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SUMMARY

The objective of this investigation was to study the
nature of intense air vortices and to investigate the factors
which determine the intensity and rate of decay of both
single and pairs of vortices. Single vortex parameters of
axial pressure differential, circulation and outflow rates
were varied. In addition, for dual vortices, separation
distance and directions of rotation were varied.

The unconfined vortices which were generated by a single
rotating cage were intensified by an increasing axial pressure
gradient (increaéing axial core flow). Vortex breakdown
occurred when the axial gradient became negligible. The
core radius was a function of the axial gradient (axial core
velocity).

Dual vortices were generated by two counter-rotating
cages with both large and medium cage spacing and equal cage
rotation speeds. The vortices rotated opposite to the
attached cages. With minimum spacing only one vorfex was
formed which rotated in a direction opposite to the attached
cage. When one cage rotated at half the speed of the other
cage, one vortex formed at the higher speed cage rotating in
the cage direction.

Normally only one vortex formed with corotating cages, and
the vortex rotated in the direction of the rotation of the
cages. With large spacing of the cages the vortex was cyclic

with unequal differential pressures applied to the cages. This



was enhanced by unequal cage speeds.
Vortices formed by counter-rotating cages were generally

weaker than those formed by corotation.

xi



1. INTRODUCTION

The objective of this investigation was to study the
nature of intense air vortices and to investigate the factors
which determine the intensity and the rate of decay of both
single and pairs of vortices.

Various experimental approaches have been used to study

1

vortex characteristics. Patterson' studied the attenuation

of wing-tip vortices in the Langley Research Center towing

2 conducted similar tests in the underwater

basin. Lezus
towing facility at Ames Research Center. The attenuation of
vortices by aircraft in flight were investigated by Tomback3,
Chavalier* and others. Wind tunnel studies have been conducted
by Orloff and Grant® and numerous others. The characteristics

of a single vortex have been investigated by Muirhead®. The
latter study approached the problem from a somewhat different
point'of view to examine the basic vortex flow and the parameters
which directly affect this flow.

During a systematic study of tornado damage -by-Eagleman.and-
Muirhead?, it became evident that damage observed was not caused
by simple rotational and translational air flow. A core flow
or deficit flow had to provide a major contribution to cause
the destructive effect observed. Since velocity can also be
thought of in terms of the pressure, a local speed index® of the

vortex, S, was defined as

s=(1 - po/pA)' 1000 (1)



/

Thus, the vortex intensity at any point along the vortex axis
is a function of the pressure at the center of the core at that
point. The pressure at this point must be compatible with the
pressure gradient along the core axis and the tangential
velocities of the vortex in the plane perpendicular to the axis

at this point. Since po/pA= f(p,T,Wy,u,a), from dimensional

analysis:
$ = (1 - —L—31000 (2)
M n
R.M
' ' w
o
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RF =‘£ and M = g
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The change of properties along the axis of the vortex

were found by differentiation of p'o/pA along the axis.
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I1f the flow is assumed isentropic, then

02 ol and ec 2wo
Wo z Wo
r _ L« 1 1+m_r 1l .0,
c, = 2e] ()77 M= Te; [ (4)
) °2

Equation (4) indicates that the core radius is a direct function
of the center core flow velocity. As the core flow approaches
zero, the core radius grows rapidly. Assuming the circulation
remains constant during the growth of the core, it does diffuse
the vorticity; and, because of the lack of organization for the
vorticity, it facilitates the decay of the vorticity (I'={dA
= 20A~wr?).

The core flow decay may occur by conveying turbulent energy
radially8 from the core into the free vortex flow region through

6, by artifically

the spiral vortices surrounding the core region
reducing the core axial flowg, or by the interaction of one
vortex with anotherl?, Qwen8 suggests that turbulent energy is
.conveyed to the free vortex region by radial viscous diffusion
over distances proportional to (time))s. This suggests that o

(equation 4) is of the ordeerf 1/2.

2. APPARATUS AND PROCEDURES

2.1 Vortex Generators

Vortices were generated by the use of two rotating wire

cages, Figure 2.1.1. The cages were rotated independently by



two three-horsepower constant speed motors through belt drives.
The pulley diameters were changed to obtain maximum rotating
speeds of 1200 and 600 r.p.m. The direction of cage rotation
was changed by reversing the motors.

The wire cages were .5842 meters in diameter and .4826
meters in axial length. 1In the center of the disk at the top
of each cage was an outflow orifice. Three nozzles of .1016,
.0762 and .0381 meters in diameter were used to vary the outflow.
Three different -distances were used between the cage centerlines:
2.50, 1.89 and .673 meters. The bottoms of the cages were
located 2.394 meters above the floor of the test chamber. A
false floor was placed .324 meters above the test chamber floor.

