, at least for these experiments, and with the possible exception of the
effects of friciion, the model considered in this section seems to be realistic.
For a vortex-to-environment density ratio closer to one than the value of 1.3 in
the experiment. as it probably is for a tornado, the axial drag may be relatively
more important. The effects of drag, as well as several other effects, will be

considered in the next section,
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4. Effects Of Drag, Heat Transfer, And Precipitation-Induced Dewn Drafts

On The Axial Motion
We first estimate the axial drag on the vortex column. The axial turbulent
shear stress on the column (molecular shear stress is negligible away from walls)

is given by

wlul

T, = g w'u' = -pa

, 2
0 (w = U sin 0)

(w= U sin 0)2

= -pali(w - U sin 0)2 sgniw = U sin 0) (16)

where Pa is the air density, w' and u' are turbulent velocity components in the
axial and radial directions, the overbar designates an averaged quantity, ¢ is the
angle of inclination of the column with the vertical, w is the velocity of the col-
umn relative .. stationary point, and U sin ¢ is the component of the hori-
zontal wind velocity along the axis of the column. Thus the axial velocity of the
column relative to the surrounding air is w - U sin ¢. According to experiments

of Liepman and Laufer for a free turbulent mixing layer (Townsand, 1956),

R . lwvu|l

~ 0,01 (17)
(w = LU sin 0)2

The symbol sgn in Eq. (16) means sign of, and is included so that 7, will

0
change sign if w - U sin ¢ changes sign.

If rain drops are present in the column, they also exert a force if they move
relative to the air in the column. The force of the drops acting on unit volume of

air is

7 2 Pl . - :
D-;d ._)(“d-W) Sgn(Wd-“l (1¥)

Fd'=C

where CD is the drag coefficient of the drops in the air, d is the drop diameter,
Wy is the axial velocity of the drops relative to a stationary point, and n is the

number of drops per unit volume.
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If we write an axial force balance on a volume element of fluid of diameter D
(incluaing buoyancy, precipitation, and axial drag forces), where D is the column

diameter at axial position z, we get, in place of Eq. (14),

2 oT | 9 2

dv_ . =208 'l‘cU -T+—L7)cos 0 -L (‘D d” D Nw Wy = “,,2 SEA(W, - W)
’ P
dz 9z 4 “'d(D.w)
0
-—H"-—-'w‘l/2 w-i)-LZslnt) sgn(.\'-ﬂ—?,uln!) (19
B 1/2 l'Z ’ liz
| D"w|

where N is the number ol drops passing through unit cross-sectional area of the
column in unit time and is related to n in Eq. (18) by N= nw . Z is measured
in the vertical direction, z in the axial direction. If drops are conserved, D®N
is constant for steady state. It has been assumed that the vertical wind gradient
is constant, and that U =0 for Z=". Thus U has been replaced by 7 0U/0Z
in the last term in Eq. (19). By continuity, the quantity I)2w in Eq. (19) is a
constant, since for realistic cases the cross sectional area of the drops is small
compared with that of the column.

The first toom on the right side of Ea. (19) gives the effect of buoyancy on the
axial acceleration, the second term gives the effect of rain drops or hail, and the
last term gives the effect of turbulent drag.

In order to get an equation for Wy we write a force balance on a dion. This

gives
fw? C
dw 7] ‘
—9=_2gcos0-32 D8 Wy = w)? SEN(W, = W) (20)
dz 2 d Pd

where Py 18 the density of the drop.

If heat transfer takes place between the column and the surroundings, the
temperature T in the buoyancy term in Eq. (19 will vary with z. The turbulent
heat wransfer q, to the column per unit area can be related to the shear stress

by a form of Reynolds analogy (Deissler, 1959):
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L "pc(Te ity

U |w - (dU/dZ)Z sin 0|

(21)

where Cne is the effective specific heat in the column, and the quantity in the
denominator is again the axial velocity of the column at z relative to the surround-
ing air. (We do not have to evaluate Cpe’ since it drops out of the final equation.)
Writing an energy balance on an elemen* of fluid of diameter D, and using Eqgs.

