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results for the induced velocity components throughout the field and
particularly at the blade feathering axis. The theoretical determination
of the motlion is possible but is exceedingly laborious. An experimental
technigque was developed in references 2 and 3 in which smoke was injected
inte the tip vortex amd the resulting tip vortex pattern was photographed.
The position of the tip vortex could be easily determined but the
determination of the veloclty components required a time-consuming
numerical integration of the Biot-Savart equation. Reference 4 presents
an electromagnetic analog for determining the induced velocity for the
entire field of a uniformly loaded lifting rotor in which the wake\was
replaced by the electrical analog of a uniform vortex cylinder, namely

a closely spaced wire coil. This was shown to be a relatively fast,
accurate means of determining the velocity components but was restricted
to the ideal cases since no information was available for constructing
wire models of actual wake vortex patterns. It therefore appeared that

a very useful experimental procedure would be obtalned by combining the
smoke technigue which yielded the vortex pattern with the electromagnetic
analog from which the..¥elocity field could Ee easily determined by
measurement. It is this method and its results that are presented in
this report for the cgse of hovering'and steady low-speed flight within
ground effect,



NOTATION

magnetic flux density

magnetic flux density at center of reference coil carrying
the current, I

magnetic flux density at point P of wire model
r
b RQ,O.

current flowing through wire model and reference coil

tip vortex strength coefficient, Cr =

number of turns of wire on reference coil
radial distance from Z-axis(rotor axis)
distance from a point, P, to the element, ds, of the vortex

distance from a peint, P, to the element, ds; of the wire model

rotor radius

radius of reference coil

wire model rotor radius

length of vortex element

length of current carrying element of wire model
velocity along flight path

induced velocity assoclated with the tip vortex

induced velocity at center of vortex ring of strength,[“‘
induced velocity at point, P, of rotor

component of induced velocity that is associated with the tip
vortex and is normal to the rotor plane

mean value of the normel compoment of induced velocity, w

vertical distance from rotor plane, positive in a downwards
directieon

angle between the extension of the line joining the point P wiih
the element, ds, of the vortex and the plane normal to the
element
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angle between the extension of the line joining the point P with
the element, ds!, of the wire model and the plane normal to the
element

tip vortex strength

advance ratio, /u = _,(Tvﬁ—

permeability of the medium surrounding the wire model and
coil Q}I = 1,00 for air)

azlmuth angle of blade feathering axis measured from downwind
position and in direction of blade rotation

rotor angular velocity






an aluminum alloy diaphragm near its lower end, and was restrained from
vertical movement by a strain gage beam fixed to the shaft support
housing and comnected to the diaphragm bearing assembly. This strain
gage beam measured the thrust of the rotor. The rotor itself was
mounted on the lower end of the inner drive shaft.

The rotor was driven by a one-half horsepower, 24-volt direct
current aircraft motor which was supported by ball bearings on its output
shaft. The motor was prevented from rotating by a strain gage beam in
simple bending which measured the torque. The motor speed was changed
by varying the armature current which allowed a realizable range of
rotor speeds of O 1o about 700 rpm with blades set at the test
collective pitch angle.

The rotor thrust stand was mounted at the desired height on a
carriage which ran on tracks suspended from the ceiling of the test
room as shown in figure 3. Hence the area undermeath the rotor was
completely free of obstructions. The carriage was cable driven by a
variable speed reversible motor and had about 28 feet of travel.

Photograph Equipment

The smoke pichures were taken by two shutterless; 35 mm oscillo-
graph-recorder type cameras mounted on the carriage. When the cameras
were operating, the test area was unlighted except for a stroboflash
unit which was triggered every 210° of rotation of the rotor by a
commitator on the outer drive shaft. This 210® represented the re-charge
time of the stroboflash at a rotor speed of about 600 rpm. Thus
seven turns of the rotor were required to obtain a complete set of
pictures at 30° intervals. The light source was placed above and
behind the wake with respect to the cameras and had a flash duration

of about 30 microseconds.

Test Site
The test site was a room kl-3/4 feet long by 16-1/4 feet wide
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by 11 feet high. Although a wide angle lens was used in the cameras,
it was necessary to offset the model track from the centerline of the
room in order that the rotor wake would fall in the camera field of
view. This compromise placed the retreating blade tip about three
and one-half feet from the wall.