Suction pressures were applied to the cage nozzles. The

2

absolute pressures varied from 5%103 Newtons/meter? to an

atmospheric pressure of about 98x103 Newtons/meter?. The suction
pressures were provided by vacuum tanks (60 meters3) and three
vacuum pumps. The maximum suction was applied and allowed to

decay to atmospheric pressure.

2.2 Instrumentation

Neutrally buoyant helium bubbles and dry ice were used to
observe the vortex flow. Both photo flood lighting and xenon
lighting were used in the illumination of the bubbles and dry
ice. The bubble paths were recorded by either video tape or a
16mm motion picture camera. The observations with the video
camera were made at two positions below the cages: .616 and

1.30 meters. Still photographs of the core were made at .432



and 2.07 meters below the cages. A voice recording was also
made of the visual observations of the test director.

The static and total pressure in the cage nozzle was
measured by pressure transducers and recorded, Figure 2.2.1.
One Kistler piezo-electric transducer was recessed in the false
floor under the cage. The cage rotational speed was obtained
by use of a photo cell.

2.3 Single Vortex Procedures

The single vortex tests were conducted as indicated in
Table I. A number of test runs were made for each test condition
indicated. ‘Nozzle static and total pressure, floor pressure and
cage rotation speed were continuously recorded versus time. The
bubble flow patterns were recorded on video tape. 1In addition,

a few runs were recorded by a 16mm moving picture camera and
still photography.

The bubble paths recorded on video tape were plotted from
the tape on drafting film and xeroxed, Figure 2.3.1. These
paths were digitized. The digitized data were used to calculate
the velocity components of the vortex at different radii from
the core. Velocity component plots were made versus radii for
each bubble path plot. The rotational speed, static and total
nozzle pressure were recorded on each velocity plot. By
combining all of the velocity plots for a given rotational speed,
static pressure and nozzle diameter, composite velocity compohent

graphs were made. Comparisons of these component graphs were then



made to evaluate the effect of nozzle diameter, rotationalsspeéd

and axial pressure gradient on the vortex strength.

2.4 Dual Vortices Procedures

The dual vortices tests were coﬁdpcted as indicated in
Table III. A number of tests were conducted for each test
condition. Nozzle total and static pressure and cage rotation
speed were recorded versus time. The bubble pathsAwere recorded
by a 16mm motion picture camera and still photography. A voice
recording was made of the visual observations by the test director.
These data were then evaluated to determine the effect of cage
rotational speed, direction of rotation, separation distance,

axial pressure and nozzle diameter on the strength of the vortices.

3.  SINGLE VORTEX

3.1 Dry Ice Visualization

A dry ice visualization technique was used to obtain .the
photographs in Figures 3.1.1 through 3.1.8. The three basic vortex
regions are shown inAFigure 3.1.1 The very.small diameter, low
pressure, low density core flow region is surrounded by.a thin
region of spiral vortices. The free vortex region is shown in the
low portion of the photograph surrounding the spiral vortices.

This vortex was generated by steady maximum speed cage rotation
and the application of maximum suction pressure at the nozzle

in the center of the cage. During the tests the vortex meandered
about. As the applied suction pressures decreased, the vortex

meandered over a larger area. Wherniever the core region came in

¢



contact with the cage, the core flow decreased and the vortex
became weaker, Figures 3.1.2 and 3.1.3. If the core was carried
outside the cage and became independent of the low pressure in
the center of the cage, Figure 3.1.4, the vortex became very
weak. It eventually dissipated unless the core became reattached
to the cage nozzle (or sink). After a vortex dissipated, a new
vortex would form as in Figure 3.1.5.

Figure 3.1.6 shows a strong vortex formed by maximum steady
rotation and suction pressure under the inflqence of é small
cross air current in the laboratory. It will be noted that the
vortex bends at both ends so as to approach both boundaries nearly
perpendicular to the solid boundaries. The general stiffness of
the strong core may also be seen.

The basic part that the axial pressure gradient plays in the
vortex 1is illustrated by Figure 3.1.7. The cage rotation has been
stopped. A strong axial pressure gradient was maintained by the
high suction pressure at the cage nozzle (or sink). The vortex
was sustained by the core flow transmitting energy to the free
vortex through the spiral vortices. As the axial pressure gradient
approached zero, the upward flow ceased and the spiral vortices
unwound and dropped to the ground. The maximum axial length vortex
which could be created in the laboratory (cage to floor) is shown
in Figure 3.1.8. The vortex was formed using a steady cage
rotation speed of 1200 r.p.m. and stroﬁg suction.