(16) and (17) for the shear siress in Eq. (21), give

d(T o - T) dT ,
el - 4R T~ T +—2 2 w-3U7Zging 22)
|D w| [w

Before calculations can be made, we still need a relation for 6, the local
angle of the column wich the vertical. In order to obtain such a relation, we
assume that U- u' = constant, where u' is the horizontal velocity of the column

at z, so that du'/dZ = dU/dZ. Using that relation and the relation u' = w sin 0,

we get

dw?0; _ duU 1 dw?

QW o a8l o+ 101 tan o) 23)
dz dZ . 2 dz

from which ¢ can be obtained as 0 = (wzﬂ)/wz. The horizontal and vertical co-

ordinates (X, %) of the column at z are then given by

X - sin 0, 9Z . s o (24)

dz dz

The diameter D of the column at z can be obtained from D2 - (Dzw)/w, where
D‘?‘w is a constant of the motion.

We can now solve the set of ordinary differential Eqs. (19), (20), and (22) to
(24) numerically, if we know the initial conditions and the constants in the equations.
For the initial conditions we set w, LT ’1‘00 - T, w26, X, and Z equal to 0 at

1

z=0. For the constants let § =1/330 K™', g = 9.81 m/sec?, dT /dZ = -0.003 K/m,
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Cpy= 0.4 (for a solid sphere), d = 0.001 m, R=0.01, dU/dZ = 0.003 sec”", and
pa/pd = 0,00086. The potenual temperatures and wind velocities correspond to
average values given by Wills (1969) for tornado environments,

(i 7

Calculated results for Dzw ==10" and -10" are plotted in Figs. 7 and 8.

6 (Hoecker,

For comparison, we note that the Dallas tornado had a I)2w =~ 4x10
1960), According to the results of Wills (1969), the effects of buoyancy and ver-
tical wind shear in tornado-producing environments extend over the vertical dis-
wnces shown, Values of D2N of 108 and lLO9 in Figs. 7(a) and (b), respectively,
with drop size d = 0,001 m, correspond tc violent rain with some hail (Berry

et al,, 1945). However, results calculated for ro rain agreed within a percent

with those in Fig. 7. Thus the effect of rain in producing downdrafts in a tornado
appears to be small compared with the effect of buoyaucy for those values. How-
ever precipitation-induced downdrafts may be important for convecting large-scale
vorticity downward at a slow rate in cases where buoyancy effects are small
(Fugita, 1975). Calculations for no buoyancy but with the precipitation parameters
the same as in Fig. 7 gave air-downdraft velocities of 0.5 m/sec with a drop veloc-
ity of about 7 m/sec at Z = =6,000m. (In order to calculate nonzero velocities from
Eqs. (19) and (20) for this case it was necessary to assume small initial values for
w and Wae) When the drop size was increased an order of magnitude to 0,01 m,

a size which might occur for hail, downdraft velocities approached those for nega-
tive buoyancy (:'ig. 8). Giant hail is in fact observed in connection with tornado
occurrences (Browning, 1965). For this case it was even possible to obtain
downdrafts with small positive buoyancy (dT(_/dz = +0.0003).

The contraction of the column as it is accelera - downward by buoyancy forces
is clearly shown in Fig. 7, and is similar to that in the experiment in Fig. 6. The
relative contraction for a given change in altitude is greater for the larger value
of Dzw because the effects of axial drag and heat transfer are less for the larger

column. As is the case for the drag, the effect of heat transfer is to decrease the
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vertical acceleration. This latter decrease occurs because the buoyancy term in
Eq. (19) is reduced by heat transfer to the column, The vertical wind shear de-
flects the column horizontally as it falls. It appears that the main effect of wind
shear on the axial acceleration of the column is to decrease the axial drag term
(last term in Eq. (19)). In no cases calculated was the effect of wind shear large
enough to reverse the sign of the axial drag term.

Values of axial velocity are plotted against vertical position Z in Vig. 8.
The results extend over a wider range of values of Dzw than those in Fig. 7.
The smallest value of D*w may be appropriate for dust devils as well as for
small tornadoes. The axial velocities decrease as D2w decreases because the
restricting effects of drag and heat transfer are greater for the smaller columns,
as discussed in the last paragraph. The curve for D?w = « is the same as that
for no drag and heat transfer. Comparison of the solid with the dashed curve
for D°w = 4x10% shows that the vertical wind shear iucreases the axial velocity
at a given vertical position. This increase is due to the drag reduction produced
by vertical shear (discussed in the preceding paragraph).

