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ABSTRACT

The hub-pylon evaluation rig, a new facility for wind tunnel

. experiments on large scale helicopter rotor hub-pylon configurations,

was used to determine the variation of hub-pylon drag with shaft angle
L ¥ and height, and pylon angle parameters. In addition, a series of low

drag “"area rule" fairings and shaft fairings were evaluated. The

1 aicii s

results indicate that the proper selection of shaft angle with respect
to the pylon and pylon angle of attack can yield a twenty percent
reduction in drag for a given shaft angle of attack. An additional

i v e g L

reduction in drag of at least twenty percent is achievable with a

T

properly designed "area rule" fairing.

ADMINISTRATIVE INFORMATION
The experimental program reported herein was funded jointly by the
Naval Air Systems Command (AIR-320) and the National Aeronautics and
Space Administration (Langley Research Center) under task area

WF41.421.201 and purchase request L-97786 respectively. The David W.
Taylor Naval Ship Research and Development Center (DTNSRDC) work units
were 1-1619-105 and 1-1619-108.

UNITS OF MEASUREMENT
All data recorded during this experiment were either measured in
or converted directly to U.S. icustomary (US) units. Hence, U.S.
customary units are the primary units in this report. Metric units
are given either adjacent to the US units in parentheses or opposite
US units in the case of graphs. Angular measurement is the only

exception. The unit degrees is not converted to radians on graphs.




Drag coefficient, %;

Aerodynamic drag force lbs. (N)
Parasite area ft.z (mz)
Gap between the hub and the pylon ft. (m)
Reynolds number reference length fr. (m)
Aerodynamic lift force 1bs. (N)
Lift to drag ratio

Lift area

Dynamic pressure

Reynolds number, %&

2 ()

Hub thickness ft. (m)

Drag coefficient reference area ft.

Reference Velocity fps (m/s)
Pylon angle of attack deg.

Shaft angle of attack, ap + ¢ deg.
Kinematic viscosity of air ft.2/s (mz/s)
Shaft angle with respect to the pylon deg.

Standard deviation of X,

Subscripts
Hub
Hub plus shaft
Pylon
Shaft
Total
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INTRODUCTION

Helicopter fuselage drag has been recognized as the major cause for
the noncompetitiveness of helicopters with fixed wing aircraft in the low
to moderate speed cruise mission. The American Helicopter Society (AHS)
recently sponsored a study of rotorcraft drag by a panel of engineers and
scientists from both industry and government. Their report1 to the AHS
National Forum in 1975 indicated that sizable gains throughout the
spectrum of helicopter performance could be achieved by reducing the para-
site drag of the fuselage.

The David W. Taylor Naval Ship Research and Development Center
(DTNSRDC) has been addressing the problem of helicopter parasite drag since
fiscal year 1973. The Navy effort, titled the Helicopter Drag Technology
Programz, is a continuing program funded under the cognizance of the
Naval Air Systems Command with the participation of the U.S. Army Air
Mobility Research and Development Laboratory (Eustis Directorate) in the
area of interactive graphics3 and of the National Aeronautics and Space
Administration (Langley Research Center) in the area of rotor hub-pylon
drag. A portion of the experimental evaluations of the latter joint
effort is documented in this report.

The purposes of this experiment were: (1) to validate the performance
of the hub-pylon evaluation rig (HPER), a new facility for wind tunnel
testing large scale rotor hub-pylon models; (2) to provide basic hub-pylon
configuration parameter information; and (3) to determine the merit of
subsonic area rule fairings in the complex hub-pylon flow field as a means
of reducing aerodynamic drag. The HPER was designed and constructed as an
alternative to expensive large scale wind tunnel tests of helicopter full
fuselage models for the investigation and reduction of drag associated
with the hub-pylon region. Use of the HPER, makes it possible to test
large scale hub-pylon models in small wind tunnels, thus reducing scale

effects and costs simultaneously. Its capabilities include the separate

measurement of forces on the hub, shaft, and pylon, and the independent
variation of shaft and pylon angles of attack. A more detailed
description of the HPER is given below under APPARATUS and a detailed