3.2 Helium Bubble Visualization

Neutrally buoyant helium bubbles were used for visualization

of the vortex flow in photographs, Figures 3.2.1 through 3.2.8.

'



The streamlines made by the bubbles enabled a more detailed view

of the vortex flow. Figure 3.2.1 shows the formation of the flow
as the rotation and the axial pressure differential were being
increased. The strong core flow is shown in Figure 3.2.2 of an
established vortex. Figure 3.2.3 shows the surrounding free vortex
flow. As the axial pressure gradient decreased, the core flow
slowed and began to collect in periodic condensation regiqns,
Figure 3.2.4. As the core flow stopped, the diameter of these

periodic condensation regions enlarged and hung in mid-air,

Figure 3.2.5. Rarefaction regions appeared between the condensations.

The condensation regions continued to grow and began to uddilate,
Figure 3.2.6. The bubbles in these undulating regions then began
to cluster, Figure 3.2.7. The clusters continued to grow until
the final stages of breakdown occurred as in Figure 3.2.8. The
vortex dispersed unless it received new energy through a new
axial pressure gradient.

3.3 Core and Spiral Vortex Flow

The vortex flow was also observed from close-up by use of
the heljum bubbles. Figure 3.3.1 shows the flow conditions of
Figures 3.1.1 and 3.2.3. The core and spiral vortex regions are
surrounded by the free vortex region. A bubble is shown moving
inward from the free vortex region:to the spiral vortex region.
The relative length of the paths of each flow can be séen during
the exposure time of the photograph. The dashes visible along
some particle paths were obtained by strobing the xenon light,

while also using flood lighting.

.



Figures 3.3.2 through 3.3.12 are close-up photographs of core
flow features obtained by strobed xenon lighting. In Figure 3.3.2
the foot or ground contact of the vortex core can be clearly seen.
The core was very nearly perpeﬁdicular to the ground as it approached
the ground. However, just slightly above the ground it made a
very sharp turn and laid along the ground. In effect, a horseshoe
vortex was formed. The torque of thé viscous core caused it to
roll over and meander over the ground. By bending over into the
small horseshoe or ground leg, an opening was made to allow some
air to flow into the vortex core and create an upward flow to the
nozzle (or sink) in the cage.

Figures 3.3.3 and 3.3.4 show the spiral flow as the axial
core flow was increasing. In Figure 3.3.3 the spiral vortices
surrounding the core flow are chiefly visible. A large number of
bubbles were spiraling upward around the core at about 75° angle.
Figure 3.3.4 shows a close up of the several individuai bubbles
as they spiraled about the core. The strong, small diameter core
surrounded by an intense spiral flow is shown in Figure 3.3.5. As
the core flow decreased, the core and spiral vortices appeare& to
expand in diameter (Figure 3.3.6). The core did not expand
uniformiy but in regions. These regions continued to grbw and form
periodic regions of condensation and rarefaction, Figure 3.3.7. A
breakdown of the core flow has occurred in Figure 3.3.8. A ring
has appeared in the core and spiral vortex region. A close-up of

the core flow near the generator is shown in Figure 3.3.9. Regions



of bubbles and regions without bubbles appear in the core region.
Figure 3.3.10 shows ground region with the bubbles flowing in thé
core in a rather indiscriminate manner. Figures 3.3.11 and 3.3.12
show the final stages of the core breakdown just prior to the
general dissipation of the vortex. Figure 3.3.11 shows several
bubbles near the generator region as they undulate. Figure 3.3.12
shows the bubbles beginning to cluster near the ground.

3.4 Velocities

The single vortex test program is contained in Table I. A
summary of the variation of the characteristics with the test
parameters is given in Table II. Numerous tests were made under
each set of test conditions. The basic bﬁbble paths were obtained
by recording the test on video tape. Sample plots obtained from
the video tape are shown in Figures 2.3.1, 3.4.1 and 3.4.2. Figure
2.3.1 shows several bubble paths spiraling upﬁard at a radius of
about 12cm from the core. 'The bubble positions were plotted at
1/60 of a second time interval. The left core position (1)
corresponded-to the initial time of the spiraling bubble position.
By 18/60 seconds, when the last bubble position was plotted, the
core had moved to the right (18). Figure 3.4.1 shows the core flow
and a close-in spiraling bubble.

In contrast to the orderly flow of Figures 2.3.1 and 3.4.1 with
axial flow and pressure gradient, Figure 3.4.2 illustrates the
conditions 'as the core began to hang as a result of lack of pressure
gradient. The bubbles'within the core were moving in both directions

apparently under the influence of very weak local pressure gradients.