For the largest columns, the vert.cal velocities near the ground (if the
ground is at Z =-8,000m) approach tornadic values on the order of 70 m/sec.
Even higher values would be obtained if the downdraft originated at higher alti-
tudes, if the local potential temperature gradient were negatively greater than

-0,003 (as it may well be), or if giant hail were present in large quantities. Thus

aside from the effect of tangential velocities (to be investigated in the next section),

it appears that buoyancy-induced downdrafts may be large enough to produce sig-
nificant damage. This effect has been discussed by Rossman (1960). He presents
a photograpa by E. L. Van Tassel (U.S. Weather Bureau), shown in Fig. 9, which
gives evidence of severe downdrafts in a tornado which passed thmough Bayard,
Nebraska in 1951. Pieces of 2- by 8-inch boards were driven into the ground a

depth of 18 inches. The ends driven into the ground were square (not splintered).
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Fugita (1975) has also noted evidence of severe downdrafts in tornado environ-
ments. These observi.ions appear to be consistent with the calcuiated results in
Fig. 8 for the larger columns. Thus at least some of the damage produced by
tornadoes appears to be due to downdrafts,

If we neglect the precipitation-drag term and let '1‘00 -=T=0 at z=0 in
Eq. (19), there is nothing in that equatio.n which says that the motion should be
either up or down; the buoyancy force in that case is zeroat z = 0, Actually,
from the observations and analyses of various authors, it appears that the veloci-
ties in some tornadoes (or paris of tornadoes) may be up, whereas in others it
may be down (Rossman, 1960; Fugita, 1973, 1975, Davies-Jones et al., 1975,
and Golden, 1975). Since Fig. 7 was for downflow, an upflow case (D2w = -1»-106)
is plotted in Fig. 10. Most of the discussion for Fig. 7 applies also to this case.

As pointed out by Eskridge and Das (1976), and by Deissler and Boldman
(1974) . one difficulty with models which consider only updrafts is that the tornado
would be expected to form before the rotating cloud forms, whereas the opposite
is observed. As will be seen, there are probably regions of both updrafts and
downdrafts in tornadoes.

5. Maintenance Of The Tangential Velocity

Except for a frictionless vortex model, the tangential velocity has not yet
been considered. The effect of turbulent friction is important, in that it determines
the maximum tangential velocity which can occur in a vortex; the maximum tangen-
tial velocity is often used as an indication of the violence of a tornado. Obviously

the frictionless relation v « r 1

cannot apply all the way to the vortex center.
In order to investigate the tangential velocity, we use Burgers' (1948) model
for a steady-state viscous vortex, as modified for a turbulent viscosity by Deissler

and Perlmutter (1960). The modified equation for the tangential velocity is
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r 3
1 - oxpEo/voi rg/(uzrﬁﬂ
1 - exp Exulvoj/xﬂ
~ J

where Uy and vy are respectively the radial and tangential velocities at an

(25)

—

o l"
1
= |c’
N

outer vortex radius To and « is the Kdrmdn constant. For most of the cases
considered here, the flow is radially inward (ug is negative). By continuity,
when a radial flow is present there must also be an axial flow. In deriving

Eq. (25), we let w vary with z only (w « 2z), and u/u0 B r/ru. These relations
(including Eq. (25)) satisfy the equatiops of motion and continuity. The outer vor-
tex radius r, can be considered as the radius where w in an actual vortex be-
gins to fall off rapidly with increasing r. ""he molecular kinematic viscesity

was replaced by a turbulent viscosity ¢, and ¢ was obtained from a modified

form of von Kdrmédn's similarity hypothesis as (Deissler and Perlmutter, 1960)
2 :
€ =K v010/2 (26)

where v was taken proportional to 1"1, as it is for the outer portion of the vor-
tex. The constant value for ¢ given by Eq. (26) was assumed to apply to the
whole vortex, since the turbulence (at least for most of the cases of interest) is
convected from the outer regions to the center of the vortex by the radial inflow.
Strictly speaking, Eq. (25) applies only to the case where u and v are inde-
pendent of z. However, outside of the regions of steep gradients in a boundary
laver, Eq. (25) should be sufficiently accurate for the purposes for which it is
used here. In Deissler and Perlmutter it was found that for confined vortex
flows, the Kdrmdn constant « =~ 0.3, That value of k¥ was also found to be

reasonable for the experiments of Wan and Chang (1972) for a tornado-like
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vortex in the region above the surface boundary layer. Thus the value of k= 0,3

is retained here.

