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SUMMARY

This paper presgents a method for determining the interference
induced velocities for multi-rotor helicopters hovering in ground ef-
fect. The information required is provided in the form of tables and
graphs, and shows the nondimensional normal component of induced ve-
locity in the vicinity of a2 uniform vortex cylinder and its image,
This information was obtained by measuring the magnetic field strength
about an electromagnetic-analogy model of the wake vortex system.

The tables and graphs give the nondimensional normal component of
induced velocity for points in planes parallel to the tip-path plane
end extending to six rotor radii from the wake centerline. The mea-
surements covered the region extending 0.3 rotor radius above and be~
low the tip-path plane, and were made for four different ground
heights ranging from one=half to two rotor radii. For each ground
height, the values were normalized to the peint in the plane of the
rotor at the wake centerline., The theoretical nondimensional normal
component of induced velocity at each normalizing point was calcula-
ted from the Biot-Savart relation.

Physical interference between the field coils and the search
coil made it impossible to obtain data at certain points by the ex~
perimental method employed. qu these points, a mathematical proce-
dure which employs uniform distributions of sources and sinks over
circular discs, can be used to find the nondimensional normal com-

ponent of induced:velocity. Apillustration of this procedure is
provided.,



Values of the nondimensional normal component of induced velocity
along the rotor radius for each ground height 2re compared with the data
obtained by Knight and Hefner in NACA TW 435,

A sample problem is worked out in order to show how the experimen-
tal and calculated data from this thesis can be utilized to find the in-
_terference indliced velocities at points in the planes of both rotors of
a typical tandem-rotor helicopter. | |

The method of superposition used in the sample problem can be ex-

tended to helicopters having three or more rotors.



CHAPTER I
INTRODUCTION

The calculation of the forces acting on the rotor of a helicop-
ter requires a knowledge of the magnitude of the induced velocities in
the vicinity of the rotor. These velocities are induced by the vortex
system of the rotor itself in the case of a single-rotor helicopter,
and they are supplemented by the velocities induced by the vortex sys-
tems of.the other rotors for multi-rotor helicopters. The component of
induced velocity normal to the plane of rotation is of particular inter-
est, since it is this component on which the local angles of attack of
the rotor blade elements are largely dependent.

If the complete induced velocity field of & rotor is kmown, it
is possible to use the principle of superposition to calculate the in-
duced velocity at points on the rotor discs of multi-rotor helicopters.
This procedure assumes that there is no distortion of the individual
wake vortex systems. However, a detailed knowledge of the geometric
relations between the various rotors is required,

In reference 1, Knight and Hefner used a mathematical analysis
to shpw the effect of the ground plane on the nondimensional induced
velocity along the blade of & single hovering rotor. Because of the
fact that their calculationa.weré confined within the limits of the
rotor disc, additional information was required for the region beyond

the rotor tip before the principle of superposition mentioned above

could be used.



The direct calculation of the induced velocity fisld for 2 rotor
hovering in ground effect i1s lengthy since numerical integration is in-
‘volved., Another approach is to make use of the perfect analogy between the
induced flow associated with a vortex filament in a perfect fluid and
the megnetic field in space associated with a current carrying wire.

If an electromapgnetic-analogy model of the wake vortex and image sys-
tems of a egingle rotor is made, the point measurements of the magnetic
field strength of the associated magnetic field afford & description of
the analogous induced velocity in the fluld velocity field. - The latter
method was the one employed to obtain the majority of the information
contained in this thesis. |

For certain points at which physical interference between the
field coils and search coil made it impossible to measure the regnetic
field strength, another procedure may be used to find the nondimensional
normal component of induced velocity. In this procedure, uniform dis-
tributions of sources and sinks are placed over circular discs so that
they duplicate the flow field of the uniform vortex cylinder, Values of
the nondimensional normal component of induced velocity may then be b
calculated from the known flow fields of the source and sink distribu-
tions, An illustration of the procedure is provided,

In order to demonstrate how the experimental and calculated data
might be used, & sample problem was included. In this problem, a typical
tandem=-rotor helicopter was aasuﬁad, and the nondimensional interference

induced velocity determined at selected points in the planes of both

rotors.



The analysis presented in the paper concerns the flow field asso-
clated with a uniformly loaded 1ifting rotor, and uses the assumption
that the wake vortex system and its image have the form of uniform right
circular cylinders composed of a very large number of circular vortex
ring elements arranged in such a way that the circulation per unit

length of the vortex sheet is constant.