10
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These gradients appeared to be caused by the uneven spiral vortex
patterns surrounding the core as the spiral vortices dégeheratedi.
into Taylor vortices.

Representative composite velocity component graphs of the
single vortex flow tests are contained in Figures 3.4.3 through
-3.4.9. The most significant fact established by these tests was
that the vortex was extremely sensitive to changes in axial pressure
gradient. These changes continually occurred due to the unsteady
nature of the vortex. Although the cage rotation was steady or
decreasing uniformly and the pressure at the nozzle was either
steady or decreasing uniformly, the head of the core wandered about
both inside and outside of the cage. Frequently the cage interferred
with the core flow. As a result the effective axial pressure
differential varied almost continuously. The effect of this varying
axial pressure was shown in nearly every graph. This continuously
varying axial pressure essentially pulsed the vortex. 1In order
to produce more definative data on the axial pressure effects on
a vortex, a larger testing facility is needed. The core flow
radius must be of sufficient diameter to obtain a core flow profile.
The generating cages need to be modified to force the core to
remain attached to the suction nozzle.

3.4.1 Rotation without applied differential suction pressure

Figure 3.4.3 shows the variation of velocity patterns obtained
with a constant cage rotation of 1200 r.p.m. No external suction
pressure was applied to the nozzle. The axial pressure gradient

which existed was the result of the pressure distribution in the

11



boundary layer of the rotating cage disk plate. The maximum
differential suction pressure11 in the boundary layer at the

center of the cagé disk plate was calculated to be 8.9 Newtons/
meter2. When the vortex éore head was in contact with the 8.9
Newtor‘l_s/meter2 differential suction pressure, velocities increased.
As the core head moved from the low pressure region, the velocities
decreased. At a rotational speed of 600 r.p.m. it was frequently
difficult to form a vortex. The calculated pressure differential
at this speed was 2.16 Newtons/meter?/meter.

Visible vortex breakdown occurred over a range of rotational
speeds from 300 r.p.m. to less than 100 r.p.m. The vortex break-
down was apparently more dependent upon the position of the vortex
relative to the low pressure region at the rotating disk than the
speed of cage rotation. The minimum calculated pressure differential

at breakdown was 1.08 Newtons/meter?/meter.

3.4.2 Steady rotation with transient applied differential suction

pressure.

With steady cage rotational speeds of 1200 and 600 r.p.m.
differential suction pressures were applied to the nozzle in the
ceﬁter of the cage disk (three different nozzles were used). The
applied pressure varied from 5 x 103 Newtons/meter? absolute to
the atmospheric pre§Sure of approximately 98 x 103 Kilo Newtons/
meter?. This pressure, pS, was measured on the centerline in the
nozzle. The total preséure, Pys was also measured along the

centerline of the nozzle.

Figure 3.4.4 shows the typical variations of the velocities

12



with applied suction pressures. As the axial pressure gradient
increased, the core radius decreased, and the velocity components
in the core, spiral vortex and free vortex regions increased. The
stability of the vortex increased with the increasing of the axial
pressure gradient. However, the velocities measured were essentially
the same in magnitude as those in Figure 3.4.3.

When a high differential suction pressure, P> existed in the
nozzle, a high mass‘infToonccurred at the nozzle. Since this
high mass inflow waé only partially reflected in the measured
component velocities, it must be concluded that the most - 7.
mass inflow to the nozzle came along the cage disk surface in
the disk boundary layer. Thus, the vortex generator did not
provide the axial pressure differential to the vortex which the

measured pressure in the nozzle, P> would indicate.

3.4.3 Decaying cage rotation with steady applied differential

suction pressure

Figure 3.4.5 illustrates typical velocity profiles when the
rotational speed of the cage decayed with a given value of applied
differential suction pressure in the nozzle. As the cage
rotation speed decreased, the core radius decreased, and the
component velocities in the core, spiral vortex and free vortex
regions decreased.

The core, spiral vortex and free vortexwere maintained with
applied differential suction pressure after the cage rotation

was stopped, Figure 3.1.7. As the suction pressuré decreased,

13



the vortex velocities decreased and the vortex eventually
dissipated. This dissipation process did not go through the
condensation and rarefaction and cluster stages which occurred
when an applied differential suction pressure was not present.

3.4.4 Variation with location along vortex axis

Figures 3.4.6 and 3.4.7 illustrate the variation of the
velocity profiles at two locations along the vortex axis. At
the high position near the vortex generator, the axial and radial
components of velocity are greater at all radii. The rotational
velocity components are generally larger at the high position
with a sharper peak occurring in the spiral vortex-region.