rational for the separation of the hub-pylon region from the rest of the
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fuselage is given in reference 4. The parameters investigated were:
i pylon angle of attack, varied from minus ten to plus five degrees; shaft
h angle of attack, varied from minus twenty-five to plus ten degrees; hub-
pylon gap, varied one to three hub thicknesses; and Reynolds number,
varied as dynamic pressure from ten to fifty pounds per square foot (479.
to 2393. pascals). These parameters cover a broad range of possible
g flight and vehicle configurations.
The area rule concept was originally developed experimentally by
E | R. T. Whitcomb for transonic aircraft (for a brief discussion see
reference 5). It has since been extended on a theoretical basis into

supersonic flow and in actual practice without analysis into high

R ———

subsonic flow. (Reference 2 gives a very brief empirical discussion
relating body radius distribution to diffuser flow separation criteria as
a kind of subsonic area rule.) 1In practice, the area rule states that the
i drag of a body may be held near a minimum by avoiding sharp dis-
continuities in the body's area (radius) distribution. Transonically and
i ! supersonically, smooth area distribution pay off by reducing the number
and strength of shock waves, hence reducing wave drag. Subsonically,
i ‘ smoothing the area distribution smoothes the pressure distribution
E | eliminating regions of sharply adverse pressure gradients which would
’ normally trigger boundary layer separation. Of course, even a con-
figuration with a smooth area distribution may still have local
discontinuities which will cause shocks or separation, but the overall
area distribution and good design can prevent these local disturbances
from propagating.

The HPER model configuration was designed for simplicity from a
geometric point of view for modeling in potential flow analyses, while
3 maintaining configuration parameters representative of a variety of
actual or proposed helicopters. In this respect, the application of the
area rule concept was restricted to the design of fairings to be added
to the basic configuration to smooth the area distribution. These
: fairings take the shape of simple bumps and vanes and are described
below under MODELS.
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APPARATUS

The hub-pylon evaluation rig (HPER) is a new experimental facility
at DTNSRDC for the wind tunnel testing of large scale helicopter hub-
pylon models. As seen in Figure 1, the HPER is a very complex mechanism.
Its five exterior parts, the splitter plate assembly, fuselage, pylon,
shaft assembly, and hub, are shown in Figure 2. The splitter plate
assembly serves to channel the wind tunnel boundary layer away from the
model and provides a housing for the lower part of the HPER's support
frame work. The fuselage represents the adjacent portion of the heli-
copter fuselage and serves to establish the flow field for the pylon.

The pylon is the lowest part of the configuration on which loads are
measured. Except for a seal to prevent air from leaking between the pylon
and fuselage and disturbing the flow, the pylon is isolated from the
fuselage and shaft assembly. (The pylon is part of the configuration
being evaluated, while the fuselage is part of the test apparatus.) The
shaft assembly consists of two parts, an inner shaft which supports the
hub and is connected to the shaft angle drive system, and an outer shaft.
The outer shaft is isolated from the pylon and hub models and is
supported by a one component balance attached to the inner shaft. The
hub model is supported by a six component balance attached to the inner
shaft.

The functioning of the HPER is also represented in Figure 2. To
reiterate, there are three independent force balances, pylon, shaft, and
hub, and two remotely controlled, independent angle drive mechanisms,
pylon angle of attack and shaft angle with respect to the pylon. The
pylon balance measures five components of forces and moments (side force
excluded); the shaft balance measures one force component perpendicular
to the shaft axis; and the hub balance measures a full six components of
forces and moments. The pylon and fuselage can be remotely driven
through an angle of attack of minus ten to plus five degrees measured
from the horizontal and the shaft can be remotely driven through an angle
range of minus fifteen to plus five degrees relative to the pylon. As
the pylon and fuselage are driven in angle of attack, the fuselage passes

through an opening in the splitter plate and maintains a constant minimum
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clearance gap as a result of the shapes of the fuselage surface and
splitter opening.

The calibration accuracies of the force balances and angle drives
are given in Table 1. Further descriptions of the fuselage, pylon, hub,
and shaft, are given below in MODELS.

The experimental evaluation was conducted in the DTNSRDC 8- by 10-

Foot Subsonic North Wind Tunnel®. The output of the HPER balances,

angles of attack, and tunnel flow information were digitally recorded on
magnetic tape with a Beckman high speed data acquisition system. The
HPER was bolted directly to the floor of the wind tunnel test section,
and all balance, and angle drive power and position cables were routed
inside the model through the floor of the test section to the control

room.