A plot of Eq. (25) is given in Fig. 11. In the outer region of the vortex, v« 1

1

whereas for small r, v r. As -u, increases, the region for v« r ° extends

0

to smaller r, so that the maximum tangential velocity increases (for a given vo).

Thus for large tangential velocities, large radial inflows are required. For a com-

parison a case where the radial flow is outward (uo/'vo-l) is also shown. The tan-

gential velecities are small except at large radii. This kind of velocity distribution

may occur in rotating clouds, where the flow may be outward (Hsu and Fattahi, 1975).
We want to relate the maximum tangential velocity Vo to the radial-inflow

velocity u_  at the same point. To that end set dv/dr from Eq. (25) equal to

m
zero. Then let g =, ry/ Ty Since (according to our model) u varies linearly

with r. andlet r= Vo s the radius at which v is a maximum. This gives

/ / e
y U VI u_ v_.1
| ot it BB pyn 1 m mmr_lgu
= - i
k> Ym Yo%/ k“ Ym Yo'o,
» v 25 » et . = . .
Equation (25) becomes, for r =1 and ug umlU/'m'

|2
1 - exp (1/k )(vmrm/vuru)(um/vm]

v r
m m _ -

v,r | @
Y 1 exp tl/K“)(vmrm/vUrU) (um/vml(ro/:'m)g[

—_ f—

For large 1'0/ r, (8reater than about 2.5, which will occurif v« r~}

near rg) these two equations give, with k = 0.3,
r . r 1. = ( 2
\.mlm/\ulo 0.72

and
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um/vm = =0,155 27

This remarkably simple relation allows us to estimate the radial-inflow velocity
required to maintain a given maximum tangential velocity. Thus Y for the
Dallas tornado is given by Hoecker (1960) as about 70 m/sec at a radius T of
about 70 m. These values, or values slightly higher. probably apply also to the
Cleveland tornado (Lewis and Perkins, 1953). Thus from Eq. (27) U, = -10.8
m/sec.

We now ask whether a buoyancy-induced sink is large enough to produce this
required va'ue of radial inflow velocity. For no axial friction and no heat trans-

fer to the column (these factors would tend to decrease um). and for T =T =10

el
at z= 0, and Wo = 0 (or for large 2z). Eq. (9 gives, for Will's tornado-
environment data and for the Dallas tornado, u = 0.33 m/sec. This is smaller
than the above value of U required to produce the observed t:ngential velocity
by a factor of about 33. Thus it appears that buoyancy effects far from any re-
striction of vertical-flow velocity (large z) are much too small to sustain the
tangential velocities observed in typical tornadoes. According to Eqs. (9) and (27)
the potential temperature gradient would have to be about (33)2 times as great as
the average value observed for tornado occurrences. However for very large
vortices, with - on the order of a mile or more (large for a tornado), Eqs.
(9) and (27) show that tangential velocities of tornadic magnitude might be main-
tained by buoyancy forces in regions away from vertical-flow restrictions.

One possibility we should investigate is that the large tangential velocities
in tornadoes may be produced transiently, say by random turbulence effects.
(In a random distribution some eddies will be very strong.) In that case we can

estimate the order of magnitude of the decay time Ly (with small radial flow)

from the unsteady equation for the tangential velocity (Goldstein, 1938) as

2
v Ym 'm k.  'm
at  ty 2 g mm o
]m lm
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or

(28)

2
th——
d o

K

= |z

where the kinematic viscosity was replaced by a turbulent viscosity ¢ given by
Eq. (26). For the Dallas tornado ki~ 20 sec. a time which, although longer than
that obtained earlier by simply considering the vortex as a turbulent eddy, is still
too short for a tornado. (Average tornado lifetime is about 13 minutes (Eskridge
and Das, 1976).)