3.4.5 Nozzle variation

Figures 3.4.8, 3.4.4 and 3.4.9 provide a-comparison of
velocity profiles with nozzle area. Increasing nozzle area
increased the mass flow, and it is reflected in the increasing
magnitude of the axial velocity profiles. This increasing mass
flow decreased the effective test time. Increased nozzle area
also increased the core radius.

3.4.6 Effect of core axial velocity on radius

Equation (4) provides a relationship between the core axial
velocity and the core radius. With a small axial pressure
gradient and core flow (1.78 meters/sec) the core diameter was
the same or less than the bubble diameter (.003 meters). When
the core began to form regions of condensation and rarefaction
and undulate, the core velocity was * .019 meters/sec. and the

diameter approximately .03 meters. Using these velocities and
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equation (4):

2 . L78° o,

c 0.19

which compares favorably with the measured value from photographs.

4. Dual Vaertices

4.1 General

The dual vortices test program was divided into three series
of tests, Table III. The three series differ only in the spacing
between the vortex generators. Test series I used medium spacing,
test series II used large spacing, and test series III used minimum
spécing. Within each of the test series the individual tests
differed by rotational speeds and directions, nozzle diameter and
applied pressure level.

Figure 2.1.1 illustrates the characteristics of two counter-
rotating vortices as they were formed by-the rotating cages at
medium spacing. As a suction pressure was applied to the nozzles
(medium), Figure 4.1.1, the core velocity increased, the core
diameter decreaged and the spiral vortices formed between the core
and the free vortices. Figure 4.1.2 shows the resultant flow with
the core and tight spiral vortices. With corotation only one
vortex normally was formed. Figures 4.1.3 through 4.1.6 show a
single vortex formed by corotation of the cages with minimum
spacing. The vortex formed with core attached to cage B. The
lower portion of the vortex meandered around toward‘cagé A,

Figure 4.1.4. The upper core then became detached from the cage
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sink and meandered in between the :two cages, Figure 4.2.5. The core
flow stopped, and the core diameter increased. The vortex was in
an initial stage of breakdown. As the core attached to the sink
in cage A, Figure 4.1.6, the core flow increased, the core diameter
began to decrease,and the core stiffened and began to straighten
under the other cage.

The general characteristics of the dual vortices formed under
the influence of the above controlled parameters follow.

4.2 Core Velocities

Observed core axial velqcities were cyclic and dependent upon
the core head being attached to the low pressure sink at the cage
disk. A sink existed at the top of each generating cage as a
result of an applied differential suction pressure to the nozzle
or due to radial outflow of air in the rotating plate boundary
layer. When the core head was attached to the cage sink, the core
outflow was evident by the bubble motion. Whenever the core head
was detached from either of the two cage sinks, the core flow
stopped and the bubbles defining the core hung suspended with
near zero velocity.

4,3 Core Diameter

Whenever the core flow speed decreased, the core diameter
increased. An increasing core velocity produced a decreasing
core diameter.

4.4 Vortex Breakdown

When the tangential velocities were small with little or no

axial pressure differential, the core flow stopped. Regions of
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condensation of a large number of core bubbles would hang momentarily,
then fall, and then ascend to the hanging state. This undulation
usually continued two to three cycles before the core finally
dissipated.

4.5 Core "Whipping"

Occasionally after the core flow stopped, the upper half of
the hanging core would fall immediately into an eccentric, wavy
shape while the bottom half remained relatively straight. Then,
the wave crests whipped around the core base in circular paths.
After several revolutions, either the core straightened up with the
core head attaching to a cage sink with core flow resuming or the
core dissipated. Occasionally, the whipping core was cyclic with
the core whipping, then étraightening, then whipping for several
cycles before finally dissipating.

4.6 Dissipation

The dissipation of the vortices (one or two) formed by the
two rotating cages was characterized by the below types of
dispersion.

1. Blow-out: Blow-out occurred with an initial cessation
of core axial flow, followed by a condensation and clustering of
the helium bubbles defining the core, and, finally a spin-out of
the core bubbles. During the spin-out, the core bubbles spiraled
outward from the core axis and upward into the general vortex
circulation under the influence of the residual tangential
velocities.

2. Merging: The core dissolved into the general air mass

17



circulating about the room area. A cessation of core flow and
a hanging and clustering of the core normally occurred prior to
the merging or dissolving of the core.

3. Drifting: Drifting (a special case of merging) occurred
-following a cessation of core flow when the entire core, without
any defdrmation, translated away from the cages to a position
off the false floor. Once off the floor, the core would merge
into the general air mass.

4. Inhalation: Inhalation was a form of dissipation
quite unique compared to the forms above. When the vortex was
terminated by inhalation, the core was sucked into one of the
nozzles without a clustering of the core bubbles. Four conditions
invariably preceded the inhalation: (a) hanging core, (b) mass
air flow through the nozzle, (c) momentary restoration of core
flow, (d) moderate to high tangential velocities.