MODELS

The HPER models evaluated were of the following types: basic
configuration, basic configuration with various area rule fairings and
vanes, and the basic configuration with shaft fairings. The basic
configuration which consists of the non-metric parts of the HPER, the
splitter plate assembly and fuselage, and the metric parts, the pylon,
shaft and hub, is shown in Figure 3. Of the components, the fuselage,
pylon, shaft, and hub can all be mathematically described by the
equation of a general ellipsoidal surface.

&2+ O+ &EY?

In addition the opening in the splitter plate through which the
fuselage passes when the angle of attack is changed is also elliptical.
The origin of the axes system to which all of the components are
related, is located on the floor of the wind tunnel test section with
the positive z-axis vertical and the x-axis in the wind direction. The
models, unless otherwise noted, have left-right and fore-aft symmetry.

The values of constants in equation (1) are given in Table 2.
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Table 2 - Model Geometric Constants In Inches (Centimeters)

a b e h

4 Fuselage 78.324 (198.94) 27.414 (69.63) 78.324 (198.94) -30.000 (-76.20)

Pylon 51.050 (129.67) 17.868 (45.38) 7.190 ( 18.26) 28.810 ( 73.18)
Shaft 3.000. ( 7.62) 3.000 ( 7.62) = =
Hub 15.000 ( 38.10) 15.000 (38.10) 3.750 ( 9.53) 47.250 (120.02)

54.750 (139.07)
62.250 (158.12)

Splitter
Plate
Opening 60.125 (152.72) 21.125 (53.66) - - 20.340 ( 51.66)

The constants were selected to match the surface tangents of the fuselage
and pylon along their line of intersection. In addition, the pylon angle
of attack mechanism pivots the model about an axis parallel to the y-axis
through the point (x, y, z) equal (0., 0., h-fuselage). This ensures
that the clearance between the fuselage and splitter plate remains
constant as pylon angle of attack is changed. The shaft pivot point is
located just beneath the surface of the pylon.

The area rule fairings and vanes are more difficult to describe.
There were two area distributions considered in developing the fairings
and vanes: the body area distribution (BAD) and stream tube area
distribution (STAD). Both are shown in Figure 4. The BAD includes all of
the cross sectional area (taken perpendicular to the free stream flow
direction) of the fuselage, pylon, shaft, and hub above the splitter plate
with the pylon and shaft angles set at zero degrees and the hub at the
lowest height (the only height used with any fairings). The STAD was used
in consideration of nozzle and diffuser type flow beneath the hub. The
stream tube used was that shown in Figure 5. Simple straight lines or

curves were drawn to smooth the discontinuities in the distributions caused

by the hub and shaft. It is this additional area added to the dis-

tributions (dashed lines in Figure 4) which was molded into bump or vane

TP

type fairings.
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There were three types of bump fairings used, all of which were
implemented by distributing the additional area as a half body (or
bodies) of revolution on the surface of the pylon. The BAD was utilized
to generate two types of bump fairings, single bumps on the pylon
centerline and twin bumps on either side of the centerline. The skew
axis of the twin bumps was an attempt to account for lateral distri-
bution of the cross sectional area. The third type bump fairing was

derived from the STAD in the same manner as the BAD twin bump fairing.

The vane type fairings were developed from the STAD. Aside from
structural considerations, the design criteria for the vanes was the
mainternance of constant local stream tube areas between the vanes or
between the vanes and shaft. All of the fairings and vanes are shown
in Figure 6. (The bump fairings do not include any cross sectional
area to smooth the area distributions between the hub and shaft.)

Two shaft fairings were tested in addition to the six inch diameter
outer shaft: an airfoil shape and a larger diameter cylinder (Figure 7). r
The airfoil shape was a 29.5 inch (0.7493 m) chord, NACA 0028 section
and the cylinder was twelve inches in diameter. Both shaft fairings

were evaluated at the shortest shaft length on the basic configuration.

For simplicity, the configuration numbers in Table 3, will be used to

label the data.