CHAPTER II
APPARATUS AND EXPERIKENTAL PROCEDURE

The equipment used for the experimental portion of this thesis

consisted eszsentially of four components : |

1. Primary coil (wire model of wake vortex cylinder)

2. Secondary coil (search coil)

3. Amplifier and output meter

4. Power supply
The equipment was generally the same as that used in reference 2, the
main exception being that the alternator in the power supply was driven
by a synchronous motor.

The procedure used was essentially that of measuring the voltage
induced in the secondary or search coil by the magnetic field which was
produced by the current in the primary coil. These measurements were
then converted into an equivalent velocity ratio.

Information in reference 2 indicates that the type of equipment
used in the experimental work of this thegis is subject to certain inac-
curacies, among which are :

1. Extraneous magnetic fields
2., Impure waveforms in the primary coil current

3. Induced effects in the primary coll and search coil
leads

L. Search coil dimensions

5. Primary coil field distortion



In sections to follow, the description of each of the four basic

components of equipment is given.
Primary field coil - The primary coil (wake model) was constructed by

the use of lumped coils, each of which consisted of 18 turns of No, 17,
Brown and Sharpe gege copper wire, wound about a Plexiglass coil form.
Each of these coils was attached to an individual Plexiglass base which
was fastened by means of nylon nuts and bolts to a heavy fiber base
plate as shown in Figures 1 (a) end 1 (b). Eack coil was oriented such
that its face was perpendicular to the wake centerline. The spacing of
the coils was uniform so that there were approximately 21 turns per
inch of the model length, when measured along the wake centerline. A
current of approximately four amperes flowed in the primary coil circuit
for all tests. The coils were connected in series, the input and re-—
turn wires being juxtaposed in order that they might be tightly twist-
ted., This requirement necessitated a double coil winding, but minimiz-
ed the external magnetic field of the.leads of each individual coil,
The wires connecting the power supﬁly to the primary coils were also
twisted for the same reason. The wake coils had an effective diameter
of 12 inches between wire centers. The arrangement of the coils appro-
ximated & wake consisting of coaxial vortex rings arranged in the shape
of a uniform vortex cylinder and the image of this cylinder below the
ground plane. The direction of current flow in the image cylinder was
opposite to that in the real cylinder. Figures 1 (a) and 1 (b) show

two views of the model assenbly, which was approximately centered in its

containing room.



Search coil -~ Since the wake model magnetic field was nonlinear, the
search coil had to be small in order to approximate point measurements
in the primary coil magnetic field. The search coil was the same coil
that was used for obtaining the experimental data in reference 2.

This search coil had a diameter of approximately 0.35 inch to the cen-
ter of its wire bundle. This diameter was about 3 percent of the pri-
mary coll diameter. The coil consisted of 1000 turns of No. 40, Brown
end Sharpe gage, copper wire wound on a Plexiglass coil form which was
fastened to a Plexiglass support. In order to simplify the positioning
of the search coll, scribed lines were placed on the search coil support,
the primary coil supporting table, and a vertical measuring platform,
Calibration of the search coll circuit was not required, since the

field strength measurements were normalized to points on the wake cen-
terline for which values of the nondimensional normal component of in-
duced velocity were calculated (Appendix I)., The entire search coil
assembly together with its coaxial connector is shown in Figure 2,
Amplifier and output-meter - The pickup circuit consisted of the search
coil, its coaxial connector, and a commercial standing wave indicator.,
The standing wave indicator had a maximum sensitivity of 0.l microvolt
for full scale deflection, and consisted of an indicating meter, a high-
gain 400 cycle fixed-frequency amplifier with a calibrated gain control
covering a range of 60 decibels, and a narrow 400 cycle band-pass-filter
having a sharp cut—off at 400 tls cycles per second. The input impedance
of the amplifier was 200,000 ohms, which was sufficient impedance to
allow the foregoing of any meter scale calibration as discussed in refer-

ence 2, Figure 3 shows the standing wave indicator positioned in a



separate room from that of the field coils. Reference 2 indicates that
this separation is necessary in order to eliminate direct megnetic coup-
ling from the field coils.