Throughout the dissipation stage, a free vortex continued
to rotate about its dispersing core while, except for those
cases of inhalement, the tangential velocities slowed to
almost zero just prior to the core's disappearance. When the
core was inhaled, the higher axial velocities diminished just
prior to the core's disappearance.

4.7 Cage rotation

Table IV contains a summary of the effect of cage rotation
on the number and direction of the vortices formed.
1. Corotation

With corotation of the cages the vortices which formed

18



rotated. in the direction of rotation of the cages. With few
exceptions only one vortex existed at any one time. These
vortices were strong vortices except when the vortex moved between
or away from the cages. The vortices generally formed at cage A
except when the spacing was a minimum. Then, there appeared to

be no cage preference.

2. Counter-rotation with large and medium cage spacing.

With the counter-rotation of the cages at equal rotation
speeds the vortices which formed rotated in a direction opposite
to the direction of rotation of the cage to which they were
attached. This occurred regardless of whether two vortices were
forming simultaneously or one formed before the other. Dual
vortices formed frequently.

When cage B rotated aﬁ one-half the speed of cage A, the
vortices with few exceptions rotated in a direction of cage Af
The vortices were attached to cage A and normally only one
vortex existed at one time.

3. Counter-rotation with minimum cage spacing

With counter-rotation of the cages at equal rotation speeds
the vortices which formed rotated in the direction of cage B
although most of the vortices were attached to cage A. When
cage B rotated one-half the speed of cage A, the vortices
rotated in the direction of cage A, and only occasionally was
a vortex attached to cage B. Only one vortex existed at any
one time with minimum cage spacing.

In general, all vortices formed by the counter-rotating

cages were weaker than those formed by corotation of the cages.
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4.8 Pressure and cyclic formation

The vorte% axial pressure differential varied during the
tests as the vortex core moved in and out of contact with the
low pressure region in the center of the cage disks. This
changing pressure caused the vortices to increase and decrease
in strength (decrease and increase in diameter) or pulse.

When the core remained out of contact with the low pressure
region the vortex dissipated.

With cerotating cages and large cage spacing a distinctive
phenomena of cyclic Vortek'formation occurred during four
tests. The single vortex which formed cycled through three
distinct stages and had no™ definite frequency of recurrence.
The stages consisted of: (1) a building vortex center; (2) an
established core; and (3) vortex dissipation. The primary
cause of the phenomena appeared to be the unequal differentiall
suction pressures applied to the cages. This was enhanced by
unequal cage rotational speeds. However, the phenomena also
occurred in one test which had equal applied pressures and
equal cage rotational speeds.

5. CONCLUSIONS AND RECOMMENDATIONS

Measurements and visual observations under the research
program indicated that the axial pressure gradient in a vortex
significantly influences the strength of the vortex. Only a
small gradient was required to maintain an axial core flow and.

keep the vortex organized. The following conclusions can be

20



drawn from the comparison of the characteristics of the single
vortex and the dual vortices under the influence of the wvariable
parameters investigated.

5.1 Single Vortex

1. The vorticity in the air generated by a cage rotation
was organized into a vortex by an axial pressure gradient which
produced an axial flow and spiral vortices. The spifal vortices
transferred energy from the axial core flow to the surrounding
free vortex region.

2. Vortex breakdown occurred when the axial pressure
gradient in the vortex became negligible. ' The core flow
stagnated into regions of condensation with regions. of rare-

. faction in between. The regions of condensation occurred
because of the small local low pressure regions prdduced by
the spiral vortices as they transformed into Taylor vortices.

3. Once a vortex was formed it could be sustained by -a
strong axial pressure gradient.

4. The core radius was a function of the axial pressure
differential (axial core veloéity) for a given sizéd outflow
sink area.

5. An unrestricted free air vortex was subject to very
small air currents (pressure variaﬁions) and moved about in a
non-periodic meandering manner.

6. Because of the meandering nature of the uninhibited
vortex it was difficult to obtain quantitative data on the’

axial pressure gradient.
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7. The vortex generators produced a small diameter core
(less than .003 meters with strong core flow). This diameter
was too small to investigate the core flow profile. A much
larger outflow capability was needed.

5.2 Dual Vortices

1. The vortices formed by corotating cages rotated in
the direction of the cage rotation. With few exceptions only
one vortex existed at any one time.

2. The vortices formed by counter-rotating cages with
large and medium spacing and equal rotation speeds rotated
in a direction opposite to the rotation of the cages. Dual
vortices formed frequently. When cage B rotated at one-half
the speed of cage A, normally oply one vortex existed at one
time and rota;ed in the direction of and was. attached to
cage A.