Thus it appears that the tangential velocity in tornadoes must be maintained
by radial-inflow velocities on the order of those given by Eq. (27). But the val-
ues given by Eq. (9) for regions away from vertical-flow restrictions, are much
too small. Equation (10) shows, however, that for regions where w, is small,
as above a surface (for upflow), or beneath a stable inversion (for downflow),

u canbe large if T _, - T is nonzeroat z=0. Thus we let w, =0 and

0
TeO =T=0, -2and-4K, and r= o 70 m in Eq. (8).

The resulting curves for u, are plotted against z in Fig. 12. The large
effect of TeO =T near z =0 is evident. At leasi for a few meters above the
surface (or beneath an inversion), the values of up, are of the right order of
magnitude to maintain the tangential velocities observed in tornadoes, according
to Eq. (27). Thus a vortex potential temperature which is a few degrees different
from the surroundings in a region where the vertical velocities are restrictod to
low values appears to be necessary for maintaining the vortex by buoyancy forces.
Conditions particularly favorable for this type of vortex maintenance should occur
for fire whirls (and possibly for dust devils) where high local surface tempera-

tures are prevalent (high Tel) -T Of course, in those cases, the smallness

Y
0
of r in Eq. (8) would tend to work against maintenance by buoyancy.

This section has emphasized the tangential velocity (maintained by the radial

inflow) as the destructive element in tornadoes. According to Eq. (27) the radial
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velocity is only about 15 percent of the tangential velocity at the radius where the
tangential velocity is a maximum. However, the ratio uo/vm = luo/vo)(vu/vm)
varies from 0.5 to 1.3 for the vaiues of uo/\'0 in Fig. 11. Thus the radial velocity
in the outer part of the vortex can be of the same ovder of magnitude as the maxi-
mum tangential velocity. This appears to be the case for the experiment in
Fig. 5a, where the streamlines are nearly radial in the outer part of the vortex.

According to Eq. (8). u becomes infinitely large at a surface where z = 0,
Wo = 0, and 'l‘cU -~ T# 0. In reality, of course, u decreases in a thin boundary
layer above the ground and goes to zero at the ground. The important subject of
the surface boundary layer will be considered in the next section. As will be
seen, the surface boundary layer can have a large effect on the radial inflow, even
when buoyancy effects near the surface are small.

6. The Surface Boundary Layer

The surface boundary layer below a vortex has been studied analytically by
Kuo (1971), Lewellen (1962), and others; and experimentally by, for instance,
Chang (1969), Wan and Chang (1972), and Savino and Keshock (1965). According
to the physical picture usually given, the centrifugal force produced by the ro-
tating flow is in approximate equilibrium with the radial pressure gradient in the
region above the boundary layer. Within the boundary layer the centrifugal force
is reduced because v is smaller there. If the pressure is approximately con-
stant across the boundary layer, so that the radial pressure gradient does not
change appreciably, there will be a net inward force in the boundary layer which
tends to produce large radial inflows there These radial inflows (given by Eq.
(7)) may be large enough to maintain the tangential velocities observed in tor-
nadoes. 'The intensification of the vortex by the presence of the boundary layer
has been shown by Hsu and Tattahi (1975, who ran experiments both with and with-
out a ground plate (no buoyancy). Waterspouts, which travel over water, may not

be as violent as tornadoes, which travel over land, because the tangential velocity
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probably does not go to zero at the surface of the water, as it does at a land
surface.

After the fluid leaves the boundary layer vertically, it will continue upward
if the local buoyancy force is large enough (see preceding section). Otherwise
at least part of it will tend to recirculate, as in the experiments of Wan and
Chang (1972) (Fig. 13). It is of interest that in those experiments the airflow
in the outer part of the vortex was downward, even though the air entered the
apparatus radially from a location below the ground plate and exhausted through
the ceiling. This recirculation will no doubt take place in a tornado unless the
potential temperature in the vortex at the ground is several degrees higher than
that in the surroundings, as in Fig. 12. There is some evidence that air
descends from a rotating parent cloud at large radii (as a collar cloud) and then
travels radially inward in the surface boundary layer (e.g., the Xenia tornado
(Fugita, 1975)). Eskridge and Das (1976) have indicatated that precipitation-
induced downdrafts surrounding tornadoes may be warm. In that case the air at
the surface which enters the tornado updraft may have a potential temperature
several degrees higher than that of the surroundings, so that according to Fig. 12
and Eq. (8), radial inflows sufficiently large to produce tangertial velocities of
tornadic magnitude (Eq. (27)) may be produced by buoyancy forces. Although
this is an appealing suggestion, its occurrence will depend on the presence of posi-
tive buoyancy, and on precipitation drops of sufficient size and density to bring
down the warm air. A sample calculation using Eqs. (19) to (24) showed that with
the conditions for the precipitation case in Fig. 8 (dot-dashed curve), but with
positive buoyancy (dT/dZ = +0.0003), air which descended 8, 000 m to a surface
because of falling precipitation was about 1.3 K warmer than the surroundings
at the surface. Its downdraft velocity near the surface was about 40 m/sec. If,
on the other hand, the air descending at large radii is cool, it will have to be