Power supp;x'— The power supply used for the wake model under discussion
consisted of a 400 cycle aircraft alternator driven by a synchronous mo-
tor. Components in the circuit included an ammeter, voltmeter, capacitors,
and variable resistors. The amount of capacitance was adjusted for each
nondimensional ground height, Z/R, such that it approximately placed the
circuit in a resonant condition, The variable resistors were adjusted

to produce a current of approximately four amperes. Figure-a shows the
power supply assembly which was located in a separate room from those of
the field coils and standing wave indicator so as to reduce direct magne-

tic coupling.
Field survey procedure - In order to obtain & stable condition, the

primary coil circuit was givén a minimm warm-up period of 45 minutes
before any measurements were taken. Measurements were then made at

the proper normalizing point in the plane of the rotor at the weke cen-
terline for which the nondimensional normal component of induced velo-
city was calculated using the Biot-Savart relation. A separate normal-
izing point was necessary for each of the four nondimensional rotor
heights (Z/R). The search coil circuit was renormalized at frequent
intervals., For each value of Z/R, the magnetic field strength was mea-
sured at points along a line pargllel to the rotor plane and extending
from the axis of the wire model to a dist;nce the equivalent of six
rotor radii. Since the flow about a uniform vortex cylinder is axially
symmetric, it was only necessary to obtain measurements in one radial

plane. However, in order to have a check on the measurements, readings



were actually teken in two radial planes. One of these was parallel to
the top of the field coil supporting table. The other was perpendicular
to the supporting table and required the use of the vertical measuring
platform which can be seen in Figures 1 (a) and 1 (b). Measurements
were then taken covering the region extending 0.3 rotor radii above

and below the rotor plane (=0.3<h/R<+ 0.3). The figure ¥ 0.3

rotor radii was selected since the vertical rotor spacing of milti-
rotor helicopters falls within these limits, The measurements describ-
ed above were taken for each of the four nondimensional rotor heights,
Z/R = 0.5, 1.0, 1.5, and 2.0.

Reduction of data - Since the output-meter was calibrated in decibels,
it was necessary to convert the meter readings into equivalent values
of the nondimensional normal component of induced velocity using the
following formilea :

Ivi/vi ; =lvi/v : Fntilog 0.1 (MR)p
: Entilog 0.1 (MR);

vhere V. /v = nondimensional normal component of induced
velocity
P = subscript referring to the space point at

vhich measurements are made

N = gubscript referring to the normalising points
for which computed values were known

A consideration of the flow fie}d geometry and graphs of the experimental
results made it possible to assign fha proper sign to each value of
V;/v. The reduced data is shown in Table 1 and Figure 5.

A value for the normal component of induced valocity at the cen~



ter of the rotor, v, must be found in order to convert Vi/v into actual
dimenzional velocities at a point. Making the assumption that the rela-
tion between the thrust and the wake vortex sheet strength is only slight-

ly affected by the presence of the ground plane, it follows that

v OR Vo

This is the usual approximation for the value of v out of ground

effect (Z/R = o2)
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CHAPTER III
RESULTS

Tables 1 (a)-1(d) show the experimental results where, for each
téble, Vi/v is recorded for various values of f/R and h/R for a fixed
nondimensional ground distance, Z/R. A separate table is provided for
z/R = 0.5, 1.0, 1.5, and 2,0. Figure 5 gives a graphical presentation
of this sama_information in the region in which the values are signifi-
cant,

Because of the physical interference between the primary and
gearch coils, no data could be obtained in the plane of rotation
(h/R = 0) between r/R = 0.9 and r/R = 1,1. Likewise, no data was ob-
tained for r/R < 1.1 for planes below the plane of rotation (h/R < 0).
For regions such as these in which no experimental values could be ob-
tained, values of Vi/ﬁ may be calculated by the method shown in Appendix
II. This method was used to calmlate values of V;/v at several of the
selected sample points of the sample problem of Chapter IV, and the re-
sults of these calculations are shown in Table 2.

Figure 6 gives a comparison of the experimental results inside
the weke in the plane of rotation with tﬁe mathematical results obtain-
ed by Knight and Hefner (1). It should be noted that the ordinate
wc/k used in reference 1 is one-half the value of V;/v used in this pa-
per. This comparison indicates that the accuracy of the experimental
results of this paper should be satisfactory for engineering purposes.

