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ABSTRACT

A vortex generator is used to simulate tornado flows
in the laboratory. Geometric and dynamic similitude are
maintained to insure that the laboratory flow models the en-
vironment of natural tornadoes. The very small pressure
drops are measured with a sensitive pressure transducer
while the mean flow and the turbulent fluétuations are meas-
ured with a hot film anemometer. The influence of a rough
surface on the vortex core and the multiple vortex transition
phenomenon are also investigated.

The results indicate that the core radius over a given
surface is determined predominantly by the swirl ratio param-
eter. When a lower rough surface is placed in the apparatus
the core radius decreases significantly and the intensity of
the turbulence increases. The increased drag also delays
multiple vortex transition, requiring progressively higher
swirl to initiate the process. The pressure profiles show
that for a single vortex the central pressure decreases with
increasing swirl ratio until multiple vortex transition. At
that point a further increase in ambient swirl results in a
central pressure increase with the pressure minimum shifting
off the axis. The portion of the radial pressure gradient
that drives the tangential flow also depends on the swirl
ratio. It turns out that a higher tangential velocity at
the core can be obtained with a higher swirl ratio for a

given central pressure drop. This fact agrees with the

iii



observation that multiple vortex tornadoes cause greater dam-
age along their path than single cores. Measurements of the
Reynolds stresses show that the eddies usually exﬁract ener-
gy from the mean flow. However, in regions where the circula-
tion profile shows peculiar increases toward the axis, the

eddies appear to be adding momentum to the mean flow.

iv.
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DYNAMIC BEHAVIOR OF SINGLE AND MULTIPLE VORTEX TORNADOES

INFERRED FROM LABORATORY SIMULATION

CHAPTER I
INTRODUCTION

Tornadoes are one of nature's most violent yet tran-
sient forces, taking about 113 lives annually and producing
about 75 million dollars worth of damage (Davies-Jones and
Kessler, 1974). Tornadoes represent the end result of how
the atmosphere's dynamics can act to concentrate its energy
and momentum locally for a short period of time. Although
twisters have occurred all over the world, the United States
leads the way in the frequency of tornadoes per unit area.
In particular, the greatest threat lies in the Central
Plains, probably because of its unique geography and the
fact that its mid-latitude position lies in a favorable
springtime storm track. While most of the tornadoes occur
during the spring and early summer months when the air is
often in its most unstable state, tornadoes have occurred
during every month of the calendar. It is interesting to
note that while the number of tornado sightings has increas-

ed over recent years the number of fatalities has diminished.
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This can probably be attributed to the use of modern radars
and more sophisticated spotter networks. Earlier warning
and improved communication are responsible for reducing the
annual death toll.

Operational meteorologists take two approaches to
alerting the public of a possible tornado threat. One of
these is by forecasting their occurrence. This involves
analyzing the large scale meteorological parameters and de-
termining whether the conditions are right for tornadogene-
sis. Although there are several parameters to look for,
such as the air's instability and the vertical wind shear,
‘the current technique for predicting tornadoes requires lit-
- tle knowledge of the formation process. Most of the impor-
tant forecasting parameters have been taken from past expe-
rience (Miller, 1972). The significant tornado producing
weather patterns involve a scale many times larger than the
actual tornado scale (or microscale). It is therefore be-
lieved that the large scale pattern plays an important role
in reinforcing the smaller scale atmospheric structures es-
"sential to tornadogenesis. ZKaplan and Paine (1977) have re-
cently demonstrated how this process might take place.
Using a primitive equation model they demonstrated how the
large scale flow .can reinforce the potential instability of
the smaller scales. The terms which dominate thus depend
on the particular scale of interest. Only if this link be-

tween scales exists can we hope to be able to accurately



forecast tornadoes with the sparse data base currently avail-
able. |

Once the possibility of tornadoes has been established
the forecaster's next task lies in the area of detection. Of
the many thunderstorms that occur in the United States, only
a few become severe (e.g., produce high winds and large hail)
and fewer still generate tornadoes. The use of weather ra-
dar has greatly improved tornado detection. Conventional
radar cannot replace the storm spotter for verifying torna-
does because it cannot actually resolve that scale. Further-
more, echo-producing material may not be present in the im-
mediate vicinity. However, if the precipitation begins to
- wrap around the larger scale flow, i.e., the mesocyclone, a
hook echo may appear on the radar screen which for many me-
teorologists justifies announcing a tornado warning in the
threat area. Just recently it is believed that the actual
tornado scale has been resolved crudely by Doppler radar.
(Brown and Lemon, 1976). The tornado vortex signature (or
TVS) is detected as two adjacent volumes of air traveling
in opposing directions at a high rate of speed (in the
storm's reference frame). Observations show that the TVS is
usually first apparent in the mid-levels of the storm and
then spreads upward and downward in time. The fact that it
has height and time continuity and is highly correlated with
surface observations and damage supports the contention that

the vortex itself is being resolved. Although presently the



Doppler radar is used primarily as a research tool, the ca-
pability of detecting the actual funnel aloft some 30 min-
utes before it propagates to the surface makes it'an attrac-
tive aid to the operational forecaster.

The Nuclear Regulatory Commission has become interest-
ed not only in the geographic distribution of tornado fre-
quency but also in the maximum wind speeds to be expected
from tornadoes. With the anticipated increase in the num-
ber of nuclear power stations there is concern as to how
strong these structures must be in order to survive torna-
does. Significant damage could result not only in radiation
leaks but some of the radiocactive material might also be
carried up into the storm and be dispersed across a community
downwind. A review of some of the techniques used in esti-
mating the maximum velocity is given by Davies~Jones and
Ressler (1974). 1In most cases it appears that tornadic winds
rarely exceed 112 m s-l, although the Atomic Energy Cém—
mission has used 161 m s-l as its design criterion. With
this in mind Jankov et al. (1976) propelled test projectiles
such as pipes and utility poles into concrete walls to deter-
mine what strength would be necessary to insure that tornado-
generated missiles would not consititute a threat to a build-
ing housing a nuclear reactor. For most cases they found
that reinforced concrete 60 cm thick appears to be quite

adequate.



All resegrch efforts can be categorized by four dif-
ferent approaches; namely, analytical, numerical, observa-
tional, and experimental. The analytical approach involves
obtaining explicit solutions of the equations which are be-
lieved to govern the flow. More precisely, these solutions
come from a simplified set of equations, since a general so-
lution to the governing equations lies outside the reach of
contemporary mathematics. Typically, the Navier-Stokes mo-
mentum equations are used along with the continuity equation
and a thermodynamic energy equation. A perturbation approach
is commonly used which alters the equation to describe a mean
flow with turbulent stresses. It is difficult to analytical-
ly determine these stresses in a straightforward manner. To
simplify matters, the eddy processes are compared to molecu-
lar diffusion resulting in a series of terms involving the
Laplacian of the mean flow and an effective eddy viscosity.
Since this value is believed to be several orders of magni-
tude larger than the laminar value the effects of molecular
diffusion can be ignored altogether. To further simplify
the equations for analytical purposes, the eddy viscosity is
often assumed to be a constant. A similar approach is used
for the turbulent diffusion of scalar quantities. The as-
sumptions necessary seem to be particularly suspect when
there exists more than one length or time scale to the flow
(Tennekes and Lumley, 1974) as is the case for tornadic

flows. It is clear that the eddy diffusion process must



certainly be important in modifying the flow significantly.
Not only is it uncertain what the magnitude of the eddy vis-
cosity might be (since it is a property of the flow and not
the fluid) but it is unlikely that it is the same through-
out the tornado flow field. It has been suggested (Lilly,
1969) that it may even be negative in some regions, meaning
that the turbulent fluxes act to accelerate the mean flow
locally. Aside from the simplifications used in modeling
the effects of turbulence, some other common assumptions
are: symmetry about the vertical axis, a steady flow field,
adiabatic motion, and an incompressible atmosphere (or one
in which density changes are important only in the buoyancy
. term, as in the Boussinesq approximation). Scale analysis
justifies many of these assumptions.

Although the analytical models certainly give an in-
sight into the flow behavior, not one is entirely satisfy-
ing, either because the boundary conditions are unreasonable
or because the indicated solutions contradict some of the
observations. For example, in the solutions of Burgers
(1948) and Rott (1958) the radial inflow is the greatest in
regions farthest from the tornado and the updraft is the
strongest at extreme heights. Also, the updraft is indepen-
dent of radius, and the core size is independent of the am-~
bient circulation. Sullivan's (1959) solution, which pos-
sesses some similarity to Kuo's (1966) solution, offers some

improvement since his vertical velocity has a realistic



dependence upon radius, although it still increases linearly
with height. However, his radial velocity also shows the
largest inflow at large radius and is independent'of height.
Several other theoretical models are discussed in a review
paper by Lewellen (1976) who concludes that, while no model
completely describes a tornado, many are at least qualita-
tively accurate in certain regions of the flow.

When analytical solutions to the governing equations
cannot be obtained, numerical integration has been used.
One then has the flexibility to vary the experiment such as
by changing the boundary conditions, the fluid viscosity, or
density. Schlesinger (1977) numerically modeled the growth
.0f a thunderstorm in an environment with directional wind
shear. The model simulated many features that have been ob-
sexrved in nature, such as a tilting updraft and storm split-
ting into two oppositely rotating cells. Of course, few
thunderstorms split, which leads one to ponder whether this
behavior is an ever present result of his particular model
or if it is dependent upon a strongly sheared wind field in
the initial conditions. Davies-Jdones and Vickers (1971)
have succeeded in modeling vortex formation using the
Boussinesq set of equations and a constant eddy viscosity.
As they changed their lower boundary condition from no slip
to free slip, the amplification of the tangential velocity
increased, and the radius and height of the velocity maximum

decreased. The time of maximum vortex intensity did not



change significantly during this process. Wilkins et al.
(1971) numerically simulated vortex formation by the release
of successive thermals. They found that the vertical veloc-
ity of the thermal was suppressed by an ambient rotation
field. 1In a later experiment Wilkins et al. (1974) added a
friction layer to the numerical model and demonstrated how
the enhanced convergence increased the vertical velocity in
agreement with their laboratory observations.

One drawback for numerically modeling natural flows
is that the appropriate boundary conditions are not obvious,
although they are very important. In fact, it has been sug-
gested that choosing the boundary conditions is equivalent
. to guessing much of the solution by solving for the interior
flow that matches the boundary values. To sidestep this
problem some investigators have chosen to numerically simu-
late laboratory models whose solid walls dictate more obvious
boundary conditions. Harlow and Stein (1974) used the Navier-
Stokes equations .to model Ward's (1972) tornado simulator.
They reproduced many of the features observed in the appara-
tus, such as a downward flow along the vortex axis and core
expansion with increasing swirl. However, . actual quantita-
tive agreement is lacking. Rotunno (1977) also modeled the
Ward simulator. His scheme used different boundary conditions
from those of Harlow and Stein. In particular, he had the
azimuthal vorticity equal to zero at the updraft radius in-

stead of the vertical velocity equal to zero there. His



core radii cor;espond very well to those observed by Ward.
He also obtained flows which he interpreted as vortex break-
down. In addition his calculations showed that the core ra-
dius is mainly a function of the swirl ratio and is largely
independent of the Reynolds number for high Reynolds numbers.
Both these features are present in Ward's (1972) model.
Numerical models are certainly not without drawbacks.
The importance of selecting suitable boundary conditions has
been mentioned. In addition, it is a little discomforting
to know that the numerical solution 1is somewhat dependent
upon the finite difference scheme used. Some schemes selec-
tively filter or damp waves at particular frequenéies. Oth-
ers may have higher order truncation error or may artificial-
ly simulate viscosity by smoothing the solution. As with
analytical models, simulating the effects of turbulence is
difficult and largely uncertain. Some use has been made of
higher order closure models to preéict the behavior of the
Reynolds stresses, but this still involves some questionable
assumptions at some point in the development. Finally, a |
more general drawback to numerical models is that even though
they may produce what seems to be a tornadic flow, the num-
bers they grind out may not necessarily increase our under-
standing of the processes taking place. Only by scrutiniz-
ing the model to determine which terms are important in a
given place and at a given stage of tornadogenesis can some

useful information be obtained. Some models have been
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considered successful because they exhibit some behavior
that is observed in nature such as storm motion to the right
of the mean wind vector, or tornadogenesis, or storm split-
ting. However, these events do not occur invariably, even
in very significant storms. This suggests that perhaps
there is a stage in storm development when the presence or
absence of some process or phenomenon (possibly somewhat
random in its occurrence) is crucial in determining the
storm'’s behavior during the remainder of its lifetime. Un-~
til these problems are overcome, numerical models may con-
tinue to simulate some particular storm traits, but will be
lacking in detail.

The observational appfoach_to tornado research has
received much attention over the years, and justifiably so.
The information from this approach must serve as a basis of
comparison with all others. Only by this method can one wit-
ness tornado formation, maturity, and dissipation without
truncation error or the enforcement of some simplifying as-
sumptions. The priﬁe difficulty, of course, is being in the
right place at the right time. Because tornadoes are rather
rare and short-lived, much of their useful photography is
done by laymen. Some of the popularity in obtaining photo-
graphic evidence of tornado behavior comes from the success
of Hoecker's (1960, 1961) photogrammetric analysis of the
Dallas tornado of 1957. His research verified many of the

existing ideas of tornado dynamics and provided the impetus
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for the further refinement of others. An organized attempt
to intercept and photograph tornadoes (Golden and Morgan,
1972) has been successful in providing observational infor-
mation. A result of such an effort was the documentation
of the Union City tornado's lifespan (Brown, 1976). This
tornado study is perhaps the most thorough to date because
not only was the storm photographed but simultaneous Doppler
radar data were taken and correlated with the physical phe-
nomenon. This information can then be used in reverse to
interpret radar images as physical characteristics of the
thunderstorm. The tornado intercept idea not only advances
storm analysis but also improves forecasting skills because
. early prediction of the areas of high tornado probability
plays a decisive role in the success of the program. Using
photogrammetric analysis of the Great Bend tornado of 1974,
Golden and Purcell (1977) have observed the high inflow in-
to the tornado through a thin layer near the surface. Such
a flow had previously been presumed, and is present in many
models. They also detected vertical accelerations of the
order of 3 g's near the ground demonstrating that the flow
in the lower levels of the tornado is far from hydrostatic
balance.