3. The vortices formed by counter-rotating cages
with minimum spacing and equal rotation speed rotated in the
direction of cage B and were attached to cage A. When cage

;] rdtated at one—half the speed of A, the vortices rotated
in the direction of A and were nearly always attached to A.
Only one vortex existéd at a time with minimum spacing.

4. Vortices formed by counter-rotating cages were
generally weaker than those formed by corotation.

5. Vortex breakdown occurred when the axial pressure

gradient (core axial flow) was negligible.
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6. With corotation and large spacing of the cages the
vortex was cyclic with unequal differential suction pressures
applied to the cages. This was enhanced by unequal cage
rotation 'speeds.

5.3 Recommendations

1. The present detailed measurements and observations
of vortex strength and decay phenomena have indicated that
the axial pressure gradient (core flow) controlled the vortex
behavior. However, the vortex generators used in this program
produced a vortex core too small for detailed examination of
the core velocity profile. The velocity profile of the single
vortex core region should be further investigated using a
vortex generator similar to .the single vortex generator but
capable of a much higher volume of air outflow. The outflow
should be variable from 0 to approximately 35 meter3/second.
The suction pressure differential should be variable from 0
to 150 Newtons/meter?. A; axial distance of about 20 meters
should be available for profile measurements.

2. The cyclic formation phenomena which occurred with
the dual vortices should be further investigated. Again, this
needs to be done with much larger vortéx generators. This
phenomena may be of interest to those in meterology as well

as aerodynamics.
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7. FIGURES AND TABLES

Cage A
§— differential suction pressure from tanks
Measurement point for Py
——— Measurement point for pg
f 4—\
nozzle

- Wire cage and frame

Figure 2.1.1 Dual vortices generator
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8. APPENDIX

Dual Vortices

Summaries of selected dual vortices tests are contained
herein. The summaries were made from 1l6mm motion picture recordings
of the vortices, tape voice recordings of an observer and the time-

history record of pressures and cage rotational speeds.
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8.1 TEST: 2LS (2), Contract Test Number 2.
TEST CONDITIONS:

Spacing ~ maximum °

Rotation - counter-rotating

Nozzle opening - small

Pressure - equal
RPM - both cages constant 1178

TEST SUMMARY:

Vortices formed with circulations opposite to the direction of

‘the rotation of their attached cages, Figure 8.1.1. Cores were not
always observed with the established vortices. This observed lack
‘of core definition can be attributed to the occasional decrease in
density of helium bubbles. 1In other Words; the core was probably
present whenever a vortex was formed; however, helium bubbles were
not always available to fill the core.

During three rums, two vortices formed éimultaneously at both
cages on three occasions. Cores were observed present in both of
the vortices on two of these occasions.

Core bases roamed particular zones on the false floor through-
out all three runs. The zone for cage A was approximately 30 cms
from the cage center toward cage B. The zone for cage B was
approximately 30 cms from the cage center toward cage A. Each zone
covered an area of about .4m?. (Note: In rum number 3, the core
base of the vortex attached to the cage B did travel momentarily to
the right of the center of cage B).

Vortices were observed to disappear intermittently, but usually

reformed quickly. Cores were also observed to disperse occasionally
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when the core head was detached from a cage. Prior to dispersing, the
core would hang, then fall, then ascend, then fall again. These
undulations would last for two to three cycles before the core finally
dispersed by spinning-out.
8.2 TEST: 3LS, Contract Test Number 3.
TEST CONDITIONS:

Spacing - maximum

Rotation - counter-rotating

Nozzle opening - small

Pressure - equal
RPM -~ constant 1198 at the south cage and 600 at the north

TEST SUMMARY:

CageiA appeared dominant, Figures 8§.2.1 and 8.2.2. . Vortices
with circulations corresponding to cage A.rotation formed at cage A
prior to the application of pressure. After the appiication of
pressure, the vertices appeared to favor the region in between cages.
The core base wandered back and forth between positions under cage A
and in between cages while the corehead would whip back and forth
from the cage A to a positioh in between the cageé. The core head

occasionally reached cage B but never attached to cage B even though

the core base traveled to a p051t10n beneath cage B

The following are some unusual occurrences observed during the three
Tuns:

1. Two vortices formed simultaneously; one beneath cage A and
one in between cages. Both had circulations corresponding tp cage

A rotation. The vortex in between cages merged with the general
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circulation. Thé vortex beneath cage A became the established vortex
and traveled in between cages. The core velocity was of a low
magnitude and the core base traveled beneath cage B. The core fell
to a 120 cm height, hung, then stretched upward and attached to the
south cage.