For points near the wake boundary (0.9 ¢ r/R < 1,2), the gradient of
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the local magnetic field strength was large, and it was not possible to
get consistent meter readings on account of the fact that a very small
_change in 1ocatiun of the search coll caused appreciable variation in
meter readings., At all other points in the flow field, repetition of
the measurements gave no appreciable variation in meter readings. It
is well to point out, however, that the uniform mathematical model used
in reference 1 also necessitated certain apbroximationa. Also, the com=
putations yilelding values of Vi/f near the edge of the wake in reference
1 required the use of only the first few terms of an infinite series of
Legendre's Polynomials. With these facts in mind, it is only reasonable
to conclude that neither the electromagnetic-analog nor the uniform
nathematical model used by Knight and Hefner can be relied on for values
of V&/v near the edge of the rotor disc.

Chapter IV provides a method for ufilining the mathematical and
calculated results of this peper to find the interference induced velo=
olty distributions for multi-rotor helicopters. In the sample problem
shown, the nondimensional interference induced velocity was determined
at selected pointe in the planes of both rotors of & typical tandem- °
rotor heli{copter shown in Figure 7. Figures 8 (a) and 8 (b), which
show graphs of the nondimensional intarfergnce induced velocity
(Vi/%)i ye r/R along various azimth lines in the plane of each rotor,

give the final nondimensional results.
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CHAPTER IV

SAMPLE PROBLEM SHOWING THE CALCULATION OF

INTERFERENCE INDUCED VELOCITIES AT SELECT=

ED POINTS IN THE PLANE OF BOTH ROTORS OF
A TYPICAL TANDEM-ROTOR HELICOPTER

For this sample problem, the helicopter was assumed to be hover-
ing with 1ts wheels 48 inches off the ground, and had the dimensions
and general configuration shown in Figure 7. The sample points for which
the nondimensional interference induced velocity was determined are lo-
cated on lines radiating from the hub of each rotor aty = 0% , 90° ,
135° , 180° , 270° , end 315° , and are located at r/R = 0, 0.2, 0.4,
0.6, 0,8, and 1,0 along each of these lines,

It is noted that in this position with the wheels A8 inches off
the ground, the front rotor is at a Z/R = 0.8, while the rear rotor is
at & Z/R = 1,0, With respect to the front rotor, the rear rotor has an
h/R = + 0,2, With respect to the rear rotor, the front rotor has an h/R =
- 0.2,

The problem entailed the determination of graphs of(\"i/v)i ys'r/R
along the various azimuth lines mentioned above where, for eéch rotor,
the appropriate Z/R and h/R were used. In order to eccomplish this,
it was necesaaiw to use the original graphs of Vi/v vg /R for the var-
ious values of Z/R and h/R as shown in Figure 5. In this sample problem,
only the curves for h/R = i 0.2 were of interest, In Figures 5 (b) and
5 (o), where no data was known for h/R = - 0.2, & linear interpolation

was used between the experimental values for h/R = - 0,1 and h/R = - 0.3,
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Utilizing data from the above graphs (Figure 5), a cross-plot
vas mede showing Vi/v vg Z/R at constant r/R for h/R = + 0.2 and h/R =
. = 0.2 as shown in Tigures 9 (a) and 9 (b). Figure 10 was plotted util~
izing the information from Figure 9. One curve in Figure 10 shows
vi/v ve r/R at Z/R = 1.0, h/R = -~ 0,2 for points in the front rotor.
‘To conmplete this graph, it was necessary tp make use of the experiméne
tal informationlfrom Figure 9 as well as additional information from
Table 2, which waes calculated by utilizing uniform distributions of
sources and sinks over circular discs. The calculated data gave the
necessary information at points in the plane of the front rotor which
were at locations in or near the rotor overlap reglon for which no ex-
perimental information was available. Seven of the sample points men=-
tioned above were so located. The second curve in Figure 10 shows
Vi/v vg r/R at 2/R = 0.8, h/R = + 0,2 for points in the rear rotor.
With the two curves from Figure 10 available, it was then possible to
find the nondimensional interference induced velocity at any point in
the plane of either rotor.

Distances were then measured from the center of each rotor to the
sample points in the plane of the opposite rotor by using a large scale
plen view of the rotors of the helicopter. A small scale plan view is
shown in Figure 11, With these distances expressed nondimensionally,
Figure 10 was used to find the nondimensional normal component of in-
duced velocity for all the sample points, as shown in Table 3. From
the inforration in Teble 3, graphs were made for each rotor showing

(Vi/v)i vs r/R for each of the selected values of ¥ as shown in Fig-

ures & (a) and 8 (b).