There is little information about the structure of
the tornado in the mid and upper levels of the storm because
visual observations are obscured by cloud. Doppler radar

has the capability of determining the flow within the



12

thunderstorm. Data from Doppler radar indicate that the
vortex maintain§ its continuity to very high levels in the
storm although with diminishing intensity. The storm tops
have been studied from satellite and aircraft. Fujita's
(1972, 1973) observations suggest a correlation between the
collapsing of overshooting tops and the occurrence of a tor-
.nado below. However, the cause and effect have not been re-
solved and these features are not always present for tornado-
genesis.

Clearly the updraft in nature is a result of the con-
vective and conditional instability resulting from the tem-
perature and moisture structure of the environment. The
updraft may be sustained longer if the air column is rotat-
ing, since it is then less diluted by the surrounding air.
Also, the presence of the environmental wind shear tends to
tilt the updraft cclumn. This allows the precipitation
shaft to lie outside the updraft. As a consequence, the
falling precipitation does not guench the convection, but
instead falls adjacent to the updraft and cools the air by
evaporation. This process further enhances the instability.

Vonnegut (1960) suggested that lightning strikes may
initiate or maintain a strong updraft. However, Wilkins'
(1964) laboratory experiments indicate that lightning strikes
would not significantly contribute to the updraft strength
unless the flashes occurred successively in the same place.

Wilkins (1968) later concluded that the vortex core is not
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a preferred region for multistroke lightning strikes. It
now appears thaﬁ the necessary updraft strengths can be ob-
tained through atmospheric instability without the assistance
of electrical heating.

The source of rotation for tornadic storms is not so
clear. Looking at the equation for the vertical component
of vorticity one can see several possible sources; namely,
the concentration of pre-existing vorticity by horizontal
convergence, the advection of vorticity, the tilting of hor-
izontal vorticity into the vertical, production by pressure-
density solenoids, and production by horizontal variations
of the frictional forces. It is generally believed that the
latter contributes little significant vorticity in most
cases. From radar data Barnes (1968) concludes that the
tilting term made important by the typically sheared environ-
mental winds and strong storm ugdraft can make a significant
contribution to the production of vertical vorticity. On
the other hand, Lilly (1966) claims that the tilting term
and the horizontal divergence term cancel each other when
integrated over an area. He therefore maintains that the
vorticity concentration in the tornado results from the hor-
izontal convergence of pre-existing vorticity. From dual-
Doppler observations of an intense thunderstorm, Ray (1976)
estimated the magnitude of the terms in the vorticity equa-
tion. His results ruled out any significant contribution by

the solenoidal term. Finally, Davies-Jones and Kessler (1974)
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show that suffiqient vorticity for a tornado could be pro-
duced in 3 hours by the horizontal convergence of typical
ambient values of circulation. Obviously, the roiation
source or sources cannot be pinpointed. They may vary from
storm to storm or depend on the particular stage of its de-
velopment. In any case, it is likely that frictional and
solenoidal contributions to the microscale can be ruled out.
The phenomenon of multiple vortices (MV) has received
much interest since Fujita et al. (1970) and Fujita (1971)
proposed their existence to account for the peculiar surface
markings left by some tornadic storms. It has since been
noted that MV may be more common to the very intense storms
than first realized. 1In fact, Clare's (1976) obserxrvations
indicate that their presence is highly correlated with great-
er than average intensity. Jischke and Parang (1974) inter-
preted MV transition as a torque reduction process whereby
the new configuration resulted when the surface torgque in-
creased with swirl faster than the momentum supplied.
-Davies-Jones (1976) suggests that MV are analogous to the
‘wrapping up of an unstable vortex sheet. Although the MV
mode is not completely understbod, Snow (1978) has succeeded
in demonstrating conditions in which a rotating flow becomes
unstable to nonaxisymmetric disturbances. In spite of the
fact that his model is simplified and fails to predict ex-~
plicitly the parameter values at which the instability be-

gins, many of the phenomenon's characteristics can be argued
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in terms of the model. It is worth pointing out that his
model indicates that vortex splitting can be explained in
terms of inviscid processes.

Laboratory models have long been used to simulate at-
mospheric phenomena. Much can be learned from these models
because the experimenter can control certain parameters and
observe the results. Furthermore, the important parameters
governing some event can be isolated while others may be
found to be negligible. To insure that the model does rep-
resent the natural tornado, dynamic and geometric similitude
must be maintained throughout the simulation. This is ac-
complished by forcing certain nondimensional parameters to
be the same for both phenomena. These parameters may also
distinguish which type of vortex is being simulated; tornado,
hurricane, or dust devil. Generally, all of the parameters
cannot be matched. Thus, it is advisable to single out the
relevant parameters and attempt to keep these equi&alent.

A review of tornado simulators has been given by
Davies-Jones (1976). Despite the variety of the different
models they all reproduce two ingredients necessary for tor-
nado formation: namely, background rotation of the ambient
fluid and a means of concentrating vorticity by convergence.
The fact that tornadoes do not always form when these two
are present in nature suggests that a critical ratio of the
two may be necessary over a sufficient length of time. The

initial swirl is usually created by a rotating screen,
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louvered windows, or by rotating the entire container of
fluid. Louvered windows are less satisfactory because the
volume flow rate is not independent of the inflow angle and
the flow is choked at high swirl. The flow convergence is
provided by an updraft (or downdraft) along the vertical
axis. Usually an exhaust fan maintains this but a heated
plate has also been used for producing convection currents.
In liquids, the use of tiny'bubbles or dyes of different
densities is common.

The experimental approach has its own set of difficul-
ties. For example, the experimenter faces problems with
maintaining calibration of delicate instrumentation and with
- disturbances due to spurious fluctuations of voltage, air
flow, pressure, and temperature in the laboratory. Vibration
of the apparatus also causes difficulties.

All of the four approaches to tornado research have
increased our understanding of this natural phenomenon.

Each has its advantages and disadvantages. There seem to be
two motivations which provide the impetus for the study of
tornadoes; one is purely scientific and requires no immediate
or practical justification ana the other works to gain know-
ledge with a particular application in mind. If the end goal
of the latter is-to better forecast or even modify tornadoes,
the necessary information must be extracted from the same
pool of knowledge which resulted from the effort of the pure

scientist. This basic information is still being accumulated
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and will continue to be as long as tornadoes remain either

a direct or indirect threat to man. This work is an attempt
to add to our present understanding of tornado behavior using
the experimental approach. The apparatus as well as the
measurement equipment and techniques are described in Chap-
ter 2. The variation of the vortex core size with the ex-~
perimental parameters has not been determined analytically
with sufficient accuracy. Because this information aids in
estimating other vortex properties such as pressure and ve-
locity, an empirical formula was obtained from the labora-
tory observations. These data are presented and examined in
Chapter 3. Both smooth and rough surface effects are dis-
‘cussed. With the core radius data, an estimate was made of
the maximum tangential velocity obtained for a given pressure
drop. A comparison of these pressure and velocity estimates
with the measurements in the apparatus is given in Chapter
4. Of course, the mean flow is also affected by the turbu-
lent stresses. To better.understand their influence, the
Reynolds stresses were measured and these data are presented
in Chapter 5. The effect of the turbulence on the mean flow
is then discussed. Finally, Chapter 6 provides the summary,

conclusions, and suggestions for future research.



CHAPTER II
SIMULATOR AND INSTRUMENTATION

The tornado simulator used in this study is the one
designed by Ward (1972) with a few modifications. Fig. 1
shows a schematic of the original apparatus. It is cylin-
drical in shape with a maximum diameter of about 2.4 m and
a height of about 3 m. Vortex generation is accomplished by
_reproducing two basic ingredients necessary for tornado for-
mation and maintenance; namely, ambient rotation of the air
and a means of concentrating the vorticity by converging the
flow with a central updraft. The updraft is created by an
exhaust fan that provides a pressure deficit across the
honeycomb and pulls air into the apparatus through a cylin-
drical screen which rotates about a vertical axis. When the
screen is rotating it imparts angular momentum to the con-
verging flow and the swirl is concentrated at the center of
the convection zone to form one or more vortices. Both the
fan speed and the screen rotation rate'can be controlled.
Typically, the volume flow rate can be varied between 0.05
3s-l

to2m while the screen generally operates in the range

of 0.5 to 7 rpm. Although the volume flow rate is dependent

18
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upon the convection radius r, it is insensitive to the screen
speed {(Jischke énd Parang, 1975). This apparatus is believed
to be one of the more realistic simulators to date. For a
review of and a comparison with other machines see Davies-
Jones (1976).

The unique geometry of this vortex chamber is very
important in determining the flow pattern. Vertical motions
in the confluent zone are constrained by a lower boundary
representing the earth's surface and by an upper boundary
which simulates a capping inversion that is typical in many
atmospheric soundings near tornadoes (Miller, 1972). 'Once
the air flows past r, it is exposed to the updraft and then
continues out of the apparatus. A honeycomb separates the
fan from the working section to eliminate fan-generated vor-
ticity from influencing the vortex. The convection radius
ro can be varied from 0.15 m to 0.61 m and the inflow depth
h can range from 0 to 0.61 m. The screen radius is 121 cm.
Although the distance between the floor and the honeycomb
- can be varied, it was held constant at 90 cm for all experi-
-ments.

Shortly after this study began it was discovered
while the screen was stationary that the updraft was neither
auniform across the honeycomb nor axially symmetric. The up-
draft was much stronger on the fan side. This initiated
several modifications to the apparatus. Fig. 2 is a diagram

of the simulator after the ‘alterations. The major changes
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were concerned with the exhaust duct. The suction end of
the duct, which had been located at the side of the plenum
chamber, was moved to the center to assure updraft symmetry.
The outlet end, which formerly paséed through the wall to.
outdoors, was terminated inside the laboratory to avoid flow
instabilities caused by turbulence in the winds flowing
around the building. Hitherto, the wind gusts caused fluc-
tuations in the volume flow rate and contributed to the me-
andering of the vortex away from the center of the chamber.
Now the vortex wanders very little and is more stable at

high volume flow rates than before.

Among the less significant changes are the following
an additional honeycomb section made of tubes 2.5 cm in di-
ameter and 15.2 cm long was installed immediately upwind of
the fan; a damping screen was placed at the top of the ple-
num chamber; flood lamps which were suspended inside the ap-
paratus were moved outside to avoid disfurbing the flow; an
electrostatic air cleaner was installed downwind of the ex-
haust fan to filter out the smoke used for flow visualization,
the screen was replaced and later fitted with snaps for easy
removal; and the fan motor was set up to be D.C. operated to
increase its efficiency and lifespan.

To insure that the apparatus is modeling tornadoes
the laboratory flow must be dynamically and geometrically
similar to its atmospheric counterpart. This can be accom-

plished by nondimensionalizing the equations of motion and
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determining the governing parameters. The procedure to be
followed now is‘that used by Lewellen (1962) except that the
nonsteady terms will be retained. The continuitylequation
and the radial, tangential, and vertical momentum equations

for axisymmetric incompressible flow are, respectively,
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where p is the air density, K is an appropriate eddy viscos-
ity, P is the nonhydrostatic component of the total pressure
and u, v, w are the respective radiél, tangential, and ver-
tical velocities.

If we define the circulation as I' = rv and a stream-
function sﬁch that u = %-%% and w = -%-g% then the continuity

equation is satisfied identically. Eqn. (2) and Eqn. (4) can
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The tangential equation becomes
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Now all the quantities can be nondimensionalized by defining
new variables as follows
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where T is the ambient circulation and 0 is the volume flow

rate. Furthermore, a time scale can be formed as
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Substituting these quantities into.Eqn. (5) and Egn. (6)

yields the nondimensionalized equations of motion:
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where D is an advectlon operator equal to FE-;— gi-g%,
e' = (P:?roy is a.sw1r1 parameter, Re = é% is a Reynolds

number, and a = (;})2 is a geometric parameter. The Froude
number and Coriolis parameter are absent because buoyancy
and the earth's rotation have been neglected. To be consis-
tent with the parameters used in the recent work with the

simulator a new set is adopted all of which are proportional
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to the above parameters. These are the aspect ratio a = %L,
0

ur
the radial Reynolds number N = S 5 and the swirl ratio
T r '
S = —gai-where rg is the radius to the screen, ug is the

radial velocity at r = b and Ts is the circulation at the
screen. All of these parameters are related to the previous
ones as

-1

T - -
€ =735

_ _ 1
Re = 27N and o = 32-.

In addition, for the slightly more complicated geometry of
r

Ward's apparatus another parameter ;i comes out of the
Buckingham m-theorem. If the values of these parameters can
be made to match those of the atmosphere then the two flows
are said to be geometrically and dynamically similar. Gen-
erally the Reynolds number cannot be matched but as will be
shown later this is not crucial. The typical parameter
ranges used in the apparatus are presented in Table 1.

Flow visualization is ofﬁén used in the apparatus to
render the vortex visible. It also provides gquick qualita-
tive information on the flow's speed, its steadiness, and
its turbulence level. Several methods of visualization were
tried but all utilized the reflection or scattering of light
by particles introduced into the flow. There were several
criteria established in choosing a compound to be used. The
substance must not significantly disturb the air flow as,
for example, by forming deposits on the walls of the chamber

and thereby altering the streamlines. The particles must be

of sufficiently small mass so that they respond to any sudden
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accelerétions of the fluid and do not settle out. They must
be neutrally buoyant so as not to induce their own motion.
The substance should have a high albedo so as to be easily
visible. It should be an inert material so that it does not
damage equipment or the confining walls, or create a hazard
to persons nearby. Finally, the particles should be easily
generated and relatively inexpensive.