Table 3 ~ Configuration Numbers

Basic Configuration - shortest shaft length
Basic Configuration plus four STAD bumps
Basic Configuration plus four BAD bumps
Basic Configuration plus four hub vanes

Basic Configuration plus four shaft vanes

[ \NER S, B S 7 B S I

Basic Configuration plus four hub and four shaft vanes
7. Basic Configuration plus two BAD bumps

10. Basic Configuration plus large diameter shaft fairing
11. Basic Configuration plus NACA 0028 shaft fairing

12. Basic Configuration - medium shaft length

13. Basic Configuration - longest shaft length




DATA CORRECTION AND ACCURACY

Corrections to the data were, for the most pari, kept as simple as
possible. 1Initially the only correction planned was for solid blockage
(see Reference 7). Since the HPER and the models were very large and
unusual in shape in respect to the wind tunnel and more conventional
models, other corrections (e.g. buoyancy) were omitted until theoretical
analyses can be conducted to develop new methods of accounting for these
effects for the HPER.

During the course of the experiment, it was noted that there were
significant shifts in the wind off zero data points taken at the end of
wind on data runs for information recorded from the pylon balance. An
analysis revealed the cause to be temperature gradients inside the model.
Even though free stream temperature and one temperature inside the model
were recorded, it was not possible to make rigorous corrections to the
pylon balance data because of the non-uniformity of the temperature
gradients. The correction for zero shift which was applied was to
apportion the shift linearly among the data points of each run. The
rational was that the temperature change was a function of the rate at
which energy was added to the wind stream which was essentially constant
while the wind tunnel was running. Since time was not a recorded
variable, the pylon force change was divided among the data points which
were approximately equally spaced during each data run. The average

zero shift magnitude for lift and drag are given in Table 4.

Table 4 - The Average Zero Shift Magnitudes for Lift and Drag

In Pounds (Newtons)

Lift Drag
Pylon Balangg 13.46 (59.87) 4.16 (18.50)
Shaft Balance - - 0.38 ( 1.69)
Hub Balance 0.11 ( 0.49) 0.03 ( 0.13)

Fach data point reported on herein consists of the average of a series

of about ten individual readings taken at one half second intervals. For

10
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most configurations, three data points were taken at a dynamic pressure
of fifty pounds per squarc foot with angles of attack of the pylon and
shaft equal to zero. It is these data points which give an indication
of the accuracy of the test data. Computing the means and the standard
deviations (0) of these repeated data points and correcting the standard
deviations for the actual number of readings yields Figure 8. (The
standard deviation of three data points can be shown to be about twenty
percent higher than that computed from all of the readings included in
the three data points or about thirty-seven percent higher for two data
points.)

By examining Figure 8, several observations can be made with respect
to the precision (scatter) of the data.
1. Data recorded by the hub and shaft balances is very good
2. Drag data recorded from the pylon balance generally has an adequate
level of precision with the exception of configurations 10 and 11.
3. The precision of 1lift data recorded from the‘bylon balance varies from
configuration to configuration with a 30 value ‘approaching thirteen
percent of the mean value in one case.
4. The scatter of lift/drag ratios is less than the scatter of 1lift data
with the exception of configuration 11.
5. Comparison of data including pylon balance output can be made between
configurations if differences are outside of the 30 precision band.

6. No special considerations are necessary to use the hub and shaft data.

RESULTS AND DISCUSSION

The purposes of this experiment as set forth in the INTRODUCTION were:
to validate the performance of the HPER; to provide basic hub-pylon para-
meter information; and to determine the merit of hub-pylon subsonic area
rule fairings. The first purpose was discussed under APPARATUS, and
CORRECTIONS and ACCURACY. To summarize, the HPER is a valuable tool and
reliable conclusions can be drawn from the data, where load differences
(as they were in this test) are greater than the error bands shown in

Figure 8. However, the performance of the HPER can be improved in two

11
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respects: the accuracy of the shaft and pylon balances as calibrated;
and the behavior of the pylon balance during temperature variation. The
accuracy could be improved for both balances by curvefitting the balance
sensitivities. This will be done for subsequent investigations. The
temperature behavior of the pylon balance is believed to be caused by non
uniform expansion and contraction of structural members between the load
sensing elements. Further analysis is required before corrective action

is taken.