Once the nondimensional values of interference induced velocity
are known, the approximate values for the dimensional velocities may

be found by the relation :
W)y = [W/my| @

where va QR V'éCT (2/R = o0)

As mentioned previously, the use of this formule requires the assump-
tion that the relation between the thrust end the wake vortex sheet
strength is only slightly affected by the presence of the growmd plane.
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CHAPTER V
CONCLUSIONS

The range of accuracy of the experimental measurements of this
ihesis is not exactly known, It is recognized that the electromagnetic-
analogy method used has certain inherent inaccuracies. However, the
greatest sources of error are probably the assumptions that the wake
of a hovering rotor is a uniform vortex cylinder, that the sheet strength
of the cylinder is constant along the wake, and that the relation be-
tween the thrust and the sheet strength is only slightly affected by
the presence of the g;ound plane, In the real case, the wake spreads
out along the ground, somewhat as shown in Figure 12. Also, the sheet
strength is known to be a function of the distance from the rotor plane,
as measured along the wake. Other sources of error include :

1. Variations in primary coil current
2. Errors in positioning the search coil
3. Meter reading errors

4. Distortion of the magnetic field about the model due
to the labratory structure

5. Errors in plotting and drawing the graphs
The comparison between the experimental results and the mathematical re-
sults of reference 1 indicates that the experimental results should be

sufficiently accurate for engineering purposes within the limits of the

approximations made.
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Values of Vi/v contained in Table 1 and Figure 5, together with
values of Vi/v calenlated by the method shown in Appendix IT, provide
the necessary information for computing the interference induced velo-

cities for multi-rotor helicopters hovering in ground effect. A method

for carrying out these computations is illustrated in the sample problem

of Chapter IV.



APPENDIX
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APPENDIX I

CALCULATION OF NONDIMENSIONAL NORMAL COMPONENT
OF INDUCED VELOCITY AT THE NORMALIZING POINTS

The determination of the exact values of Vi/v at the normalizing
points was accompliched by using the Biot-Savart relation which ylelds

the relation shown in equation (3) of referencs 1 :

el e

v,/v=(2) (1)

vhere £ =Z/R

Therefore, for Z/R = 0.5,

Vi/v = (2) (3) h - 1 —I = 0,1874
Yy 2412 Vo 2+1‘J

The values for V,/v at Zz/R = 1.0, 1.5, and 2.0 were found in
the same manner., These values of Vi/v are shown to three significant
figures in the appropriate places in Table 1 (where h/R = 0 and r/R = 0).

They are also shown to four significant figures in the table below,

I LTAL
005 ; 0.1874
1.0 | 0.5198
1.5 0,7154
2.0 | 0.8188
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APPENDIX II

HATHEMATICAL METHOD OT CALCULATILIG NOWDIMENSIONAL
NORMAL COMPONENT OF INDUCED VELOCITY BY
USING UNIFORM DISTRIBUTICIS OF SOURCES AND SINKS
OVER CIRCULAR DISCS

Kiichmann and Weber (3) shﬁwed that the flow field of a uniform
distribution of sources or sinks over a cirocular disc is exactly equiv~-
alent to that of a semi-infinite vortex cylinder of constant strength
providing the base of the cylinder and the disc coincide., The vortex
cylinder is equivalent to the sum of doublet discs representing the
individual vortex rings of the cylinder, the source and sink flows of
which balance out, leaving only an equivalent distribution of sources
or sinks on the initial surface at the end of the cylinder, and a cor-
responding distribution of sinks or sources, respectively, at infinity.
The equivalence of the uniform distribution of sources or sinks to the
uniform cylinder is valid only for points outside the limits of the cy-
linder. TFor a’point that is physically located within the limits of
a given cylinder, several uniform distributions of sources and sink;
may be superpositioned in such & manner that the point in question
(and an infinitesimal increment € above and below the point) effective-
1y lies outside the limits of the cylinders.

As mentioned in the sample problem of Chapter IV, there were
seven points in the plane of thelfront rotor which were in or near the
region of overlap between the front and rear rotors, and for which no

experimental values of Vi/v vere available. The points in question in
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or near the overlap region were located such that with respect to the
front rotor, ¥ =0°, r/R = 0.4, 0.6, 0.8, and 1.0, and ¥ = 315°,
r/R = 0.6, 0.8, and 1.0.