Initially, titanium tetrachloride was used because it
produces a dense white smoke by reacting with water vapor in
the air and forming hydrochloric acid. One problem with this
volatile compound is that it tends to.sink at low floﬁ veloc-
ities. The most serious drawback of this vapor is its ex-
tremely corrosive nature and its powdery deposit. Since the
apparatus was modified to exhaust back into the laboratory,
titanium tetrachloride was deemed a health hazard and ruled
out. It should be mentioned that if this compound is to be
used the gas can be rendered harmless by allowing the flow
to pass through a porous material that has been treated with
a neutralizing agent such as a weak ammonia solution. One
must also be assured that the laboratory is well ventilated.
Dry ice immersed in a warm water bath was also tried (see
Hsu and Fattahi, 1975) as a smoke source. However, the tur-
bulence levels near the vortex core were sufficiently high
that diffusion quickly diluted the vapor and evaporation
took place a few centimeters above the injection point. Ad-

.ditionally, the vapor tended to sink at low speeds.
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The smoke system finally adopted is made commercially
by Testing Machines Inc. and is shown in Fig. 3. It utilizes
a pure mineral oil heated electrically to the point that it
vaporizes. The smoke is forced out of the heating chamber
by compressed carbon dioxide gas stored in a separate cylin-
der. The output can be varied up to 28 m® per minute. The
smoke is composed of very tiny oil droplets not significantly
affected by gravity and of such size and thermal conductivi-
ty that they rapidly adjust to the ambient temperature. This
smoke is dry and has the desirable characteristics mentioned
before.. Its disadvantage is that in large concentrations
-some of the oil droplets coalesce and grow to such a size
that they precipitate out leaving an oil deposit on the walls
of the flow chamber. The smoke generator is mounted under
the apparatus and the smoke enters the center of the chamber
floor through a hose. It was found that oil condensation in
the hose can be minimized by having the entrance end 6f the
hose about 2 cm from the nozzle of the smoke generator.

This allows air to enter the hose and prevent saturation.
The output end of the hose has a small deflector plate lying
horizontally over it to reduce the momentum of the outpour-
ing smoke and allow it to spread along the floor of the ap-
paratus.

Fluid velocity measurements were made with a hot film
anemometer system manufactured by Thermo-Systems Inc. Three

different probes were used.for these measurements. The probe
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used for volume flow rate measurements has a sensing element
0.005 mm in diameter and 1 mm long. Velocity profiles and
core measurements were made with a linear probe 0;4 mm in
diameter. The third probe is similar to the first one ex-
cept that there are two wires mounted at right angles to
each other and used to measure turbulent fluctuations and
two-dimensional mean flows. The sensors are electrically
heated and the flowing air removes heat in proportion to the
air velocity and the temperature difference between the sen-
sor and the fluid. The heat conduction is measured by the
amount 6f voltage necessary to maintain the sensor at'a con-
stant temperature (accomplished automatically by a feed-
back circuit). This voltage can be related to the fluid ve-

locity by King's law of heat transfer:
2 - ~T_)a" _rypr (2U4y
E R.w lk(Tw Ta)A + Rw lk('I‘w Ta)B ( m )2 (9)

where E is the output voltage, R, is the wire resistance, 1
is the wire length, k is the thermal conductivity of the
fluid, Tw is the wire temperature, Ta is the ambient fluid
temperature, A' and B' are constants, p is the fluid density,
U is the fluid velocity, 4 is the diameter of the wire, and
u is the viscosity of the fluid. Differentiation of Egn. (9)
with respect to velocity while holding the resistance con-
stant shows that the greatest sensitivity is achieved for
small velocities and a large difference in temperature be-

tween the film and the air.



27

It is important to remember when using hot film ane-
mometry that he#t transfer is the property of the flow that
is actually being measured. King's law shows that this
quantity depends upon the fluid temperature as well as the
velocity. Thus, when interpreting anemometer output the two
effects must be separated. Since velocity is generally .the
property of interest, the output must be corrected for tem-
perature variations in the flow. Although temperature com-
pensation circuitry is available it is unnecessary for flows
with slowly varying temperatures. One could calibrate the
flows for different temperatures but this is very timé con-
suming. The approach adopted for the present research is a
technique developed by Bearman (1970) for incompressible
flows with slow temperature drifts. His correction formula
is derived by writing Egqn. (9) for two flows; one at the
calibration temperature Tal and the other at the measure-

ment temperature Ta2' For a constant temperature sensor we

have
1
2 _ 2
E, A +B, U (10)
1
2 _ 2
E," =A, +B, U (11)
2 B T Taa
Where 3 B, T T -T_,°
2 2 w Ta2
T
In terms of the overheat ratio §' = T and letting
al
_ Ta17Ta2
&= =7

al
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= = == ——— vwhere 0 =6" - 1.
Substituting the above result into Egn. (11) gives

1
2 =2,(Z%E) +Bl(°+€) uT, (12)

2 o c

A temperature change results in a voltage change SE given by

E2 = Ec + 8E (13)

where E. is the output if the temperature remains constant.

Substituting Egn. (13) into Egn. (10) gives

1
(E?_ - 8E)2 = A; + By Uz . (14)

Egn. (12) and Egn. (14) yield

2 _ £ - 2
E = (1 + 0)(E2 SE)“ or

2

E, = (1+37E_. . (15)
If 5 is small then Egn. (15) may be approximated by

=).

E =E2(1— T

(o

Thus, A and B can be regarded as constants determined at the

time of calibration and King's law now becomes

1
= A.+ B.U2 (16)

2 - &
E 1 20) 1 1l

2

So, U can be calculated knowing the ambient temperature and

the output voltage.
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Calibration of the sensors was accomplished in a wind-
tunnel with a pitot tube (see Fig. 4). The pitot-static
pressure difference was read from a Datametrics electronic
manometer (also used for pressure measurements in the appara-

tus) and related to the air velocity by the equation
= 1 42
Ap = 3PV

where V£ is the velocity, p is the air density and Ap is the
difference between the static pressure measurement at the
windtunnel wall and the stagnation pressure measured by the
pitot tube. The air density was calculated from the air
temperature and the atmospheric pressure as measured by a
mercury-in-glass barometer. The probes were calibrated in

the range of 1 ms-l

to 8 ms-l and a least squares fit of’ the
data to King's law was calculated to determine A and B in |
Egn. (16). If the average absolute value of the deviations
of the data from the least squares fit exceeds about 3.5 cm
s“l the calibration was repeated. Often a honeycomb was
placed in front of the windtunnel to minimize the turbulence
which contributed to this error.

The single most difficult aspect of measuring a three
dimensional flow is aligning the sensor with the streamlines.
The output voltage of the anemometer decreases as the cosine
of the angle of alignment error. For steady flow the proper

probe orientation can be obtained directly by maximizing the

output. However, for a turbulent flow this is much more
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difficult to do unless a split film sensor or other special
probe is used because changes in the output voltage are a
resﬁlt not only of flow direction changes but alsé spontane-
ous changes in the air speed. The alignment procedure used
was as follows. Smoke tracer was introduced into the flow and
crude alignment was accompiished visually using a mock probe
so as not to contaminate an actual sensor. Then the smoke
was turned off and a real probe was put into place. Next,
the probe orientation was changed slightly until a maximum
was reached in the average output. This optimization gener-
ally showed the first guess to be quite precise. Finélly,
the anemometer output was displayed on an oscilloscope soO
- that the peak signal could be observed as well as the inten-
sity of the fluctuations. The voltage averaging was done by
circuitry simulating a first order response and with a choice
of 2 sec, 10 sec, 50 sec, and 100 sec time constants. For
velocity measurements away from the core a small wind vahe
was attached to the probe support. In this manner the probe
éould be aligned horizontally and then by rotating the wind
"wvane 90° about the probe's axis the proper vertical orien-
tation could be achieved. Afterward, minor displacements
were made so as to optimize the output as before.

Once the total velocity Vt'of the air was measured,
the components were derived from the probe's orientation.
Fig. 5 shows a sketch of the probe and its support. The fol-

lowing quantities were measured after each run: hl (see Fig.
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5), h2' L, r (the radius to the probe support), and aps

ps

(the inflow angle at the radius rps). The vertical dip angle
h,-h :

B was then calculated from sing = gh 1 and used to determine

the vertical velocity component. The actual coordinates of

the probe tip are given by
z =L ~ ltsins + § cosB

r2 =r2 + 12 + 2r 1 cosa

r
ps p P ps
where lt is the distance from the probe tip to the support brack-

et and lp is the projectiq? length of the probe calculated from
 lp = 1t cosB + § sinR. .

The inflow angle at the probe atis given by sinqt= —%5 singps.
Finally, the velocity components in cylindrical coordinates

‘are

u = Vt cosB cosa,

cosB sina

v=YV +

t

w = Vt sinB.

The volume flow rate was determined by Q = / V-aa
A

where V is the velocity vector and dX is an element of sur-

face area. Since V = uér + vé¢ + wéz and d& = -r d¢ dz ér

at the screen then Q = 711' ’/I'1 u r d¢dz. In the region rg<
r<=r° and 0< z< h,u is i;dep;ndent of height and the flow is
axisymmetric. Cohsequently, Q = =2muhr. For simplicity,
since Q is independent of swirl (Jischke and Parang, 1975), u
was measured in the absence of screen rotation so that the

probe could be easily aligned with a local radial.
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For measuring turbulent fluctuations, cross-film
probes, an electronic correlator, and a true RMS meter were
used. The probe has two wires mounted 90° to each other
separated by a distance of 1 mm. This probe cannot be cali-
brated like the single sensor probes because when the inner
probe was rotated perpendicular to the flow it lay in the
wake of the outer probe's supports. So, to calibrate the
cross-wire probe the anemometer was 'switched to the linear-
ized mode. Both probes were zeroed for zero flow. The outer
probe was then rotated perpendicular to the flow and cali-
brated as with the single sensor. The gain of this sénsor
was therefore determined. With the windtunnel fan left at
some setting the probes were rotated so that both were ori-
ented 45° to the mean flow. Duriné this process the output
of the outer probe would drop to 70.7% (= cos 45°) of its
original value. 1In this position the inner probe was no
longer in the path of the other's supports. Its gain was
then-adjusted to give the same value of the other sensor.

In this manner, both probes had the same gain which greatly
simplified the interpretation of the output.

With the probe calibrated as above, the output of
the correlator gave the velocities in the plane of the two
sensors and also the Reynolds stresses when an RMS voltmeter
was used. One drawback was that the measured velocities
were in the reference frame of the probe, not the simulator.

Since no information was given about velocities perpendicular
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to the sensor plane a coordinate transformation was not pos-
sible unless the mean flow was two-dimensional with respect
to the nonrotating cylindrical coordinate system 6f the ma-
chine. As a consequence, the turbulence measurements were
made near the lower surface where the mean vertical velocity

is near zero. The error associated with this approximation

-5 _
is proportional to Tﬁf%#fr (Brunn, 1975) where w is the mean

vertical velocity, u is the mean radial velocity, and v is
the mean tangential velocity. The correlator output gives
the mean flow in the streamline direction, ﬁp, the mean flow

perpendicular to that Gp, the fluctuations in these direc-

tions ué and vé, respectively, and the correlation ué vé.

Thus, the velocities in the machine's coordinate system are
U=-u_cos o +V_ sin a
P ps P ps

u_sina_ _ + V. cos a
p pPs P

v
Ps

u'2 = u'2 cos?2 g =2 u' v' cos g sin ¢q + v'2 sin?
P ps P P ps ps P %ps

v'2=yu'?2sin2 g +2u' v' sina__ cos a__ + v'2 cos? «
P pPS PP ps ps p ps

u'v'==(vl‘>2 - uéz)cos aps sin aps + ué vﬁ (2 sin? aps - 1)

- The core radius was measured visually using the pro-
tractor arrangement shown in Fig. 6. Smoke was introduced
at the bottom center of the chamber and illuminated with
flood lamps. The apparent angular diameter of the visible

core was then measured at a height of about 15 cm to be
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consistent with Ward's (1972) data (although the core ex-
pands little outéide the boundary layer). With the protrac-
tor aligned as shown in Fig. 6 the core radius is given by

r, = (20 + Rp)tan(¢c/4) where A0 is the radius of the pro-
tractor, Rp is the distance from the vortex to the protractor,
and ¢c is the angular diameter of the vortex core. The error
in the core radius measurements is estimated to be about 1.4
cm.

To simulate the influence of a rough surface on a tor-
nado, the atmospheric roughness length z/ had to be scaled
down to a laboratory value z, . The core radius was cﬁosen
as the appropriate length scale because the tangential ve-

locity changes significantly over that distance. Thus, the

roughness length used in the apparatus is given by

]

= gV S

Z, T 2 ?é

where r is an average core radius in the apparatus (7.6 cm)
and ré is an average tornado radius (taken as 70 m). Con-
-sequently, the scale was about 1:920. Since the aim of the
rough surface was to model city houses in a dense array and
having a roughness length of 125 cm (Lettau, 1969) the ap-

paratus value was calculated to be z = 0.14 cm. To design

such a surface, use was made of Lettau's equation, which is

Hs
S

(-
]
N =

where H is the element height, s is the silhouette area of
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the obstacle and S* is the total surface area divided by the
total number of elements. A constraint on this technique is
that the elements must not be spaced so far apart that one

is actually modeling flow around obstacles nor should they

be packed so tightly together that a new continuous boundary
layer forms at the height H. The surface was constructed of
626 elements distributed over the 4.6 m® of the apparatus in
a hexagonal pattern to reduce directional bias. The effect
of the surface appeared to be rougher than expected, although
gualitatively in agreement with Rotunno's (1977) numerical
model. The vortex appeared laminar in the lower portions
with a stagnation bubble at midlevels and turbulent flow
above (see Fig. 7). This flow pattern also occurred for
small values of swirl ratio in Rotunno's (1979) numerical
model when he incoxrporated a no-slip lower boundary condition.
Since no amount of swirl could bring the stagnation point

to the surface and produce a fully turbulent vortex core,
experiments with this surface were abandoned.