BASIC CONFIGURATION PARAMETER DATA

The basic hub-pylon parameters investigated were pylon and shaft
angles of attack at a constant dynamic pressure of 50 psf. (2393 Pa),
dynamic pressure at angles of attack of zero, and hub height (configura-
tions 1, 12, and 13). These data are presented in Figure 9 as parasite
area, D/q, and lift to drag ratio, L/D, versus shaft angle of attack, and
D/q versus dynamic pressure, q. Total D/q and L/D values are presented
and, in addition, the component values of D/q, hub, shaft, pylon, and
hub plus shaft, are presented for the constant q data. (Throughout the
data presentation, data point symbols have been omitted where no
ambiguity exists between configurations, because of the implied precision
conveyed by symbol size.) The data points were spaced as follows:
angles of attack were varied in increments of five degrees (.0873 radians)
about zero; and dynamic pressure was varied in increments of 10 psf
(478.8 Pa) starting at 10 (478.8).

Some of the trends observable in the data for all three basic con-
figurations in Figure 9 are: (1) the existence of minimums in
parasite area, D/q, at constant dynamic pressure, q, for constant values
of shaft angle with respect to the pylon for total D/q and pylon D/q,
and, similarly, the existance of maximums for total 1lift to drag ratios,
L/D; (2) the relatively constant values of shaft D/q for each con-
figuration as angles of attack were varied; (3) the decrease in hub D/q
and hub plus shaft D/q as shaft angle decreases; and (4) the relative
magnitudes of the component D/q values (hub D/q largest, then shaft D/q,
and pylon D/q smallest).

12




Comparisons among the basic configurations yield several other
observations. Shaft parasite area increases with, but not in direct
proportion to the shaft length. This illustrates the nozzle-diffuser
effect of the hub and the pylon on shaft. An estimate of the "super-
velocity" caused by the constriction of the flow, can be made by using

the streamtube area distribution of Figure 4 and the following formula:

(Area Change) (Entrance Velocity)
(Entrance Area) - (Area Change)

Velocity Increase =

The resultant velocity increases (as decimals of the entrance velocity)
are, in order to increasing shaft length: 0.69, 0.40, and 0.28. (Shaft
area was excluded from the calculation.) Computing the shaft drag
coefficients, Cd’ and re-referencing them to the local velocities (the
sum of the velocity increments and the entrance velocity) yields
Figure 10 where the shaft cylinder drag coefficients are plotted versus 5
Reynolds' number. Comparisons are made to drag coefficient versus
Reynolds' number data from reference 9 and data for the larger twelve
inch diameter shaft fairing of configuration 10. Using the increased
velocities reduced the drag coefficients to values close to those
expected from Reference 9. The remaining differences for the six inch
diameter shaft fairing of configurations 1, 12, and 13 are attributed
to a small shaft angle of attack pitch drive cover exposed to the flow
at the base of the shaft fairing. This cover is attached to the shaft
fairing; and hence, forces on it are included in the shaft drag. The
large diameter shaft fairing covers the pitch drive cover completely
and its drag coefficient more closely agrees with Reference 9.

Pylon parasite area has the same range of values for all three
configurations in Figure 9. This result is reasonable because of the
low profile shape of the pylon and its small frontal area. Thus flow
separation on the pylon caused by the hub and shaft has only a small
effect on pylon drag. The bulk of the pylon drag can be attributed to
skin friction. At negative pylon angles of attack the pressure forces on

the pylon tend to reduce the pylon drag and, in fact, result in a small




net thrust from the pylon in some of the configurations tested. Con-
figuration 1 has the smallest parasite area and the highest 1lift to drag
ratio of the three configurations in Figure 9 because of the added drag
of the longer shafts of configurations 12 and 13.

The drag trends associated with the hub height variation are shown
in Figure 11. Although a wider range of shaft lengths would be
desirable, a number of conclusions can be drawn from this data. The hub
has a region of adverse interference as indicated by the peak in the hub
parasite area curve near a height of two hub thicknesses. For heights,
(h/t), greater than three the hub parasite area should decrease and
approach a constant value (unknown). For heights less than one the hub
parasite area may decrease and approach a non zero value at zero height,
but its behavior is not known.