The superposition of six uniform distributions of sources and
sinks as shown in Figure 13 would moke it possible to effectively place
.all seven of the sample points in question outside the limits of the
uniform wake vortex cylinder of the rear rbtor. Utilizing this super;
position, the nondimengional normal component of induced velocity could
then be found at a number of points for which h/R = - 0.2, r/R < 1,2,
the range of values including the positions of the seven Baﬁple points.
The manner in which the superposition shown in Figure 13 was actually
accomplished is shown diagramatically in Tigure 14. First, a uniform
distribution of sinks was placed over a circular disc at q, the flow
field of which is equivalent to thic vortex cylinder shown in Figure 14
(a). Then, as shown in Figure 14 (b), a uniform distribution of sources
was placed at r. The superposition of these two distributions produced
the finite length vortex cylinder of TFigure 14 (c¢). In a similar man-
ner, placing a uniform distribution of sinks at s (an infinitesimal dis-
tance € below r), and sources at t, resulted in another finite length
vortex cylinder as shown in Figures 14 (d) - (£f). In the image systen,
the superposition of & uniform distribution of sources at u (an infini-
tecimal distance € below t), and sinks at v, yielded another finite
length vortex cylinder as shown in Figures 14 (g) - (1). The superposi-
tion, then, of the velocities induced by these six uniform distributions

of sources and sinks is equivalent to the sum of the velocities induced

for the six superimposed semi-infinite vortex cylinders shown in Fig-
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ure 1. The effect of the six semi-infinite vortex cylinders is also
equivalent to that of the three finite length vortex cylinders shown
in Figures 14 (j) or 13. It can be seen from these last two figures
that & typical point P in the plane of the front rotor (h/R = - 0.2)
is effectively outside the limits of the wake vortex cylinders.
Table 15 of the Appendix to reference 3 conteins values of
T (Vi/v) for points in the vicinity of a uniform distribution of

sources over a circular disc (or correspondingly, in the vieinity of a
seni-infinite uniform vortex cylinder), for values of r/R and x/R equal
to or less than two. If values of TT(V&/V) are desired for r/R > 2
or x/R > 2, they may be calculated by the formmlas given in reference
3. Tor a gink distribution, the signs of the tabular values are simply
reversed, Data from this table were used to find the nondimensional
normal component of velocity induced by the rear rotor (where Z/R = 1,0)
at a number of points in the plane of the front rotor in and near the
overlap region. An example of how the values at these points were cal-
culated is shown below for a point located such that, with respect to
the rear rotor, h/R = - 0,2 and r/R = 0.6 (see Figure 13). The value
of 7T(Vi/v) produced by each distribution of sources or sinks is shown
individually, a positive sigm indicating a downflow.

x/R T (Vg/v)

uniform distribution of sinks at g 0.2 - 2.31
uniform distribution of sources at r 0.0 + 3.1
uniform distribution of sinks at s 0.0 + 3.14
uniform distribution of sources at t 0.8 - 0,98
uniform distribution of sources at u 0.8 - 0.98
uniform distribution of sinks at v 1.8 + 0,36

Total + 2 . 37
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Therefore, Vi/v = +gﬁ;2 = + 0,755

The velues of vi/v for other points were similarly calculated and the
. results presented in Figure 10 and Table 2, The locations of these
points included the region containing the seven sample points mentioned
~above,

In order to compare the results of the two methods, the method
of uniform distributions of sources and sinks was used to compute Vi/v
at a number of points for which Vi/% was also obtained experimentally;
The results agreed generally within z 0.01 for points inside the wake
vortex cylinder (r/R < 1), and within : 0.03 for points in the region
just outside the wake (r/R >1). The close agreement of the two methods
may be seen from Figure 10 if the curve for Z/R = 1.0, h/R = - 0.2 is
examined. On this curve, at r/R = 1.1 and r/R = 1.2, the values of

Vi/v were found using both methods.