Although the phenomenon of vortex breakdown is not
well understood, the honeycomb in the apparatus probably
plays a very important role iﬁ its formation by reducing
the horizontal flow to zero. Evidence for vortex breakdown
occurring in tornadoes has been given by Burggraf and Foster
(1977). In the simulator the profile of w at the honeycomb
is unknOﬁ? but for an axisymmetric flow continuity requires
0 = 27 J[hrwdr where 2N ié the radius of the honeycomb.

0
Breakdown then occurs at the honeycomb when w reverses sign
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at the axis and flows downward. For this to happen the axial
pressure gradient force must act downward and be large enough
not only to reduce w but also to reverse its direétion. The

axial pressure gradient force depends mainly on the decay of

v with height. Near the lower surface the magnitude of

max

Viax for a given volume flow rate is determined by the imposed

swirl. At the honeycomb, Voax is zero. As the swirl ratio

is increased, Voax Rear the surface increases and must there-
fore decay more rapidly with height. If the swirl ratio is
increased the surface pressure drops until the axial pres-
sure gradient is large enough to create a stagnation point

at the honeycomb. A further increase in the swirl enhances

the adverse axial pressure gradient and the stagnation point

.descends. This idea also agrees qualitatively with the ob-

servation that the axial downdraft is less likely with a
small r,. In this case continuity causes w to be much great-
er at z = h so that a stronger downward pressure would be
necessary to reverse the direction. With a rough surface

in place Dessens (1972) found that the surface pressure

‘deficit is not as high, probably due to frictional conver-

gence. Consequently, the axial pressure gradient is likely
to be downward. Under the more favorable pressure gradient
the vortex core is more likely to remain laminar.

A different approach was adopted to simulate natural
ground roughness using a shag carpet (Hansen et al., 1975).

Since the roughness length was difficult to calculate, the
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scaling was calculated using the average obstacle height.
The carpet fibers were about 1.5 cm high corresponding to
natural obstacle heights of about 14 m when scaled up by the
core radius ratio. With this surface in place the axial

stagnation point could be brought well below the core radius

measurement height of 15 cm.



CHAPTER III

THE CORE RADIUS AND THE INFLUENCE

OF SURFACE ROUGHNESS

Tornadoes have been observed to range in size from
tens of meters to a few hundred meters in diameter. General-
ly, the larger tornadoes are most destructive not only be-
cause they may generate higher wind speeds but also because
they occupy a wider space that sweeps out a greater damage
path. As a consequence it is impoftant to determine which
parameters govern the tornado's size.

It is first necessary to clarify what is meant by the
core of the tornado since it can be specified in a number of
ways. Figure 8 is a conceptual sketch of how a typical ver-
tical-radial streamline pattern might appear for a two-cell
vortex. Notice that there is a weak downdraft in the center
and that most of the inflow into the tornado is through the
ground boundary layer. Some numerical models (e.g., Rotunno,
1977) then define the core radius as the distance from the
central axis to the surface which separates the twb meridion-
al cells. This is consistent with how the core size is de-

termined in the laboratory, where smoke is injected at the

38
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bottom center of the vortex and the visible core is measured.
This approach is adopted to be consistent with the past stud-
ies of Ward (1972) and because of the ease in quickly iden-
tifying the core. Figure 9 is a photograph of a typical vor-
tex core rendered visible in this manner.

Another way to define the core is in terms of the
radius of maximum tangential velocity at a given level. This
might be called the dynamic core. Laboratory measurements
in Ward's apparatus and in that of Purdue University (Church,
private communication) indicate that for a two-cell vortex
this radius does not differ much from the previous oné. In
Sullivan's (1959) two-cell analytic solution the radius sep-
arating the two meridional cells is given by r = 3.37/v/b
where v is the kinematic viscosity and b is a measure of

the horizontal convergence. The radius of the velocity max-

imum is r = 3.47/v/b. In Kuo's (1966) analytic solution the
two radii are given as r = l.59/337§: and r = 2.06]337§:,
respectively, where B, is a buoyancy parameter. In any case,
there seems to be little practical difference between these
two radii in the laboratory model.

In nature, the tornado size can differ greatly from
the dynamic core size, because the visible core is composed
of moisture condensation as well as dust and debris. This
can be illustrated with the aid of Figure 10 which shows a
hypothetical pressure distribution for a tornado. As an air

parcel approaches the tornado its pressure is lowered and it
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cools off adiaba;ically. Eventually it cools to the satura-
tion point and forms the visible core. However, this core
size depends a great deal on the environment and not just

the flow dynamics. It can be seen that if the humidity of
the air is such that the condensation pressure is P4 then the
core appears very large. If, however, the humidity were low-
er and the condensation pressure decreased to Pl’ then the
vortex would appear only as a funnel aloft. In either case
the dynamic core could remain unchanged. Figure 1l shows a
plot of condensation radius as a function of humidity for”thé
Dallas tornado of 1957 from Hoecker's (1961) analysis;' The
-condensation radius is very sensitive to moisture changes at
Jow and high humidities. The actual humidity was 87% and a
change of only 3% could result in a 12% change in the conden-
‘sation radius. If the humidity had dropped below 73% the
condensation radius would have gone to zero and broken contact
‘with the ground. Figure 12 shows the condensation height ver-
'sus humidity. Again there is high sensitivity to the relative
~humidity. In the midrange a 3% change in humidity results in
about a 90% change in the condensation height. Clearly the
environmental moisture can play a very significant role in

the apparent fornado size.

The visible core is not only a function of the mois-

ture field but also of the radial velocity component since

the condensation process requires a finite amount of time

and air parcels may be displaced inward during this period.
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In fact, for the Dallas tornado the condensation pressure
occurred at a raaius of about 49 m but the visible core was
only 17 m in radius. This could be explained if for a radial
inflow velocity of 18 msml (see Hoecker, 1960) the condensa-
tion process required 1.8 sec. The condensation time was
estimated more quantitatively by Jischke and Parang (1975).
Of course, the availability of cloud condensation nuclei
would also determine where the condensation will form but
nuclei should be rather abundant in the vicinity of most tor-
nadoes over land. Often the condensation core is totally ob-
scured by the debris stirred up from the surface. In'this
case, the particles approximately follow the streamlines and
outline the core in much the saﬁe manner as the smoke injec-
tion technique used in the laboratory simulator.

Using the Buckingham w-theorem, Davies-Jones (1973)
has shown that the core radius and other properties of the
flows in Ward's apparatus are governed by the following set
of parameters: h/r, (=a), Q/2wvh (=N), rors/ZQ (=8), and
ro/rs where a is the aspect ratio, Q is the volume flow rate,
v is the kinematic viscosity, N is a Reynolds number, rs is
the circulation at the screen, r, is the radius of convec-
tion, h is the inflow depth, and rg is the radius of the
cylindrical screen. The first three quantities are propor-
tional to those derived from the Navier-Stokes equations by
Lewellen (1962) for a similar flow arrangement. One is

assured that if the values of these parameters in the
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apparatus are the same as those in nature then the flows are
dynamically and geometrically similar. Typically, it is not
easy to match all of these parameters. For tornado cyclones
the swirl ratio is of the order of one and the aspect ratio
is about one half (Davies-Jones, 1973). It is difficult to
estimate the parameter ro/rs in nature because ry is not
clearly defined. The Reynolds number for tornadoes is of
the order to 109 while the apparatus works in the range of
104. At first this might suggest that the apparatus is not
simulating tornadoes, but it will be shown that the flow is
practically independent of the Reynolds number. Furtﬁermore,
the above Reynolds numbers were calculated using the kinemat-
ic value of viscosity. This hay not be appropriate since
both .the laboratory model and natural tornadoes are turbu-
lent. If one could estimate the value of the effective eddy
viscosity for each, the two eddy Reynolds numbers would be
much closer because the eddy viscosity of the natural tor-
nado would be much larger than that for the laboratory model.
The variation of the core radius with the inflow
angle was examined theoretically by Ward (1972) and by
Jischke and Parang (1974). Each obtained an expression that
was similar for small inflow angles. Davies-Jones (1973)
pcinted out that the geometry of the vortex cage must be
taken into account and showed empirically that the core ra-

dius was predominantly a function of the swirl ratio alone..

However, since the Reynolds number was not available in
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Ward's data, the effect of this parameter was not established
but thought to bé small since the core radius was highly cor-
related with the swirl ratio alone. This dependehce (or in-
dependence) of the core radius is important in establishing
the credibility of the laboratory model because its Reynolds
number can never match that of its atmospheric counterpart.
The first series of experiments discussed involves
core radius measurements as a function of the swirl ratio,
the aspect ratio, and the Reynolds number. The core radius
measurements were made at a height of 15 cm to be consistent
with Ward (1972), but the core radius does not change'con-
siderably above the boundary layer. Later, the influence of
the parameter ro/rs was investigated since this quantity
was not changed in Ward's experiments. Another experiment
describes how the variation of the core radius with the flow
parameter was altered by the addition of a new quantity, the
roughness length. Laboratory experiments with surface fric-
tion effects on vortices have been carried out in air by
Dessens (1972) and in water by Wilkins et al. (1975). 1In
both investigations it was seen that the friction caused an
increase in vortex diameter and a decrease in maximum tan-
gential velocity if all other parameters were held constant.
It is clear that surface drag can have a pronounced effect.
Finally, the influence of surface roughness on multiple vor-
tex transition was examined and related to atmospheric obser-

vations.
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In Ward's apparatus eight cases were examined over a
smooth surface in which rb/rs was left constant at 0.5.
Since the swirl ratio is believed to be the most important
parameter it was varied over a greater range for a given as-
pect ratio and Reynolds number. The other parameter values
for all eight cases are listed in Table II. Once the core
radius was measured it was nondimensionalized with x, . Fig-
ure 13 shows a plot of the data for cases I through IV. It
is clear that the core radius is strongly dependent on the
swirl ratio and much less on the Reynolds number. Figure 14
shows a plot for cases V through VIII. Aside from a iittle
more scatter, the data appear much like that in the previous

.graph. A Least squares analysis of the data was performed

and gave
r
EE'= 0.537 a 0.073 S0.78 N 0.038 (17
o -
z(y"yest)2 .
‘The standard error of estimate ¢ =y e——=="-_ is 0.015
est N, .
where y represents the observed values, Yest is the estimate

given by Egqn. (17) and N, is the total number of observations.
‘The overall correlation coefficient of the lcg of the left
hand side of Egn. (17) with the log of the right hand side

is 0.951. The correlation with just the log of the swirl
ratio is 0.950. .Obviously, the core radius is determined
almost entirely by the swirl ratio, and is largely indepen-

dent of the Reynolds number for the limited range available.
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From Ward's (1972) data Davies-Jones (1976) found that
the core radius was a function of Sl’14. The difference in
curvature results in Ward's core radii being somewhat smaller
than those presented in this work. It is not clear why
Ward's observations differ slightly from those described by
Egqn. (17), but the modification of the apparatus may have
contributed. In particular, the exhaust fan was centered
over the convection zone. Previously, the fan was located
on the side of the plenum chamber resulting in a less intense
pressure drop at the center of the honeycomb. In the_pres—
ent configuration the vortex central pressure may be lower,
and lower pressures are correlated with larger vortices
(over a smooth surface). Differences in the core measure-
ment and visualization techniques may also have contributed.

The experiment was repeated over a rough surface sim-
ulating obstacles about 13 m high. The aspect ratios and
Reynolds numbers used are in Table III. The results are
plotted in Figures 15 and 16. Again the core radius has a
strong dependence on the swirl ratio alone but the data
points have shifted to the right implying that more swirl is
necessary to obtain a vortex af the same size. Fitting a
least squares power law to all of the rough surface data and
denoting this series of core measurements by r; gives

r*
e _ 0.1840+25 g1-05 (0.078

o

(18)

with a standard error of estimate of 0.011. As before, the
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Reynolds number is not a critical parameter. The overall
nonlinear correlation coefficient is 0.967. For the swirl
ratio alone, the value is 0.954. |

One might ask (for the same conditions) which core .is
larger - the one over the smooth surface or the one over the
rough surface? If we divide Egn. (18) by Egqn. (17) and ex-
tract the aspect ratio from the swirl ratio we obtain the

ratio of the two core sizes,

0.05 0.27 NO.lZ.

= 0.284 a (tanb)

a'lat

The ratio of the two core sizes depends mainly on 6 aﬁd not
S. This is consistent with the fact that 6 determines the
path length taken by an air pércel from the screen to the
vortex. As B increases, the path length increases and the
effect of the rough surface is more pronounced. For typical
values of 8 and N the core over the rough surface is always
smaller than over a smooth surface. For example, taking an
average Reynolds number of 3.57 x 104 and an average aspect
ratio of 0.635, the rough surface core is larger than the
smooth surface only when 6 < 47°. However, no measurements
of the core radius can be taken at such high inflow angles
to verify this trend because the single vortex undergoes
transition to two vortices.

Comparing the above results with the work of others

it was found that both Dessens (1972) and Wilkins et al.