Instrumentation

As mentioned before, the thrust and torque were measured by
strain gage beams in simple bending. The signal was carrier amplified
and then recorded by an coscillograph recorder. The calibration curve
was obtained by loading both beams with known weights whose values were
plotted versus the measured deflection of the galvanometer trace from
the zero reference.

The rotor rpm was determined by counting the recording oscillograph
galvanometer trace deflections caused by an electrical pulse introduced
inte the circuit by a commutator mounted on the outer rotor drive sghaft.
The forward speed ﬁas determined by counting the recorded revelutioms of
a synchronous generator which was driven by the carriage drive cable.
The time standard for both of these measurements was 60-cycle commercial

power line frequency which was alsc recorded by the oscillograph.

Electromagnetic Models

The electromagnetic models were constructed from the data obtained
from a study of the smoke pictures from which the intersections of the
tip vortices with the 45° interval planes perpendicular to the rotor
disk plane were determined. The wire supports were made from fiber
board and were mounted on a glued up plywood base as shown in figure
4. No. 17, Brown and Sharpe gage, copper wire was used and was wrapped
upon the model supports at the tip vortex position for the blades at
given azimith angle. Four complete turns of the vortex helix were
similated. Since the induced velocity component, w ; normal to the
rotor disk was the only one to be measured, the lead wires were positioned
in the plane determined by the blade feathering axis and the search
coll axis so that they were either parallel to or perpendicular tec the
axis of the search coil. In these positions, there should be no
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TEST PROCEDURE

Prior to the tests, the rotor was hovered out of ground effect
and the blade angles were differentially adjusted until the rotor tips
tracked. Once this was accomplished, the collective pitch angle of the
blades was reduced until a smoke probe showed that zero thrust had been
reached. Knowing the various lever arms and screw thread pitches in
the manual collective pitch adjustment links, the blade pitch change
was calculated per turn of the adjustment links and the blades were
set at an effective angle of 7.2°. All tests were run at this blade
pitch angle.

With rotor hovering out of ground effect, smoke was introduced
into the tip vortices of both blades and the resulting patterns were
photogfaphed and compared. Since they were identical within the
accuracy of the present measurements, it was decided to introduce smoke
into only one of the blade tip vortices for the remainder of the tests
because the smoke filaments tended to obscure one another in the
photographs. The rotor test stand was then lowered until the rotor
disk was one rotor radius above the floor and the testing was begune.

With cameres and oscillograph recorder bn stand by, the smoke
generators were checked for smoke. If the smoke was satisfactory, the
rotor was quickly brought up to speed and the carriage was started.
When the model had reached a steady forward speed the room lights were
turned off, the stroboflash unit, the cameras, and the oscillograph
recorders were turned on. After the data was obtained, the recording
equipment was turned off, the carriage and rotor wgre‘stopped. This
completed a single run.

Only one ground height could be tested within the scope of this
investigation and this height was chosen to be one rotor radius. In
as much as it was rot possible to view the vortex pattern while the
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T = 1256 ()

. ) 1 (1)

By

After integration, the left sides of the equations must be
equal in magnitude so that

(5)

where P 1is a subscript referring to the space point at which the
measurement was made and BP is obtained from the meter readings

By

according to the following formula:

B, antilog O.l(MR)P
By =  Tantilog 0.1(MR)N (6)
where
MR meter reading, decibels

Dividing (5) by (4) gives

p _ Bfn Bp (7)
r T 1.256 I/'I By '
0.628 IZAn
but BN = =
c
where
n number of turns on reference coil
R radius of reference coil
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however, the problem grose as to how the tip vortex path should be extra-
polated since the upstream elements of an isolated vortex ring in a
uniform potential flow parallel to a ground plane will always at some
ground height begin toc move upstream.