pushed up mechanically at smaller radii.
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In cases where the buoyancy forces are small, what is the source of energy
for the tornado? Apparently it is the rotating parent cloud above the vortex,
Thus the rotating cloud centrifuges air outward which then descends, swirling
at large radii. At the surface at least part of the air becomes trapped in the
boundary layer, where it spirals inward, and then upward, to form the vortex
(Fugita, 1975; "‘wu and Fattahi, 1975, Hsu, 1973, and Szillinsky and Wipperman,
1969). (This is somewhat similar to the stirrved teacup effect.) Experimental
flow patterns obtained b3 Hsu and Fattahi (1975) for a rotating honeycomb above
a surface are shown in Fig. 14. Note that the vortex produced at the surface is
off-center; it follows a circular path around the centerline of the apparatus.

There is also recent evidence (e.g., the Xenia tornado (Fugita, 1975)) that
considerable damage is done by small, intense short lived vortices, called suc-
tion vortices, which drop to the ground from the larjer vortex. The surface
layer probably also has an important effect on the dynamics of these smaller
vortices,

Next we estimate the thickness & of the friction layer where u goes from
zero at the ground to its maximum value. Above that point u again decreases,
Calculated values for &, using tangential velocities and radii for tornadoes,
should at least show whether such conditions are Jikely to occur for 2 boundary
layer.

The equation for the boundary layer for the radial flow is

2

‘ r V . N
WS pdu__b_ 18,19 (29
or oz r p or pr oz

where p is the pressure, 7 is the shear stress, and Vv, isa value of v in the

friction layer. At some distance outside the friction layer for u the centrifugal

force term will be in approximate equilibrium with the pie ssure-gradient term, or
2

y_ _19p (30)
r paor
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An assumption generally made in analyses of vortex boundary layers is that the
pressure is constant from the wall to the distance where Eq. (30) applies. We will
retain that assumption, although the data of Wan and Chang (1972) indicate that it
is only approximately constant, Also, the thickness of the friction layer where u
goes [rom zero to its maximum value is small compared with the thickness of the
boundary layer for v (Wan and Chong, 1972), so that V), << u in Eq. (29. Equa-
tion (29) becomes, with Eq. (30),

q ! 2
u!.’_u4w.‘.’_“=_!_+_l..m (31)
or oz r pr o0z

where v is measured outside the boundary layer, where Eq. (30) apnlies. The
first term on the right side of Eq. (31) accelerntes the fluid radially inward in the

friction layer. In the remainder of the analysis we consider quantities at s
the radius where v outside the boundary layer is a maximum, Vm' At that

radius ou/or = um/ r Moreover w varies linearly with z for small z.

_
Also, since the boundary layer is turbulent, the velocity u parallel to the sur-
1/7

face can be approximated by -u « z By int roducing these approximations

into Eq. (31) and integrating from the wall to z = ‘5m' where -u is a maximum and

T=0, we get

O \'2 T
luz _ﬁ+lu w =-.._“.1(5 N (32)
9 M, g @ W Wl )

m m f

where 7, the shear stress at the wall, can be approximated by the Blassius

w

relation

T 1/4

2= 0,0228 o [—L— (33
P Mlen 8

m n

where v is the kinematic viscosity. By performing the same operations on thy

continuity Eq. (1), we get
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From Eqs. (32) to (34) we have
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The ratio -umf'\ in Eq. (35) is measrred at z = 6 whereas that in Eq. (27)

m m’
is measured near the edge of the boundary layer for v. Since the value of 't'm
calculated from Eq. (35) is somewhat insensitive to um/\'m. it should be suffi-
ciently accurate [or our purpose to use the value from Eq. (27). Setting
- v_ = 0,135 gives
um/ - 156 g
f / \}l