(1975) observed vortices over a rough surface to be larger
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than those over a smooth surface. However, their vortices
were driven by different mechanisms than Ward's and their
measurements may have been made in different regions of pa-
rameter space. The fact that neither experimenter measured
the swirl ratio or inflow angle further hampers direct com-
parison of their results with Egn. (18), but by illustrating
this expression in another manner some general relationships
can be seen. Figure 17 shows a plot of the swirl ratio ver-
sus the aspect ratio for which the core radius over the
rough surface is a given fraction of the core radius over a
smooth surface. At various points along each line thé cor-
responding inflow angle is given. The middle line indicates
the conditions for which ré ='rc. 'Above this line ré>>rc.
The data presented thus far are all in the range of 0.036 <
S<0.78 and 0.478 <a < 0.797 corresponding to a rough surface
core which is always smaller than the smooth surface core.
However, if one extrapolates the graph to the higher aspect
ratios at which Dessens and Wilkins worked it can be seen
that large inflow angles would result in the smooth surface
core being smaller than the rough case. Thus, if Dessens'
apparatus was operating at inflow angles larger than 32° or
if Wilkins' rotating tank was operating at angles larger
than 9° then their observations would be consistent with
Egn. (18). Of course, it should be pointed out that no data
was taken on Ward's apparatus at very large aspect ratios so

it cannot be assumed that Egn. (18) remains valid in that re-

gion.



48

One other difference that makes a comparison difficult
is that the surface chosen for the rough case varied. For
instance, the author used a shag carpet with fibers 1.5 cm
long corresponding to natural obstacle heights of about 1.4
m when scaled up (based on the core radius). Dessens used
pebbles 6 mm high and distributed so as to produce a rough-
ness length, as described by Lettau (1969), of 0.2 cm while
Wilkins used plexiglass rods 3.18 cm high and 1.59 cm in di-
ameter corresponding to a roughness length of 0.39 cm. Each
apparatus is constructed to a different scale and the rough-
ness length used is meaningful only when compared to éhis
scale. For artificial surfaces in the apparatus to truly
. simulate natural roughness, it must be scaled .up with some
appropriate length in the chamber that is relevant to the
flow. Since the fibers making up the carpet are very close
together the roughness length cannot be properly computed
using Lettau's approach.* Instead, the roughness was pafam—
eterized by taking an average height of the roughness ele-
ments and normalizing that by a typical core radius. Using

this method, Dessens' obstacles would correspond to natural

*A rough surface was constructed that had a roughness
length of 0.14 cm according to Lettau's formula (and a scaled
up value of about 1 m). The surface was composed of cylin-
ders 4 cm high, 1.27 cm in diameter and spaced one per 74.6
cm2. However, the surface caused the vortex to become lam-
inar at the surface with a stagnation point aloft and tur-
bulent flow immediately above it. The laminar core radius
appears to be independent of the swirl ratio.
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structures about 42 m high and those of Wilkins to 127 m
high.

In a final series of experiments the convection radi-
us was changed to determine the core's dependence upon it.
All of Ward's data were taken with the convection radius
fixed at 0.61 m, and so the effect of the parameter ro/rs
could not be established. The updraft radius was reduced
from 0.61 m to 0.305 m and the other parameters shown in
Table IV.

Figures 18 and 19 show a plot of the 122 observations.
Again the data show a strong dependence of the swirl fatio
but also slightly more dependence on the Reynolds number
;than before. Qualitatively the data are not significantly
different from the previous smooth surface data. When this
" last set of observations was combined with cases I to VIII
the least squares fit gave for the smooth surface the follow-

ing relationship:

&l

r, 0.15
(=)

S

e . 0.19850-076 0-81 L0.085
0

with a standard error of estimate of 0.021. The overall non-

linear correlation coefficient is 0.948. For the swirl ratio

alone the value is 0.947. The correlation coefficients for

a, N, and ro/rS are 0.105, 0.248, and -0.386, respectively.

For typical parameter values in the apparatus the core radi-

us can be estimated from the swirl ratio alone as rc/ro =
0.81

0.42 s °"~. Of course these expressions cannot hold for all

S since rc/ro cannot exceed one.
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The above results and conclusions can be summarized
as follows. The flows in the laboratory apparatus are simi-
lar to natural flows only if certain nondimensional ratios
are the same for the two. For Ward's apparatus these param-
eters are the aspect ratio, the normalized updraft radius,
the swirl ratio, and the Reynolds number. For simulating a
tornado over a rough surface, the roughness parameter must
also be included. While the first few parameters can gen-
erally be matched with the atmosphere the Reynolds number
of the apparatus based on molecular viscosity can never
equal that of the atmosphere. However, the above expériments
showed that the dynamics governing the tornado core size re-
main largely independent of the Reynolds number. This re-
sult also agrees with Rotunno's (1977) numerical model which
was insensitive to Reynolds numbers greater than about 103.
The variation of the core radius with the other parameters
was examined and the results indicate that over a particular
surface the vortex size can be closely determined solely by
the swirl ratio, which also contains the geometry of the
flow.

The influence of the rough surface was to reduce the
size of the vortex core. Although this result differs from
that found by Dessens and Wilkins et al., it is attributed
to the fact that their simulators were very different from
Ward's, and they worked in a different region of the param-

eter space from that examined by the author. Furthermore,
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each investigator used different magnitudes of relative
roughness. In the absence of roughness the core is largely
established at the radius where the centripetal aéceleration
and the pressure gradient force balance. When an air parcel
enters the apparatus it is given angular momentum by the
screen. As the pressure gradient accelerates the parcel to-
ward the center of the chamber it approximately conserves its
angular momentum and consequently its tangential velocity in-
creases inversely with the radius. The air parcel will con-
tinue to approach the axis of the chamber until its tangen-
tial velocity is so large that the resulting centripetal ac-
celeration balances the radial pressﬁre thrust. At this

- point the radial forces are in balance and continuity forces
the parcel upward. When the rough surface is in place it
provides a partial sink for the angular momentum. Thus the
parcel must converge to a smaller radius before it can gen-
erate enough centrifugal force to balance the pressure gra-
dient.

The pressure distribution on the lower surface depends
mainly on the flow velocity above the boundary layer and the
radial inflow. Although the piessure deficit may not be as
intense with the rough surface in place, the radial inflow
is larger because the tangential flow has been reduced by
the increased drag. Consequently, the air flows closer to
the axis establishing a smaller core. It should be pointed

out that this simple physical argument is not always valid.
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In a numerical study by Bode et al. (1975), the simulated
vortex expanded when the surface drag was increased, even
though the axial velocity increased and the tangential veloc-
ity decreased. On the other hand, Rotunno (1979) states that
the maximum tangential velocity can increase by as much as
50% when the lower boundary condition is changed from free
slip to no.slip. In addition, his vortex core contracted

during this change.

Effects of Surface Friction on Multiple
Vortex Transition

The existence of "suction vortices" was proposed by
Pujita (1971) to explain the cycloidal surface markings
along the paths of some tornadoes; Eyewitness accounts and
photographic evidence now clearly prove the existence of a
configuration in which two or more vortices rotate around a
common axis while translating with the parent storm. Fur-
theremore, the phenomenon may not be as rare as it was once
thought to be.

Ward (1972) showed that the MV phenomenon can be
modeled in the laboratory. He hypothesized that a single
vortex (SV) transition occurs as a result of vortex flow in-
stability associated with a critical inflow angle for fixed
a (<0.5). He demonstrated that further stepwise increases
in the number of vortices, up to four, at least, could be

brought about by increasing the inflow angle.
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Jischke and Parang (1974) also studied the SV-MV tran-
sition by experimenting with the tornado simulator built by
Ward. They viewed the transition as a torque reduction pro-
cess, wherein the torque of the vortex system against the.
ground is reduced by increasing the number of vortices.
Their data indicated that the transition occurred at critical
values of the swirl ratio. However, Davies-Jones (1976)
pointed out several difficulties with the torque reduction
concept. The swirl ratio was shown by Davies-Jones (1973,
1976) to be the key parameter governing vortex size as well
as SV-MV transition and number of suction vortices. ﬁe
showed also that the range of swirl ratios available to the
Ward simulator is compatible with.that which logically could
be calculated for real tornadoes. For these reasons the
swirl ratio has been selected as the'parameter against which
all vortex phenomena are compared in these experiments.
Davies-Jones (1973) offered an alternative explanation for
the transition in terms of a non-axisymmetric instability,
wherein a vorticity maximum develops (due to shear) away
from the core. Snow (1978) examined theoretically the iner-
tial stability of a two cell vortex. His model predicted
the destabilization of progressively higher wave numbers and
the hysteresis effect showing qualitative agreement with the
laboratory observations.

For the following experiments the volume flow rate

was held constant at Q = 0.123 m3 sec-l, with a = 0.48, and
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a smooth surface was used for the first series of transition
éxperiments. Starting with a swirl ratio of 0.127, a SV
existed in the apparatus. The first indication of transi-
tion occurred at a swirl ratio of 0.277, as two tightly
wound vortices appeared, translating around a common center.
A further increase in S caused the two vortices to unwrap
and move farther apart, until the transition to three vor-
tices occurred at S = 0.898. This third transition was char-
acterized by the vortex pair losing its identity in a rotat-
ing turbulent flow. The three vortices emerged as the flow
pattern gradually reorganized from the chaotic state.‘ In
other words, the transition does not occur by simply adding
another vortex to the ensemble. The transition to four vor-
tices occurred in the same manner; as the swirl ratio was
increased to 1.79.

Roughness effects were introduced by covering the
floor of the tornado simulator with a shag carpet of one-
inch fibers. This kind of surface was chosen because it pro-
duces a boundary layer in wind tunnels that is similar to
that of the atmospheric boundary layer (Hansen et al., 1975).
The experiment was then repeated with the "rough" surface in
place, and the critical swirl ratios observed for each tran-
sition are tabulated in Table V for comparison with the
smooth surface transitions.

In the rough surface experiments the vortices had an

irregular appearance characteristic of turbulent flow. As
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a result, individual vortices in the MV configurations were
not as well defined, making the identification of transitions
more difficult. However, the critical swirl ratios are be-
lieved to be accurate and the increased magnitudes due to
roughness are certainly real. Table V shows the following:
(1) Increasing surface roughness causes MV transitions to
occur at higher swirl ratios.
(2) Transition from even to odd numbers of vortices (e.g.,

MV, to MV3) require larger percentage increases in

2
swirl ratio than odd-even transitions. This is the
case for both smooth and rough surfaces.

(3) The critical swirl ratio is about 40 percent larger on

the average for the transitions over the rough surface

used in these experiments.

The rather impressive response of the experimental
parameters and vortex appearance to the rough surface sug-
gests that the effective roughness length z, of the carpet
is "large" in the aerodynamic sense. For future experiments
it would be highly desirable to evaluate z, quantitatively,
and also to scale the roughness parameter to real atmospheric
flow.

Any scale factor relating model dimensions to the at-
mospheric countefpart must show that z, was indeed large for
the experiment. Ideélly such a factor should be based on

the ratio of the two boundary layer thicknesses, but these
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‘are not defined. If based on the assumption of swirl ratio
similarity, then a scale factor F is given by

r
Se oM

F = =
r, QM

where M is the ambient circulation and the subscript t re-
fers to tornado cyclone parameters. Davies-Jones (1973)
pointed out that the swirl ratios must be similar for a rel-

evant experiment, and in demonstrating similarity for the

tornado simulator, used the values Qt = 108 to 109

and Mt = 2.5 x 104 to 105 m2 sec—l. With this range of

parameters the value of F could be anywhere between about

m> sec”l

103:1 and 105:1. Roughness lengths are typically about 1/30
of the height of individual rbughness elements; this would
give z, = 0.085 cm for the model (or a little less since the
carpet fibers are tilted by the flow somewhat), corresponding
to zot Z 0.85 m to 85 m for the real atmosphere. The smal-
lest of these numbers represents a fairly rough surface anal-
ogous to an area of tall trees, for example, but it is not
unreasonable.

It is natural to suspect that the increased radial
velocity component induced by surface friction is responsible
for the increase in the critical swirl ratio. Near the sur-
face, at least, a parcel of air entering the convergence zone
must traverse a longer path to reach the vortex region as the

swirl ratio is increased. This gives the parcel more time

to be acted upon by surface friction. In the surface layer,
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then, a parcel of air must enter the convergence zone with

a larger tangential component in order to possess the criti-
cal amount of swirl by the time it reaches the zone of max-
imum vorticity.

Thus, the experiments indicate that one effect of
surface friction is to increase the magnitude of the criti-
cal swirl ratio for any given type of transition. This re-
sult has an important implication for the transition fheory
of Jischke and Parang (1974). They hypothesized that since
the flux of angular momentum into the apparatus varies di-
rectly as the circulation, while the torque exerted b& the
surface on the flow varies as the circulation to the 9/5
power, then increasing the circulation will increase the
ground torque much more rapidly tﬁan the influx of momentum
necessary to drive the flow. Consequently, the flow must
undergo a transition to a configuration of lower torque.
Théy then claim that the MV mode is such a configuration.
If, however, for a given angular momentum flux the ground
torque is increased by a rougher surface then the transition
should occur at a lower circulation (or swirl ratio). The
experiments in this paper indicate that the opposite occurs.
Also transitions from even to odd numbers of vortices re-
quire greater increases in swirl ratio (by a factor of two)
than odd-even transitions. Experiments should be repeated
over a greater range of aspect ratios to determine if this

phenomenon is persistent. If it is, this would suggest that
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odd wave numbers are less stable, although no such analogy

is observed in fotating dishpan simulations of the atmos-
pPhere's general circulation. Predicting changes in swirl
ratio of a tornado system would be very difficult, but ob-
serving whether‘its path leads to smoother or rougher ter-
rain may be possible in some circumstances. Blechman (1975)
reported on a situation (the Oshkosh tornado) in which a
multiple vortex tornado traveling over a relatively flat
field transformed into a single vortex system as it moved
onto the rougher terrain of a city. It follows that the more
serious transition from SV to MV could be triggered b& a
change from rough to smooth terrain if the swirl ratio is
sufficiently near critical and the other dynamic mechanisms
remain unchanged. Experimentally at least there is a hys-
teresis effect such that transitions to smaller numbers occur
at smaller swirl ratios than the corresponding transitions
upscale (Wgrd, 1972). '

With the empirical formula (Eqn. 17) for the core ra-
dius, estimates of the tangential velocity and the pressure
profile can be made. In the next chapter, a simplified form
of Egn. 17 is used in an analytic expression to determine
thé greatest tangential velocity attainable with a given

pressure deficit.