The shaft parasite area is a continuously increasing function of
height for hub heights less than one, shaft parasite area should smoothly
approach zero. For hub heights greater than three, the shaft parasite
area will approach a linearly increasing function of height which can be

expressed as:

where the first constant, Cl’ can further be defined as

C1 = ﬂrzt Cd
The coefficient, Cd’ is the cylinder two dimensional drag coefficient,
r is the radius of the shaft fairing, and t is the thickness of the hub.
Using the two points, ((h/t), (D/q)), (0, 0.33) and 4., 0.58), the straight
line intercept as drawn in Figure 11 and a point on the assumed straight
line respectively, yields a value of 0.51 for the drag coefficient, Cd’
which agrees well with reference 9 and Figure 10.

The pylon parasite area decreases as (h/t) increases and should




|
|
{
I
i
!
{
|

approach a constant value (Figure 11). The total parasite area increases
with hub height through the range of test data, but the trends noted for
the hub, shaft, and pylon parasite areas indicate that a relative maximum
exists near (h/t) = 3 and a relative minimum exists near (h/t) = 4.5.

For values of (h/t) greater than 4.5, total parasite area should increase
in the same manner as shaft parasite area since pylon and hub values are
expected to approach constants. For values of (h/t) less than one,

total parasite area is expected to decrease to a finite value at (h/t)
equal zero although the trends in this region are not as clearly
established as those for large hub heights. 1If this decreasing trend in
total parasite area holds true, then considerable additional drag re-
duction should be possible at a hub height of zero by integrating the

hub and pylon and contouring their irntersection. The integrated hub-
pylon would, of course, only have application to rigid rotor configu-
rations because of the greater blade clearance necessary with softer

rotor types.

AREA RULE FAIRINGS

There were six area rule fairing configurations tested, configura-
tion numbers 2, 3, 4, 5, 6, and 7. Of the six, all configurations
except number 5 were evaluated over a range of shaft and pylon angles
of attack and dynamic pressures. Configuration 5 (shaft vanes) was
evaluated only over the dynamic pressure range as a result of an earlier
experiment which indicated that it would have a higher drag than the
other configurations. The results of the area rule fairing evaluation
are plotted in Figure 12 as parasite area verse shaft angle of attack
and dynamic pressure, and lift-drag ratio verse shaft angle of attack
in the same manner as Figure 9. Using configuration 1 as the baseline
"clean" configuration, configuration 7, the single body area distribution
bump fairings, yielded a substantial improvement in drag and lift-drag
ratio. In more detail, the following observations were made from
Figure 12 for constant dynamic pressure. (1) All of the area rule
configurations except number 3 yielded lower parasite areas than the

clean configuration with configuration 7 as much as 24 percent lower.




(2) All area rule configurations except number 6 yielded higher lift-drag
ratios with configuration 7 as much as 19 percent higher than the clean
configuration. (3) All area rule configurations had lower hub and lower
shaft parasite areas than the clean configuration values with configuration
7 showing reductions 93 percent and 83 percent respectively. (4) All area
rule configurations except number 2 had higher pylon parasite areas than
the clean configuration.

The outstanding drag characteristics of configuration 7 support the
integrated hub low drag concept mentioned earlier. The presence of large
area rule bumps ahead of and behind the shaft evidently cause the flow to
go around the hub-shaft region rather than between the hub and pylon.

This effectively blocks out the shaft, closing its wake and reducing its
interference with the flow on the hub. The aft bump also contributes
directly by constraining the lower part of the hub wake. The very large
reductions in hub and shaft parasite area confirm this postulation. The
relatively smaller (20 percent) reduction in total parasite area and the
pylon parasite area plot for configuration 7 show that the large hub and i
shaft drag reductions are substantially off set by the increased skin
friction and pressure drag due to the area rule fairing's presence on
the pylon.

In view of the difference in the size of the area bump between
configurations 2 and 7, it is interesting to note that configuration 2
achieved a reduction in parasite area of about 12 percent. The decrease
appeared primarily as a reduction in hub drag with a small additional
reduction in pylon drag at extreme negative shaft angles. The small
area bumps, derived from the stream tube area distribution, lend them-
selves to drag reduction in vehicle configurations where the existing

clearance to rotating components is minimal.