0 o * 0.11 \a'r /\-'m

/5
(:16)

3-5-

Note that the surface boundary layer is the anly part of a tornado where the
kKinematic viscosity » is not negligible compared with the turbulent viscosity .
For Case 2 in Wan and Chang's (1972) experiment (Case 2 has features simi-
lar to those of a tornado). their Table 1 gives X 0.076 m and Vi = 19.8
m/sec., With » =1, 5= 10-5 mzf‘m'c. Eq. /"6) gives 6 m/rm = U.Ul}. a value that
appears consistent with results in Wan and Chang's Fig. 12. Similarly for the
Dallas tornado, where Fon ™ 70 m and Vi = 70 m/sec  (Hoecker. 1960) we get
e @ 0.16 m. This value, although small compared with the other lengths in the
tornado is, according to Eq. (36), large enough to maintain the tangential velocity
by radial inflow. Although -u quickly reaches a maximum as 2z increascs to
[ its decrease with further increases of z is, according to the experiment of
Wan and Chang. much more gradual. Thus, the radial velocities in the boundary
layer should be high enough to maintrin targential velocities of tornadic magni-
tude for some distancc above the glt)l;n(l. Equation (33) is for a smooth surface.

For a rough terrain 5 o ¥ ould be larger than the value given by Eq. (36)
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7. Simmary And Conclusions

Although we have not been able to obtain a singie model applicable to al! torna-
does it may be that there is, in fact, no unique mechanism for all tornadoes. We
have pointed out probable ways the strong vortices may originate and persist, as
well as how they may be structured. These suggestions were supported, as much
as possible, by calculations and observations.

Random vortices were shown to grow with time in an atmosphere with buoyant
instability and vertical wind shear. Thus if those conditions persist long enough,
the occurrence of streng atmospheric vortices becomes highly probable. The
analysis showed that strong radial inflows must occur in the vortices, if their high
tangential velocities are t» be maintained for a reasonable length of time.

A relation between the maximum tangential velocity in a tornado and the
radial-inflow velocity at the same radius (Eq. (27)) was obtained from a turbulent-
vortex model. The radial velocity wus found to be rough's 15 percent of the tan-
gential velocity at the radius where the tangential velocity {s a maximum, It was
shown that tangential velocities of tornadic magnitude could be maintained by
buoyancy-induced radial inflows. However, it would be necessary for the potential
temperaiure in the vortex to differ from that of the surroundings by several de-
grees at a point where the vertical velocity is small or zero (at the ground surface
or below a stable inversion). Buoyancy effects in regions away from surfaces or
stable layers were too small to maintain large tangential velocities, except for
vevry large vortices with radii for the maximum tangential velocity or the order of
a mile or more (large for ¢ ‘.vaudo).

If buoyancy effects are small, the boundary layer next to the ground (where
centri fugal effect- are reduced) must be relied on to allow the large radial inflo.s
required to maintain the vortex. The thickness of the friction layer where the
radial velocity goes from zero to a maximum as height increases, was found to be
extremely thin ‘less than a meter) for a smooth surface. For a rough terrain the

thickness would be greater.
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A physical picture which seems to emerge, and which may be applicable to
many tornadoes is the following: A large vortex or rotating cloud (turbulent eddy)
is produced, possibly by the effects of buoyancy and vertical shear, as discussed
in section 2, The rotation of the parent cloud tends to centrifuge air in the out-
ward direction. The rotating air then descends at large radii vecause of the
vertical circulation pattern set up by the rotating cloud. This descent may be
aided by negative Luoyancy effects and precipitation, if the potential tempe ature
at the cloud is lower than that at the surface. If, on the other hand, the potential
temperature at the cloud is higher than that at the ground, buoyancy will tend io
retard the descent at large ras | but the air may still des cend because of | re-
cipitation and the natural vertical circulation pattern set up by the rotating cloud.

As the rotating air reaches the ground, at least part of it will be trapped in
the surface boundary layer and will flow inward at high radial velocities (high
enough to produce tangential velocities of tornadic magnitude). This radial in-
flow is caused by the reduced centrifugal force in the boundary layer and, if the
air is warmer thon the surroundngs (if it came from a varm cloud), will be
aided by the buoyancy sink produced by rising air at small radii. If, on the other
hand, the air is cooler than the surroundings. the radial inflow will be hindered.
The air will flow upwa>d at small radii because of the natural circulation pattern
set up by the rotating cloud and, if the air is warm, because of buoyancy torces.
Of course if the air is cool, its upward flow will be hindered. As the air reaches
the cloud level, the cycle may be repeated. The tornado would be expected to last
as long as the rotation of the cloud continues to be sufficiently large and/or buoy-
ancy and precipitation forces continue to be effective.