CHAPTER IV
PRESSURE AND VELOCITY MEASUREMENTS

The relative magnitudes of the pressure and veloci-
ties surrounding tornadoes are of great practical importance.
When designing structures to withstand tornadic winds and the
missiles they generate, engineers often rely upon siméle mod-
els to determine the wind velocity profiles and magnitudes.

Typically, a Rankine-combined vortex is assumed, i.e.,

r .D .
v(r) Viax (rc) with D = +1 0<r<r,
D=-1 r>r,
where r is the radius, v is the tangential velocity, v is

max

the maximum tangential velocity located at r = T, When

this profile is combined with the cyclostrophic eguation a
relation between the pressure drop and Vimax San be obtained.
The radial momentum balance is

where p is the pressure and p is the air density assumed con-

stant. Then,

P - o2 2D~1 _-2D
.5% pvmax r rC .
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Upon integrating from 0 to « we get

= av2
&p PV max

where Ap is the deviation of the central pressure from the
ambient value. More sophisticated analytical models change
this relationship slightly. For instance, in Kuo's (1966)
solution Ap = cpj;ax where ¢ = 1.74 for his one celled vor-
téx and ¢ = 1.14 for his two celled vortex. The solution of
Burgers (1948) and Rott (1958) gives ¢ = 1.68. The recipro-
cal of ¢ can be thought of as a measure of vortex efficiency,
since it relates the maximum velocity obtained for a given
pressure deficit. It is worth noting that each of the above
models claims that c is a constant and independent of the
background circulation. Plugging in typical values of Ap
measured in the laboratory apparatus indicated velocities
much different from those observed.' As a consequence it was
decided to measure the central pressure as well as the veloc-
ity maximum for several laboratory vortices in an attempt to
determine experimentally the proper relationship of the pres-
-sure deficit to the velocity maximum. The data for these ex-
periments were difficult to obtain because the vortex tends
to wander around the probes and also because the turbulent
core itself undergoes continuous changes. The two effects
are almost indiséinguishable on the sensor output because a
sudden change in the output could result from either an in-
stantaneous change in alignment of the vortex with the sen-

sor or as a turbulent fluctuation that could occur even with
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a stationary vortex or both. Generally, however, the mag-
nitude and the time scale of the turbulent fluctuations are
smaller than those due to vortex meandering and a reasonable
interpretation of the data is possible.

In order to determine the value of c for the labora-
tory flows, first the central pressure of the vortex was
measured using a pressure port located in the center of the
chamber. Although the vortex meandered about that point
slightly (more so at lower swirl ratios) it was visually ob-
served to center itself there frequently. So, the pressure
transducer output was traced on an oscilloscope and tﬁé av-
erage minimum was taken as the central pressure. Figure 20
. shows the results of these measurements for a = 0.472, N =
5.4 x 104, and ro/rS = 1/2. The scatter in the data suggests
the degree of uncertainty as well as the level of difficulty
in obtaining the data. The vortex tends to wander away from
the center of the chamber more at small swirl ratios than at
larger values. This accompanied with the fact that the core
is much smaller at small swirl values makes core pressure
measurements difficult using a single port. A better esti-
mate of the central pressure can be had by measuring the
time-averaged radial profile and extrapolating the results
to center (say, by employing the axial boundary condition
%% = 0) where the unsteadiness is very high. These profiles
will be shown later and it will be more obvious that the cen-

tral pressure for a single vortex decreases with increasing

swirl ratio.
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Perhaps the single most difficult measurement was in
placing the hot.film probe in the location of the velocity
maximum and aligning it with the proper streamline. This
was accomplished initially by orienting the probe along a
streamline in the vicinity of the apparent velocity maximum
and then changing its position so as to optimize the time-
averaged output. As a general rule the location of the ve-
locity maximum was at the radius of the visible core just
above the boundary layer (see Figure 21). Once the proper
position was determined the output of the anemometer was
recorded from the oscilloscope and the average maximum was
taken as the velocity maximum. These data nondimensionalized
with I‘s/ro are shown in Figure 22. It is not surprising to
see that the velocity maximum increases with the swirl ratio.
The analytical model of Kuo predicts this behavior. However,
his solution indicates a linear relation between the ambient
circulation and the maximum tangential velocity while the
data suggest a higher order correspondence.

With these two data sets the value of ¢ can be deter-
mined. The asterisks in Figure 23 show the results of the
. computations. It turns out that ¢ is not a constant but in
fact is a function of the swirl ratio. The fact that c de-
creases with increasing swirl implies that for a given pres-
sure drop the vortex produces a higher tangential velocity
at higher values of swirl ratio than at lower values of
swirl ratio. As will be shown later this tendency is main-

tained even in the multiple vortex stage.
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Another estimate of ¢ which also is not constant but
depends upon the swirl ratio can be obtained by approximat-
ing the velocity profiles. Let the horizontal veiocity com-
ponents be given by

ur

=—z for 0O<rg<r,
0 . ) (19)

v = for r <r<r_ and
s
=z T for 0<r<r

where u and v are the radial and tangential velocities, and
us and v g are the respective values at the screen. The ra-

dial equation of motion is

du _ v2 3p
L 2. (20)

In nondimensional form Eqn. (20) becomes

3p _ 3t | Z's 7
0P o * us2 2 (21)
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where 4 = ’C’=vl,£'—
s s s = pu

Using Eqn. (19) with Egn. (21) and integrating from the axis
to the screen gives the magnitude of the pressure deficit as
2 r;
bp = 4a’SP¢—— - 1) - 1.
c

Now ¢ can be determined as

2
- .4 _ 1% ap
C-——L—'z-‘-,-g or
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r2
(] 1
C=1-2—r—§-(l+m{)o (22)

The core radius data of the previous chapter can be used to
determine T, which is predominantly a function of S. The
measured values of ¢ along with a plot of the above equation
is shown in Figure 23. Egn. (22) is almost linear in the
range of swirl ratios used. The agreement with the data ap-
pears good only for large values of the swirl ratio. Else-
where, the measured values are much larger. This suggests
that the estimated pressure drop is smaller than actually
observed and/or the estimated maximum velocity is 1ar§er
than that observed for small swirl ratios. In an effort to
. clarify thié, the pressure profiles measured in the apparatus

were compared with those obtained from Egn. (21). Solving

for the pressure drop gives

A A A 1 A N
B(X) - p(1) = (1 - 3) (1 + 4a*s?) for £y< £<1l
f2 .2 2 1 A A
= (1 - g) + 4a“s° (1 - f_z-) for rcir_<_ 0 (23)
A2 A2
P 2g2(y 4 £2_ 2 s s
= (1 f,') + 4a“S° (1 + &% fz) for 0‘<_r_<_:r:c
o c c
where r, = rc/rs, and r, = ro/rs.

The Burgers-Rott pressure profile is also to be compared with

the data. This solution at z = 0 in dimensional form is

x
(r) - p(zx]) = v 1 a2 (p2 2
P p(r)) = o - dr + 5 pa (rg - r?) (24)
x

S
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v r 2 u
where v = —%?i [1 - exp (-%%7)] and a = -;5. Because the
s

flow is turbulent it would not be appropriate to choose the
molecular value of viscosity for y. Instead its value was
calculated so that the theoretical core radius would be the
same as the observed value. This is given by

us rc)z

v = - (
2rs 1.12

It is a shortcoming of the Burgers-Rott solution that the
core size is independent of the ambient swirl. Generally,
the values from the above equation were between one and two
orders of magnitude larger than the molecular value.
The radial pressure profiles were measured along the
"floor of the chamber through ports which were spaced at in-
tervals of one every cm up to 40 cm, then one every 2.5 cm
up to 100 cm and finally one every 3 cm out to the screen at
121 cm. The transducer output signal was time averaged with
a first order filter. Typically, a time constant of 50 sec
was required near the core and sometimes even 100 sec was
used for highly unsteady vortices. In the outer region a 10
sec time constant was sufficient to do the filtering. The
observed pressure fluctuations were about 10% of the mean
value.
Figure 24 éhows the pressure profiles for S = 0.25,
a=0.472, N = 5.4 x 10%, 9 = 0.413 n® s, ana r, /rg = 1/2.
The asterisks are the actual measurements while the solid

line is the Burgers-Rott solution and the dashed line is Eqn.
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(23). The data show only a slight pressure gradient in the
region greater than about ¥ = .19 and are in good agreement
with Eqn. (23). The Burgers-Rott solution actualiy shows an
outwardly directed pressure gradient force in the region .

$ >.22. This is due to the fact that the integral in Eqn.
(24) is small for large r and small swirl, and because the
radial flow is decelerating inward (the u solution is u =
—-ar). FPigure 25 shows the pressure profiles for S = 0.80.
Here the central pressure deficit has increased significantly
and the pressure gradient in the outer region is more obvi-
ous. The Burgers-Rott solution still exhibits an ouf&ardly
directed pressure gradient for £ >.73. Inward from there
the tangential velocity has increased to such a magnitude

that the gradient is positive. Egn. (23) describes the pres-

sure fairly well except at small radii. Figure 26 is for

S = 1.1 and on this run a vortex family of three now exists
in the chamber. The central pressure is not quite as low as
for S = 0.8 but the region of low pressure extends to a larg-
er radius and even suggests the possibility of an off-axis
pressure minimum. The Burgers-Rott solution continues to
approximate the data poorly since the assumptions involved
in its derivation are especially suspect in the case of mul-
tiple vortices. The discrepancy between Egn. (23) and the
data is larger now except in the far field. Finally, Figure
27 shows the profiles for S = 2.0 at which four vortices are

now revolving in the apparatus. Here the pressure falls off
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much more rapidly at first and the pressure minimum is much
lower than before occurring at r = .18. It must be pointed
out that the multiple vortices were revolving at é radius of
about ¥ = 0.25 but because the pressure between the vortices
is relatively high and the pressure transducer output was
time averaged the profile did not exhibit a pressure minimum
at r = .25. Instead, the average minimum was closer to the
axis. The Burgers-Rott profiles consistently overestimated
the pressure drop in the apparatus, particularly near the
core. This is due in part to the fact that the model over-
estimates the magnitude of the tangential velocitf atcsmall
radii allowing v2?/r to be large. Egn. (23) agrees well with
the data in the outer regioné whepe the assumptions used in
its derivation are particularly accurate. At smaller radii,
Egn. (23) fails to describe the data because it predicts
that the pressure drop has only a weak dependence on swirl
ratio for the values used (recall fc o 80‘81). The fact that
Egn. (23) underestimates the pressure drop for small values
of S contributes to Egn. (22) underestimating the value of c.
The simultaneous measurement of the pressure and ve-
locity of a satellite vortex was also completed in order to
estimate the value of c for it. The tubing length from the
pressure port to the transducer was minimized so as to elim-
inate any damping or time lag. Initially it was considered

that the tubing might be eliminated altogether by mounting

the transducer directly to the pressure port. However, it
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is believed that the vibrations of the table would be relayed
to the transducer's membrane, thus generating signal noise.
The tubing length finally used was about 25 cm. The frequen-
cy response of the transducer and 35 cm of tubing was very
good up to about 20 Hz (Bruce Light, private communication).
Since the frequency of the multiple vortices over the pres-
sure port is of the order to 1 or 2 Hz the output of the
transducer is believed to be accurate. Because the bottom
of a satellite vortex tends to lead the upper portions the
velocity probe was placed a little behind the pressure port.
The output trace of the velocity and pressure is showﬁ in

3 1

Figure 28 for S = 1.98, a = 0.472, Q = 0.413 m” s —, and

N=5.4x 104. It can be seen that the high velocity is
associated with the very low pressure. The two effects in
combination certainly work together to cause explosive ef-
fects accounting for the observed extensive damage from mul-
tiple vortices. The pulsing of these effects must also con-
tribute to greater structural failure.

From these measurements the value of ¢ was computed
for comparison with Figure 23. Using the central pressure
of the satellite vortex the value of ¢ was 0.056. If the
curve in Figure 23 is extended to the swirl ratio of 2.0 the
value of ¢ is computed to be 0.6, much larger than the ob-
served value. Of course, the measured velocity is the sum
of the rotational velocity plus the translational speed. If

the translational speed is deducted from the measured velocity

and ¢ recomputed, the value becomes 0.074.
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Using Figure 23 it might be possible to estimate the
tornado intensity to be expected from a given storm. Since
c is very dependent upon the swirl ratio it must first be
necessary to estimate this parameter for a given mesocyclone.

Barnes (1978) gives a technique for doing this from data typ-

Lo To

ically measured by radar. His formula is S = ~T§H§ET where
r, is the updraft radius inferred from the reflectivity pat-
tern, g, is the vertical vorticity, h is the depth of the in-
flow, and Dy is the horizontal divergence (usually negative).
Once the swirl ratio is known c can be determined from the
graph. The air density as a function of pressure canheasily
be found by vertically averaging temperature over the lower
portion of a nearby sounding. Finally, in order to calculate
Vmaxr: Ap must be estimated. This could also be done with the
aid of a nearby temperature sounding. Kessler (1970) gives

a formula for estimating the pressure drop by assuming an
average hydrostatic balance in the tornado core as weil as
the environment and integrating vertically the difference
between the temperature inside and outside the core. The
outside temperature can be taken from the nearby sounding
while the inside temperature can be determined by a dry adia-
batic ascent up to the level of condensation and then moist
adiabatically upward until the temperature equals that of

the environment. Kessler's formula gives

Ap = P, [exp{Z (T,-T,)} - 1]
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where Pl is the ambient pressure, g is the gravitational ac-
celeration, H is the height where the pressure is horizontal-
ly uniform, R is the gas constant for air, T . is an average
overall pressure-~weighted temperature, and Tl and T2 are the
average pressure-weighted temperatures outside and inside the
core, respectively.