TABLZ 1. Measured Values of the Nondimensional
Normal Component of Induced Velocity
Along the Radius For a Rotor With Tni-
form Loading Cbtained by iflectromagnetic-
analog

(a) For Nondimensional Ground Distance Z/R = 2.5

Vi/v for values of h/R of -

r/R
9.10 | 0.20 [ 0.30 -0.,05 | =0,10'"| -~0.20 -0.39
0.0 i
d 0188 nlsz 3
0.2 . 70 tlso -1 oy -
0.[’ 0196 -187 a172 -190 olgg - )
0.6 l223 I199 .1?9 .230 .230 - iy
38 272 2211 .38% .326 336 -4 "
0.9 | o | dss | 3 | ak| 38 x -
g-gg .201] .119 :0315 - P - -
1.05 0076 .069 .057 st - = e
LeEd -.020 | .023 | ,034 - - - N
1.15 "".026 -nglg .006 "“4468 —.502 -.5311- -lSOI
1.2 1 0 -.Ogé -0010 -0359 —-405 —IIDBL "11!0-01
1.1(; -. 2 --060 | -.023 -.fgg -.329 | -.346 -.304
1. . o ik, Toet i
1.8 ‘ "'0059 'cgg% "'.OIQ.O "0068 --%#g "‘O%‘é}y —:éi%
2. 0 _ 052 "0021. - - .038 -0037 -0031 e -022
2'4 ] . e --'020 _.021 —.020 ""0017 - 012
2.8 =.009 | -.009 | -*010 -.008 | -.008 | -.006 -.001
2 -.ggz. -.005 | ~.005 -.004 | -.003 | -.003 -.002
15 -.002 | =.002 | -.003 -.002 | -,002 | -.001 -.001
k- -.001 | -.001 | - 001 -.001 | -,001 | -.001 "o
4.4 -0001 "'-'001 --001 “'0001 -.001 0 0
s 0 0 1 -,001 0 0 0 0
= 0 0 0 0 0 0 0
236 g g g g g- 5 .
i ; 3 0 0 0 0
i

(¥4



TABIE 1. Continued

(b) For Nondimensional Ground Distance Z/R = 1.0

vi/v for values of h/R of - |

r/R !
0 0.05 0.10 0.20 0.30 -0.05 -0, 10 -0.20 -9.30 !
- 0.0 520 <499 476 4,35 * | =
0.2.| 583 <507 481, 439 | :?3% - Bad 1l s E
O-L .Szl-zl' '527 '4‘98 -19!1-0 | .375 - ik o -
0.8 | JAEELL 5521 o§17 &30+ 381 =
0.8 | 608 | S8 iBonl 366 - "28% = i % R
| 09 1 7286 A R 284, 1217 = i i S
0.95 - 4063 7 328! | 226 .176 &
1.00 -~ | «180 4 172 | (149 133 - ‘ - .
1.og - i -.gzg | .g3§ i 2098 1055 2 % £ -
0 s - . T i =,05 034 05 - = - o * i _
C1.15( =.243 . -.157 . =090 | -,003 ,oﬁz - _'ggi _'f?Z* _'Z%?
{1420 =«228 | =.162 | -.111 -.034 .008 ” _'330 _.5755* -. 126
- leh | =.159 | -.138 | -.017 | 077 | Llogy " -.200 | -.228* | -.356
I 1.6 _0116 -'10) i -'994 -‘072 ' -0053 . -’135 -.]‘.;7* “.iéo
| 1.8 | -.082 --025 | =072 =.059 | - 08 = -'090 5 -.056* ! -.1ﬁ9
$ 2.0 | =057 | =e035 | -.052 | -.047 | _lo40 - -.061 | -.063* | -.065
204 | -.031 | =030 | lo%o. | Ilozg | 2940 4 Zi031 | —.031% | Zlom
| 2.8 | —<017 1} ~.017 | -.016 | =:016-{" 2 415 - 21016 | —i015* | -l035
3.2 | -010 | =010 | -lo10 | o010 | 1973 : -.009 | -.00%% | —.008
: 3.6 -0006 ‘. :-00 | --006 —.006 _.006 - _:005 i ‘—.005* _.00\5
§ 4.0 "'.OOA H - ll' -.004 —.001‘_ _.OOL - e 003 -.003* _.{;}03
i L.L ".002 = 1002 - 002 -;002 - .003 - - .00? -‘ ;jr}?* ; ". ’}:)9
4e8 | =.001 7002 | -.002 -.002 } _ 002 - -.001 | -.001% | -.001
5.2 ik O | .00 --001 | 001 - -.001 | =.001* | -.001
’ k! : - =4 ' g E . LR .t
| 6.0 | =001 ] =.001 | -,001 R g T | -e001 | -.001% | --001
| - ] : |

* - Values obtained by linear interpolation

2
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