2. The core head detached from cage A while the core base was
in between cages. The core head occasionally reached the framework
and violently whipped about. The core fell to a 120 cm height, hung,
ascended back to the framework énd hung suspended. The core head
fell back to a 120 cm height and again hung. This cycle was repeated
several times before the core head reattached to cage A.

8.3 TEST: 8LS, Contract Test Number 8.
TEST CONDITIONS:

Spacing - maximum

Rotation - corotating

Nozzle opening -~ small

Pressure - unequal (plate covers north nozzle opening)
RPM - decaying

TEST SUMMARY:

Vortices formed wiﬁh directions of circulation corresponding to
the direction of cage rotation, Figures 8.3.1 and 8.3.2. General room
circulatién also corresponded to cage rotation. Vortices formed
predominantly on cage A, but often attempted to transfer to cage B
with an occasional success. These attempts to transfer were indicated
by the frequent movement of'phe core base in between cages with the
core head still attached to the outside of cage A: At times, with

the core base in this location, the core head would move back and
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forth from inside cage A to the outside of the cage. Also, with the
core base in this position, the core head was observed to frantically
switeh back and forth between cage A and cage B for a short period of
time.

Throughout all runs, vortices displa&ed cyclic vortex formation.
Average core and vortex life was 1 to 5 sec. Normally the core would
dissipaté, with the vortex surface still present, and quickly reform.
The core dissipated when the head detached, core flow ceased, the
core fell and the vortex surface velocities caused the core to spin-
out. During dissipation, vertical velocitles at the vortex surface
were zero while tangential velocities were slow to moderately fast.
.Occasionally, prior to spinning out, the core would assuﬁe a> wavy -
shape and whip about beneath the cages. Rarely, the vortex surface
would dissipate when the core dissipated, but usually it quickly
reformed.

Normally, vortices favored cage A or sink. If vortices
transferred to cage B, they did so after the negative applied pressure

was nearly depleted and remained for only a short period of time.

75



8.4 TEST: 3SL, Contract Test Number 3.
TEST CONDITIONS:

Spacing - minimum

Rotation -~ counterrotating

Nozzle opening - large

Pressure -~ equal
RPM - constant 1198 at cage A and 600 at cage B

TEST SUMMARY:

At the beginning of each run, negative pressure was applied with
a vortex and core attached to cage A, Figure 8.4.1. Circulations of
all vortices during the test corresponded to the rotation of cage A.
Vortex/core systems were observed attached to cage B three times
during the test: Once prior to application of pressure and once
after the pressure had depleted (during the same run) and once shortly '
after pressure was applied (during a different run). Vortices
"tightened-up" after the application of pressure and velocities
remained large in magnitude until the end of the run.

Prior to pressure during the start of one rum, the vortex core,
attached to cage B, fell to a heiéht of 120 ecm. Hanging momentarily,
the core then ascended to attach to the outside of cage A and finally
moved to the inside of the cage. The vortex remained at cage A until

the pressure had diminished and then returned to cage B.
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8.5 TEST: 9SL, Contract Test Number 9.
TEST CONDITIONS:

Spacing ~ minimum

Rotation - corotating

Nozzle opening - large

Pressure - equal
RPM - constant 1198 at cage A and constant 600 at cage B

TEST SUMMARY:

At the Beginning of each run a‘vortex formed usually with a
circulation corresponding to cage rotation. During two runs the vortex
survived almost until the end of the run before dissipating. 1In the
other run the vortex did 1last throughout the entire run. In all runs,
numerous small vortices with circulations opposite to cage rotation
were observed to intermingle and spin-off the existing vortices.
Vortices, in general, did appear to favor cage A and travel away
from the observer when leaving either cage.

Prior, to application of negative pressure in one run,a cycle
of building and dissipating vortices was observed. A vortex with a
circulation opposite to cage rotation would first form at cage B,
Figure 8.5.1. The core base would travel from its initial position,

30 cm northwest of cage B, to the northwest edge of the platform

while the core head remained attached to cage B. When reaching the
floor edge the vortex dissipated. At the same tiﬁe B vortex dissipated,
another vortex with a circulation that corresponded to cage rotation
would build to the left of cage A and travel to the right to attach to
cage A. The core-base would continue to travel northwest to a position

in between cages and close to the floor edge where it would dissipate.
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The formation and dissipation of these two vortices completed one
cycle; for, as A vortex dissipated, the B vortex would build again
beneath cage B.

In the last run, vortices formed and behaved inconsistently
with those observed in the first two runs. Some were obsefved to

form and travel away from,while others traveled to the left.
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