Lilly (1969) proposes a similar technique for calcu-
lating Ap which additionally allows frictional heating in
the lower layer and adiabatic ascent in the vortex core.
Although downward flow is suspected to be present in many
tornadoes and all the turbulent laboratory vortices, £he ad-
ditional heating from compression in his calculations tends
to iaise the temperature dramatically thereby causing large
pressure falls. It is likely that frictional convergence in
the boundary layer and turbulent mixing of the core air with
the air in the adjacent walls tends to reduce the pressure
drop resulting in his approach overestimating the pressure
drop. Lilly's other approach, which allows only adiabatic

ascent, does produce reasonable values of the core tempera-

ture and could be used to estimate v

max® Of course, in or-

der to obtain the total velocity effect, the translational
velocity due to the storm's motion would have to be added to
the tangential velocity. Furthermore, the influence of sur-
face roughness would be difficult to incorporate. A major
effect of surface roughness is to reduce the local -swirl ra-
tio. Perhaps an effective swirl ratio could be used based

on the ground roughness.
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It turns out that the maximum velocity is related
more strongly to the value of the swirl ratio than to the
pressure deficit. For instance, Barnes (1978) caiculated S
for the storm he studied as S = 0.4. However, the uncertain-
ty could be as high as +0.2. With this in mind and taking
three different pressure deficits typical of significant tor-
nadoes the value of vy ,4 was calculated from 4p = c o Viax
where ¢ is taken from Figure 23. These values are shown in
Table VI. Clearly, changes in the swirl ratio affect the
velocity much more than changes in the pressure drop. Once
again the importance of the swirl ratio to the flow ig re-
confirmed.

Another experiment was designed to compare the max-
imum velocity of the SV with those occurring in the MV sys-
tem where translation and rotation speeds combine. The vol-
ume flow rate was held constant in each case. The fan speed

l, and

was adjusted to give a flow rate of Q = 0.123 m® sec”
the aspect ratio was fixed at 0.48.
The most intense single vortex for this flow rate is

1 (0.57

obtained with a screen rotation rate of 0.06 rad sec
rpm) corresponding to a swirl ratio S = 0.127. The visible

vortex radius (also the radius of maximum tangential veloci-
ty) is 2.7 cm. The probe is placed at that radius and at a

height of 2 cm. The peak velocity was measured at 3.12 m

-1
sec .
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To produce MV's the screen speed was increased to

1 (6 rpm) while the flow rate was held constant.

0.63 rad sec
With the swirl ratio now at 3.18 (an increase by a factor of
25) four vortices formed, translating around the center of
the simulator with a speed of 0.65 m sec L. The probe was
repositioned to the radius of peak response (in this case
29.5 cm) and the response was also maximized by alignment
with the streamlines present at the time of vortex passage.
The velocity trace is shown in Figure 30. The peak velocity
for the passage of the four suction vortices was 3.54 m s-l,
somewhat larger than for the SV. The velocity suddenly in-
creased by an order of magnitude (between minimum and maxi-
mum) in less than half the time required for a complete cycle.
Smoke tracers indicate that the direction of flow does not
change appreciably from one vortex to the gext at time of
passage. The similarity of the velocity cycles in Figure 30.
also indicates this to be the cage.

A peculiar feature of the trace is the existence of
a secondary maximum after 1.3 sec. This was observed to
occur on a number of occasions and is believed to have result-
ed for the following reason. Although the MV generally ro-
tated about the apparatus at a fixed radius there sometimes
are slight departures. This means that for a stationary
probe the vortex core will either be penetrated by the probe

or miss it altogether. The former is responsible for the

secondary maximum because if the probe passes through the
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core, it will experience two velocity maxima - one upon en-
tering the core and another upon exiting. The second maxi-
mum is not as large as the first because of the pfobe's mis-
alignment with the flow while exiting the core.

The peak velocity of 3.54 m sec T can be resolved
into its components given the probe's orientation. When
this is done and the translation speed is subtracted off of
the tangential component, the suction vortices were found to
have components as follows: radial velocity u = -1.0 m sec-l,
tangential velocity v = 2.7 m sec-l, and vertical velocity
w=20.4m sec-l. These are only approximate, owing to'the
sensitivity of the components.to the probe's proper orienta-
tion with the streamlines.

' Laboratory observations also indicate that multiple
vortices are highly concentrated near the ground and decay
rapidly with height. Typically,. the SV velocity reaches a
maximum just above the boundary layer, and then diminishes
gradually with height while the MV velocity decreases more
rapidly with height. Since in the MV system the available
energy must be distributed among more vortices, the peak ve-
locities would be smaller for Qortices of the same size un-
less the energy tends to concentrate in the lower portion.

When oil smoke was used for flow visualization in the
MV configuration, a streamline pattern was revealed and is
depicted in Figure 30. Air at the axis of the system spi-

rals slowly downward and di&erges near the surface. As
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the air approaches the annular ring around which the MV trav-
el, it decelerates until a MV passes nearby. At that time
the air is pulled into the vortex and spirals rapidly upward
out of the system. As noted by Ward (1972) the convergence
from the periphery of the apparatus concentrates vorticity
into the annular region, creating a zone of large vorticity
away from the center of rotation. This off-axis concentra-
tion of vorticity is important in the formation and mainte-
nance of MV.

The above results indicate that wind speeds associated
with MV systems are at least as high as in the SV for'the
same volume flow rate and updraft radius, although the ambi-
ent circulations were different. The MV system is thus like-
ly to be far more destructive because of the abrupt acceler-
ations and pressure changes due to passage of individual
"suction vortices". 1In addition, the MV system sweeps out
an area many times greater than the SV. Near the surface,
at least, the tangential component is dominant with an in-
flow angle of about 70° at the radius of the MV. This.com-
bines with the translational speed to give peak velocities
in a four-vortex system as large as the maximum in a single
vortex system having the same flow rate and updraft radius
(but much smaller circulation). The pressure drop is thus
very sharp in these small vortices, and this may explain the

presence of "suction spots" noted by Fujita (1971).
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The mean flow velocity structure is also affected by
the turbulence distribution. Generally, the eddies act to
diffuse energy and momentum, but there are examples (Starr,
1968) of countergradient transports of these quantities. - In
the next chapter, profiles of the turbulent fluctuations are

presented, and their influence on the mean flow discussed.



CHAPTER V
TURBULENCE MEASUREMENTS

The role of turbulence on vortex structure has long
been debated. Often it was assumed that turbulence acted to
diffuse energy and angular momentum, and that a balance exist-
ed between the advection of mean angular momentum and outward
+turbulent diffusion. Although the relative turbulence inten-
sity has been measured for some laboratory vortices the di-
rect measurement of the Reynolds stresses has not. It is im-
portant to investigate the effect of the turbulence on the
mean flow. The values of the turbulent stresses have been
inferred from the behavior of tﬁe mean flow with the use of

the balance equation

9 —== 3 2 T S (r2 ZUTTT) = 0.
3 (r? puv) + 52 (r putv’) + = (xr?2 pw'v') 0

9 ===

9
pwv) + -a—r (r

Using this equation Lilly (1969) has examined Hoecker's (1960)
. data in an effort to explain the distribution of angular mo-
mentum in the Dallas tornédo of 1957. Figures 3la and b show
a plot of circulation versus radius for this tornado at
heights of 150 ft. and 300 ft., respectively. Also, Figures

32a, b, ¢, and d show similar plots for the laboratory data
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of Jischke and Parang (1975). 1In all cases there are regions
toward the axis where the circulation increases abruptly.
This is noteworthy for two reasons: (1) angular momentum is
not decreasing inward as might be expected because of the-
torque exerted by the surface on the flow, but actually in-
creases in some regions, and (2) Rayleigh's (1916) criterion
for inertial stability is violated if %%w:O (with T positive).
Of course, the local persistence of this instability is fea-
sible but one should expect to see some kind of an adjustment
to the profile downstream. A similar peak also exist§ in
Rotunno's (1979) steady state numerical solution for S‘= 0.105.
Calculating an angular momentum budget for the Dallas
tornado, Lilly concludes thatlthe turbulent stresses must be
acting so as to add angular momentum to the mean flow near
the core. This is analogous to the manner in which the up-
per atmospheric jet stream feeds from the angular momentum
of the large eddies embedded in the prevailing westerlies
(Starr, 1968). Thus, the turbulent eddies may have become a
source rather than a sink for mean angular momentum locally.
Using data collected from dust devils, Sinclair et al.
(unpublished manuscript) found slight eddy flux convergence
occurring near the core in the lower layers but not extend-
ing upwards as Lilly found. Sinclair et al. are skeptical
of Lilly's conclusions and state that the circulation values
can be adjusted within Hoecker's error bounds to yield a dis-

tribution which is everywhere stable, viz. a Rankine-combined

vortex.
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This conjgcture was the impetus for obtaining direct
measurements of the Reynolds stresses. Using cross-wire
probes and a signal correlator the turbulent fluctuations
and cross-correlations were measured. In order to make a
comparison of the mean flow with the data of Jischke and
Parang (1975) the apparatus was operated so as to duplicate
their case II (see Figure 32b and c¢), i.e., the volume flow

rate was 1.33 m3 s“1

, the inflow angle was 5°, h = 30.5 cm
and r, = 61 cm. This is equivalent to a swirl ratio of 0.09.
Measurements of u, v, u'v', u'2, and v'? were made at radii
from 30 cm to 112 cm at a height of 1.4 cm. These meééure—
ments were made near the lower surface because the output
signals can be more éasily interpreted if the-mean flow is
quasi-horizontal (see Chapter II). At z = 1.4 cm the mean
vertical velocity is very small. The associated output error
is approximately given by g% where w is the mean vertical
velocity and ;h is the mean horizontal velocity. Froﬁ
Jischke and Parang's data this error would be about 3% at
r = 30 cm where w would have the largest value in the measure-~
ment region.

The circulation from the tangential profile is given
in Figure 33. Although the profile is unlike Figure 32b
and ¢ (not surprising since the profiles are at different
heights) the distribution does show a definite peak at r =

60 cm. It should be noted that Jischke and Parang's data

show a distinct minimum in the circulation at that radius at
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higher levels. This suggests that vertical fluxes may be
carrying angular momentum away from this region and into a
lower level. The vertical flux will be shown later.

The distribution of u'?2 is given in Figure 34. The
values are large in the outer regions. This is probably due
in part to the proximity of the rotating screen. The turbu-
lence produced there does damp out as the flow accelerates
inward undér a favorable pressure gradient, i.e., radial
stretching reduces the eddy size to a scale where viscous
dissipation can become effective. Once the air flows past
the convection radius of 60 cm the radial flow decelerates
and the turbulence level starts to increase until about 45
cm. Then the radial turbulent kinetic energy begins to de-
crease as the flow accelerates toﬁérd the core. Fluctuations
in the anemometer output indicate that errors in the measure-
ments may be as high as + 9 x 10—4 m2 s_z. Figure 35 shows
the profile of v'2. Again the values are high near the
screen and decrease inward thereafter. As the core is ap-
proached dramatic increases take place. Since v'2 is a mea-
sure of the turbulent kinetic energy associated with the tan-
gential flow it would not be surprising to see the circula-
tion respond to variations of v'2. Comparing Figure 35 with
Figure 33, it is interesting to notice that v'z decreases
inward and reaches a minimum near 81 cm while the éirculation
is increasing and reaches a local maximum just immediately

downstream of 81 cm. Then a rise in v'2 occurs as I' decreases
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again. Another minimum in ¥72 occurs at about 66 cm while a
second peak in T takes plaece just downstream at about 61 cm.
Next V*Z begins to inecrease until 46 em while T' drops until

41 em. Finally, the value of ¥'Z drops then rises as T does

just the opposite lagging abeut 5 em downstream. Errors in

these walues may be as high as + 3 x 10‘4 2 s-z. Figure 36

shows the distributiop of Wv'. Once more there are high

wvalues near the sereen with a sudden decrease inward. At 65

em an inerease begins, reaching a peak at about 45 cm with a

decline thereafter. The lack of a large time constant on the

SES =L T —_— - =

RMS voltmeter gives results with an uncertainty of about

+ 5 x 10"4 m s~ =2 for these walues.

With this information we egn now evaluate the third

term in Egn. (34) to see how it affeets the mean flow. Fig-

ure 37 is a plot of this term using the turbulence data.

Positive wvalues indicate turbulent flux divergence which re-

sults in momentum flux convergence in the mean flow. Nega-

ive values indicate that the mean flow is losing its momen-

=i oR

et

um to the eddies. The plot glearly shows that the turbu-

tt

et

ence is adding mementum to the mean flow at 60 cm and 76 cm,
the pesitions of the two cireulation peaks. However, because
the measurement uncertainty is about + 2.2 x 107> m° s 2 the
-minor peak may rot be significant. This data supports the

s feeding the mean flow locally

thae

idea that turbulent energy
to agcount for higher than expected tangential velocities.

It is unfortunate that the measurements could not be extended
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inward to see if this same process is taking place in the
immediate vicinity of the core.