In order to gain some insight into this phenomenon, some
additional tests were run. Smoke generators were placed down the
length of the room at intervals of one diameter along a radial line
through the rotor axis and several inches above the ground plane. The
rotor was brought up to speed in hovering flight as quickly as possible
and the time required for the wake to reach the region in which the
forward flight pictures were made was determined. This region began
four diameters from the starting point and the time required for the
wake to reach this point was about 12 seconds from the time the rotor
reached full rpm or about 16 seconds from start. The time was determined
by stop watch and was an average over several runs. With the carriage
at the starting point, the rotor was again brought up to speed as
quickly as possible. When full rpm was reached, the carriage was
started. From an average of several of these runs, it was determined
that the wake reached the four-diameter point about 9 seconds after
the carriage was started or in about 3 seconds less than that required
for the wake of the rotor in hovering flight. Further tests showed
that the wake several inches above ground level was about one rotor
radius ahead of the leading edge of the rotor. It therefore appears
that the wake is not truly “"tucked under" for a g4 = 0.030. In the
light of these tests, the tip vortex path was again extrapolated in a
similar manner as before. The wire model is shown in figure khc.

In order to determine the effect of forward velocity, other
runs were made. It was found that increasing/L reduced the distance
that the wake was out in front of the rctor but did not appreciably
change the tip vortex path in the immediate vicinity of the rotor as
shown in figure 5. Consequently, it is believed that the major changes
in flight attitude would probably occur between ;i = 0.022 and M=
0,030 for the model rotor. This is borme out to some extent Ly the
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It is felt that, in general, the approach presented in this
report is well suited to the investigation of low~-speed vortex systems.
The most time consuming part of the procedure was the step between the
smoke pictures and the electromagpnetic model. Once the equipment was
operating, the smoke pictures could be obtained very quickly. Likewise,
after the electromagnetic wire supports had been designed, the survey
across the blade feathering axis could be completed very quickly and
accurately and the change to a different blade azimuth position could
be accomplished easily. Some time was spent trying to bridge this
gap by projecting the pictures back together and attempting to trace
the tip vortex out in space. It became evident, however, that considerable
development time and some special equipment would be required so this
approach was dropped. It is recommended that this or some similar
technique be developed or adopted if any further work along these lines
is done, ' '

The author of reference 7 reports that an attempt was made to
determine the streamlines about a lifting rotor that was hovering within
ground effect using an approaph gimilar to that of reference 7. However,
in order to satisfy the boundary conditions, an anomaly arose which required
that the radial wveloctty of the elements of the uniform vortex cylinder
had to approach infinity and the sheet strength had té’approach zZero as
the wake vortex sheet approached the ground plane. In the actual case
this anomaly never arises even in a potential flow because ithe adjustment
can take place in the vortex spacing, i.e., the mean induced velocity
can go to zero while the vortex motion remmins finite and the strength
also remaiﬁs finite. It is believed that in a potential flow the tip
vortex would eventually become radial since it starts out as a spiral
and as 1t approaches the ground plane, the effect of the image is to
increase the fangential motion and hence to incline the vortex more
nearly parallel to the radial coordinate lines. This would result
in an infinite spacing at infinity, a zero mean radial velocity, and
a finite tangential velocity of the vortex. In a real flow, the

action of viscosity increases the vortex core diameter{i.e. the rotational
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CONCLUDING REMARKS

The primary purpose of this investigation was the development
of the technique of using electromagnetic analogs to determine the
veloclty field due to a vortex pattern obtained from experimental smoke
flow studies of the wake of a model helicopter rotor operating within
ground effect. It is concluded that the method herein presented is well-
sulted to the study of periodic vortex patterns and that measurements
of engineering accuracy are obtained.

Several phenomena were observed which are believed to be
worthy of further investigation. One was the inability to photograph
more than- about two turns of the tip vortex helix. What happens to the
vortex beyond this point has an appreciable effeét on the normal-
component of induced velocity at the blade feathering axis. The second
phenomenon was an apparent rolling up and subsequent shedding of a
vortex system from the region near the ground plane and underneath the
rotor at sub-rotor frequencies. The origin of this disturbance whose
effects were observed out to five rotor diameters is unknown.

In as mich as it was not possible to photograph the smoke
patterns close to the ground plané, the actual "tuck-under" point was
taken at that advance ratio at which the greatest change in tip vortex
position was observed. For this model and a ground height of one rotor
radius, it occurred between M= 0.022 and A = 0.030. There also
occurred between these two runs a l3~1/2% reduction in the mean

effective, tip-vortex induced velocity.
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