According to this model a tornado mignt be produced regardless of which way
the buoyancy forces act. The essential ingredient seems to be the rotation of the
cloud. Precipitation at large radii should also have a positive effect regardless
of the direction of buoyancy forces. The small intense suction vortices chserved

in tornadoes may also have essentially the mechanism outlined here.
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Although much of the da' age done by tornadoes is probably caused by their
high tangential velocities, calculations and observations show that downdraft veloci-
ties 1n negatively buoyant columns can reach tornadic magnitudes. The analytical
model, whichwas supported by laboratory experiments, took into account the
effects of buoyancy, axial drag, heat transfer, and precipitation flow. Both axial
drag and heat transfer tended to reduce the downdraft and updraft velocities
significantly. (They had stabilizing effects,) When buoyancy was present, pre-
cipitation had a comparatively negligible effect when values of drop flux and size
for violent rain were used. However when buoyancy effects were absent, the pre-
cipitation caused the column to still descend at a low velocity. When drop s.zes
an order of magnitude higher were used (1 ¢m), as might occur for hail, the down-
draft velocities produced by precipitation flow approach those produced by buoy-
ancy.

Tne results also showed that radial-inflow velocities in the outer part of a
vortex may be comparable to the maximum tangential velocities. Although the
radial inflows and downdrafts in a tornado may cause considerable destruction,
tuo destruction associated with the tangential velocities may be still greater, be-
cause of the low central pressuves which accompany the tangential velocities.
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(@ Column not rotating, No horizontal water flow, (bl Column not rotating, Water flowing horizontally (25,4 cm-sec™)),

(c) Column rotating (tube above column rotating (d) Column rotating (tube above column rotating at 2,3 rps). Water flowing hori-
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Figure 6. = Photographs showing downward acceleration of a column of heavy liquid (specific aravity = 1.3 in water.
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cipitation, Other quantities same as in figure 7.
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Figure 12 - Variation of radial-inflow velocity up, (at
Tm. Where v is @ maximum) with vertical height and
temperature difference at z « 0, as calculated from
Eq. (8. wg=0, dT dz~ -0.003 rp, ~70m
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Figure 11 - Variation of tangential velocity with radius and
radial velocity, Subscripts 0 indicate values at an outer
reference radius rp
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Figure 13 - Plot showing recirculation currents in experi-
ment of Wan and Chang (1972 (case 2). r, is radius
where tangential velocity is a maximum,




CENTERLINE
{

RN,
\\\\‘ ///-\::‘//,/47‘/;1
W W /ﬁ

/1"'1

-

~
-
Ay
—

- -
- e

SURFACE “-

Figure 14, - Experimental flow patterns
obtained by Hsu and Fattahi (1975 for

a rotating honeycomb above @ surface.

NASA-Lew s

€137-3



	GeneralDisclaimer.pdf
	0001A02.pdf
	0001A03.pdf
	0001A04.pdf
	0001A04_.pdf
	0001A05.pdf
	0001A05_.pdf
	0001A06.pdf
	0001A07.pdf
	0001A08.pdf
	0001A09.pdf
	0001A10.pdf
	0001A11.pdf
	0001A12.pdf
	0001A13.pdf
	0001A14.pdf
	0001B01.pdf
	0001B02.pdf
	0001B03.pdf
	0001B04.pdf
	0001B05.pdf
	0001B06.pdf
	0001B07.pdf
	0001B08.pdf
	0001B09.pdf
	0001B10.pdf
	0001B11.pdf
	0001B12.pdf
	0001B13.pdf
	0001B14.pdf
	0001C01.pdf
	0001C02.pdf
	0001C03.pdf
	0001C04.pdf
	0001C05.pdf
	0001C06.pdf
	0001C07.pdf
	0001C08.pdf
	0001C09.pdf
	0001C10.pdf
	0001C11.pdf
	0001C12.pdf