The effect of the vertical fluxes could not be deter-
mined so readily. The x-wire probes must be aligned so that
the mean flow vector lies in the plane formed by the wires,
and makes a 45° angle with the wires. The probe then mea-
sures only the velocities in this plane. This is not a prob-
lem in a two-dimensional mean flow (with three-dimensional
turbulence, of course). However, if the mean flow is three-~
dimensional, the velocity components in the probe's reference
frame may not be converted to the laboratory referenc; frame,
because the velocity normal to the érobe plane is not avail-
- able. Consequently, the quantity v'w' could not be measured
directly. Instead, the quantity Vjw' could be determined
where vy = /¥'Z ¥ u'2. Although this is not the quantity of
interest it 1is close for high local swirl values and some
qualitative conclusions can be drawn. The design of the
probe support prevents the sensor from being placed closer
than 2 cm from the surface, so values of VKWT were measured
at 2 cm and 3 cm to approximate the flux at z = 2.5 cm. At
a radius of 60 cm‘these quantities were measured as -1.1 x

=4 12 s72 and -1.6 x 1074 n? s~2, respectively. Thus the

073 n3 s72. The sign indicates

10
vertical flux was -1.6 x 1
that angular momentum is being vertically transported away

from the mean flow but the magnitude shows that this effect

is smaller than the radial fluxes. One can conclude that
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mean flow mcmentum is being carried upward out of this region
by the eddies but the radial flux more than compensates. This
results in a net convergence of mean flow momentuﬁ in this
region of the vortex.

Although it is difficult to draw general conclusions
from a single experiment it appears that the eddies do add
angular momentum to the flow in some regions. This results
in a circulation profile which is inertially unstable. The
growing instability must adjust the profile, but, because
the process takes a finite amount of time, the adjustment is
completed downstream of the point of instability. Thﬁs the

behavior of the eddies can maintain the unstable profile.



CHAPTER VI

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

FOR FUTURE RESEARCH

In Chapter II the parameters governing the unsteady
flows in the apparatus were derived. These are the swirl
ratio, the aspect ratio, the nondimensionalized convection
radius, and the Reynolds number. Davies-Jones (1973) showed

that the laboratory flows are dynamically and geometrically
similar to actual tornado flows by estimating the parameter
values in nature. Although the Reynolds number of the lab-
oratory flow does not match the atmospheric value, several
experiments indicated that the behavior of the laboratory
flow was largely independent of the Reynolds number for the
values examined. This result is further verified in Rotunno's
(1977) numerical simulation of the apparatus. With the gov-
erning parameters clearly identified, future experiments can
be more realistic.

Several mgchine improvements proved to be beneficial.
Centering the updraft inlet made the pressure distribution
across the honeycomb more axisymmetric and reduced vortex
wander that previously occurred at high volume flow rates.
Exhausting back into.the laboratory decoupled outside

83
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influences from the behavior of the vortex. As a result
overall vortex wander was decreased significantly. Operating
the exhaust fan with direct current increased its efficiency
and its lifespan.

Chapter III examined the sensitivity of the core ra-
dius to the flow parameters, including surface roughness.
With more than 400 core radius data points taken it is clear
that the core radius is governed predominantly by the swirl
ratio. Of least importance is the Reynolds number. In fact,
as an approximation the core radius can be estimated from

the swirl ratio alone as

H

c _ 0.81
f: = 0.42 S

over a smooth surface.

When a rough surface was introduced the flow behavior
was altered considerably. Initially several kinds of sur-
faces were experimented with. One of these was constfucted
in accordance with Lettau's formula for estimating the rough-
ness length using a description of the surface elements.
However, with this surface in place the turbulent core was
above the standard measurement height. The technique final-
ly adopted was to distribute the roughness elements uniform-
ly and scale their height with the core radius. The influ-
ence of the surface roughness alone is to reduce the core
radius. Because of the reduced centrifugal forces in the
boundary layer air parcels'can penetrate closer to the axis

establishing a smaller core radius.
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The rough surface also delayed multiple vortex tran-
sition. Progressively larger swirl ratios were regquired in
order to initiate the transition to a larger number of vor-
tices. The rough surface also increases the level of tur-
bulence as well as the diffusion of momentum and vorticity.
Thus, more swirl must be added in order for the transition
to multiple vortices to take place. The implication is that
a tornado on the verge of multiple vortex transition may be
triggered into that mode if it travels over a smoother ter-
rain.

The pressure and velocity measurements of Chapéér Iv
show that these two quantities are not simply related. The
maximum tangential velocity increases with increasing swirl
ratio. The behavior of the pressure profile is as follows.
FPor a single vortex the central pressure drops as the swirl
ratio increases. When multiple vortex transition occurs the
central pressure rises somewhat and the pressure minimum is
displaced off-axis. The time-averaged pressure minimum, how-
ever, is not at the same radius as the multiple vortices.
This is because the higher pressure between the vortices is
large enough to compensate for the instantaneous pressure
minimum that exists during the vortex passage. Simultaneous
measurement of the total velocity and pressure- show that the
maximum of the former occurs during the minimum of the latter.
This certainly results in the explosive effects of the mul-

tiple vortex mode. A further increase in the swirl ratio
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causes the pressure minimum to intensify and move farther
away from the axis.

The maximum velocity in a multiple vortex éystem was
measured to be slightly higher than for a single vortex at
the same volume flow rate for the one case examined. Labora-
tory observations indicate that the multiple vortices are most
concentrated near the surface and rapidly become diffuse with
height. From direct measurement the region of maximum veloc-
ity for a single or multiple vortex system appears to be at
the edge of the visible core and at a height where the lower
laminar core transforms into a turbulent one. The reiétion
of the maximum tangential velocity to the central pressure
- drop is not a constant as some analytical models suggest but
depends on the swirl ratio. The implication is that vortices
embedded in a higher ambient swirl are more efficient in
using the central pressure drop to drive the tangential flow.

The influence of the turbulence on the mean flow was
investigated in Chapter V. Although the entire flow field
could not be mapped, some conclusions can be drawn about cer-
tain regions of the flow. The mean circulation profile
showed regions where angular momentum was increasing inward
locally. This is significant not only because one would ex-
pect the boundary layer to be a sink for angular momentum
but also because such a profile is inertially unstable. The
mean flow equation points to the Reynolds stress as a pos-

sible influence. Direct measurement of these stresses showed
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some interesting behavior. The profile of v'Z, which is re-
lated to the turbulent energy of the tangential velocity
fluctuations, showed a local minimum (maximum) imhediately
upstream of regions where the mean circulation showed a local
maximum (minimum). The profile of u'v' indicated that in
the regions where the circulation peaked, the eddies were
adding angular momentum to the flow. Measurement of the ver-
tical eddy flux was less conclusive because of the measure-
ment constraints. However, the indications are that the
vertical eddy flux extracted energy from the mean flow near
the circulation peak, but the magnitude of this flux wés
smaller than the radial eddy flux at the same height. The
eddies appear to pump angular‘momentum into the mean flow
at the region of the circulation peaks and sustain the lo-
cally unstable profile. This suggests that the resulting
instability must adjust the unstable profile downstream to
a stable one.

There is still much work to be done with the tornado
simulator. In order to make data collection easier and to

insure greater accuracy several additional modifications to

the apparatus should be incorporated. The lower surface of

the apparatus has many holes drilled in it for measuring in-
struments. When these holes are not in use they are general-
ly covered with duct tape. So much tape is present, in fact,

that the table could be considered rough in some locations.
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Replacing the lower surface with a new one containing an in-
strument slot would reduce the roughness and allow more ver-
satile data collection. The slot should extend radially in-
ward a little past the geometric center of the apparatus and
have railing underneath to support probes (Snow, private com-
munication). Also, the present table does not make continuous
contact with the screen allowing some air to enter without
receiving swirl. The gap varies with table height. Adding
horizontal panels underneath the table that could be adjusted
radially could tighten the fit and would greatly reduce this
‘problem. The present table is also slightly warped méking
the inflow depth azimuthally variable. A new table should
be supported by a threaded shaft so that its height can be
controlled more continuously.

The screen rotation rate is very unsteady because
the ring is also warped and the rope drive slips. 2A new
ring assembly would greatly reduce the drag. A more direct
drive could be implemented by using a roller attached to the
motor and in contact with the ring. Another roller on the
opposite side of the ring would be necessary to adjust the
grip on the ring sufficiently. If the mass of the ring were
increased its inertia would enhance a more uniform rotation
rate. Of course, a new suspension would have to be made.

'The electrostatic precipitator used to filter out
the smoke is not very efficient. Many of the charged oil

droplets pass through the electrified grid without being
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collected. This is due to the high volume flow rates used
and the large concentration of smoke in the flow. A new
filter could easily be made to be more effective éimply by
increasing its length and intensifying the electric field.
In this manner each droplet would receive a greater charge
and have more time to be collected by the oppositely-charged
grid.

In future experiments the role of the turbulence and
its influence on the mean flow should be investigated further.
Because of equipment limitations the measurement of the tur-
bulence field could only be accomplished in the outer’fegions.
Evaluating these quantities close to the core will be most
difficult but is needed to deierm;ne the dominant forces in
balance there. In fact, a complete angular momentum balance
of the entire flow field would be very informative on how
the flow is maintained. It would also be of great interest
to determine if the eddies supply angular momentum to the
mean flow for a variety of flow configurations (swirl ratios)
and at many heights and radii.

Measurements should also be made of Vmax as @ function
of height for low swirl ratio flows. Rotunno's (1979) model
indicates that for low swirl ratios the boundary layer sep-
arates close to the axis inducing a recirculating flow. This
prevents incoming air from reaching a small radius near the

surface. Instead, the air is diverted upward and approaches

the axis aloft. If the swirl ratio is increased, the
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thickness of the recirculating cell decreases and the region
of vpax descends. It is suggested that this behavior may
account for the observation that the tornado vortéx first
forms at midlevels, then propagates downward. The height of

v, should be measured in the apparatus to verify this pro-

max:
cess for small values of swirl ratio increasing from zero.
The effects of surface roughness are still not com-
pletely known. Although it was established that the core
size decreases with increasing surface drag, the roughness
length 2z, should be varied over a large range to produce an
empirical formula for the core radius as a functioh oé‘zo.
In addition, profiles of pressure and velocity should be
measured to determine. how the‘roughness affects the angular
momentum balance and resolve the conflicting results of
some ﬁumerical models. The relation of Ap to v ., could be
determined for a rough surface in the manner used in Chapter
IV for a smooth surface. |
Finally, there is much to be learned about vortex
breakdown phenomena. It appears that the vertical velocity
and axial pressure gradient play a major role in this event.
Measurements of the pressure profile and vertical velocity
at the surface as well as at the honeycomb could be used with
the vertical equation of motion to prgdict the occurrence
and location of the breakdown bubble and then compared with

the observations. Repetition of the breakdown experiment

over a rough surface may offer an opportunity to explain the
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.observation that the presence of an extremely rough lower sur-
face tends to raise the axial stagnation point off the sur-

face. The effect is similar to decreasing the swirl ratio.
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The calibration wind tunnel.
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Figure 5. The velocity probe support.
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Figure 6. Protractor arrangement used for measuring the
core radius.
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Figure 7. Vortex breakdown, typical of high
aspect ratio and low swirl.
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An idealized streamline pattern for a two-celled vortex.
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Figure 9. Photograph of a typical turbulent
vortex produced in the tornado
simulator.



Figure 10. Pressure distribution for a tornado with dashed line indicating
the position of a velocity maximum.
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over a smooth surface with a = 0.492 and ro/rS = 1/4.
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Figure 28. Oscilloscope trace of pressure
(bottom trace) and anemometer
output (top trace) for multiple
vortices with s = 1.98, a = 0.472,
and Q = 0.413 m® s-1.
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Figure 30. The streamline pattern for a vortex pair as

indicated by smoke tracer introduced into
the vortex generator.
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RANGE OF PARAMETERS IN THE TORNADO SIMULATOR
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TABLE 1

Minimum Maximum
0 10 +

8.5 x 102 1.4 x 10°
0.25 4.0
0.125 0.5
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TABLE II

PARAMETER RANGE FOR CORE RADIUS MEASUREMENTS
OVER A SMOOTH SURFACE

CASE a
I 0.479 3.4 x 104
I1 0.479 4.3 x 10%
IIT 0.479 4.8 x 10*
v 0.479 5.4 x 10%
v 0.797 2.0 x 10%
vI 0.797 2.6 x 10*
vII 0.797 2.9 x 10?
VIII 0.797 3.3 x 10%
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TABLE III

PARAMETER RANGE FOR CORE RADIUS MEASUREMENTS
OVER A ROUGH SURFACE

CASE a
IX 0.478 3.3 x 104

X 0.478 4.2 x 10*

XI 0.478 4.8 x 10
XI1I 0.478 5.4 x 10°
XIIT 0.792 2.0 x 104
XIV 0.792 2.5 x 104
XV 0.792 2.9 x 104
XVI 0.792 3.3 x 10*
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TABLE IV

PARAMETER RANGE FOR CORE RADIUS MEASUREMENTS

WITH r, = 0.305 m

CASE a N
XVII 0.492 8.4 x 10°
XVIII 0.492 1.0 x 10°
XIX 0.492 1.2 x 10°
XX 0.807 6.6 x 10°
XXI 0.807 7.4 x 104
XXII 0.807 8.2 x 10%
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TABLE V

CRITICAL SWIRL RATIOS FOR MV TRANSITIONS

Smooth Surface Rough Surface
Single Vortex 0.127 0.127
Single to MV2 0.227 0.313
MV2 > MV3 0.898 1.09
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TABLE VI

MAXIMUM TANGENTIAL VELOCITIES FOR VARIOUS SWIRL RATIOS
AND CENTRAL PRESSURE DEFICITS

s 0.2 0.4 0.6
Ap
60 mb 25 ms ! 45 101
80 mb 29 52 117

100 mb 33 59 131