SHAFT FAIRINGS

In addition to the basic six inch in diameter cylindrical shaft
fairing of the '"clean" configuration, a twelve inch in diameter cylindri-
cal shaft fairing, configuration 10, and a 29.5 inch chord airfoil shape

shaft fairing, configuration 11, were evaluated. Neither of these two

16
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shaft fairingswere adapted to the pylon to permit shaft angle variation
with respect to the pylon; hence, test conditions included only pylon
angle of attack and dynamic pressure changes. The results are presented
in Figure 13. The plots of total parasite area at constant dynamic
pressure indicate that these two configurations have even lower drag
than the best area rule configuration. An examination of Figure 8 shows
that these two configurations also have the largest data scatter of all
configurations for total parasite area as a result of large scatter in
pylon parasite area data. For this reason conclusions about the merit of
these two configurations overall should not be drawn. However, Figure 8
also indicates that the precision of the hub and shaft data is comparable
for all configurations. Therefore the following observations can be made
with respect to the hub and shaft fairing data of Figure 13. The airfoil
shape shaft fairing causes a substantial reduction in hub drag as
compared to the clean configuration hub drag as pylon (shaft) angle of
attack increases. This characteristic would make configuration 11 a
candidate for a high speed helicopter equipped with auxiliary propulsion
where slightly positive shaft angles of attack are expected in cruise
flight, if the low pylon drag could be verified. The following brief
analysis with respect to pylon drag is offered. The theoretical peak
pressure coefficient for an ellipsoid of about the same shape as the pylon
is -.127 (Reference 10). If this value is applied over the entire surface
of the pylon, a pressure force/dynamic pressure of 2.45 is possible for
the pylon. Rotating the pressure force minus ten degrees would give a
theoretical pylon thrust (negative drag)/dynamic pressure of .43 which is
about one half the magnitude of that obtained for configuration 10, but
greater than that obtained for configuration 11. From this brief analysis
it is possible to state that the parasite area recorded for configuration
11 is probably obtainable.

The shaft parasite areas increased at least 60 percent over the
clean configuration shaft value. The increases were expected and most
likely are due to increased skin friction drag (both configurations) and

increased pressure drag (Configuration 10). Figure 15 is a comparison of




all the shaft fairings used in the test. It shows that from the point
of view of just the shaft drag, that the simple short six inch diameter
cylinder is the best. Note also the effect of Reynolds number and the
apparent transition from laminar to turbulent flow on the two longer six

inch cylindrical shaft fairings as dynamic pressure is increased.

GENERAL

There was a considerable body of data recorded during this experi-
ment. Since the primary objective of the Helicopter Drag Technology
Program is to reduce fuselage drag, only that data is presented in this
report. These final two observations apply to all the configurations
tested. (1) The minimum drag and maximum lift to drag ratio do not occur
at the same set of configuration parameters. This implies that the usual
set of trade offs must be made in establishing the hub-pylon configura-
tion for "optimum'" vehicle performance. (2) For a given configuration,
the selection of shaft angle with respect to the pylon and pylon angle of
attack to achieve the desired shaft angle of attack can yield hub-pylon
drag reductions or lift/drag ratio increases of 20 percent. Thus for a
helicopter required to operate at a wide variety of flight conditions for
significant lengths of time, it would be desirable to provide a variable
angle main rotor shaft if the weigat penalty can be justified. More
important, perhaps, is the application of this observation to the design
of a basic airframe to meet the requirement of the different services.
The tailoring of the shaft angle (fixed) for each services mission could
mean the difference between constructing a helicopter which performs most

of the missions well =r only some of them adequately.
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of the HPER

Figure 1 — General Description
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PLAN VIEW

DIMENSIONS ARE IN
INCHES (CENTIMETERS)
6.0 (15.24) 30.0 (76.20)

\

33.00
(83.82)

(255.75)

(304.80)

SIDE VIEW

7.5 (19.05) CONFIGURATION  h
h ‘ 1 7.5 (19.05)
12 15.0 (38.10)
6.0 (15.24) ‘ 13 22.5 (57.15)

30.0 (76.2) *

|

T v 1

90.0 (340.97)

(228.6) ) 180.0

(457.2)

78.32 (198.94)

Figure 3 - Basic Configuration
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FRONT VIEWS OF CONFIGURATION 1

X — LONGITUDINAL SECTION COORDINATE IN INCHES (CENTIMETERS)
A — STREAMTUBE AREA IN INCHES? (CENTIMETERS?)
[ sTREAMTUBE

35.24

METRIC (43.82)

/SECTION\ //// /

(a X=0 (b) X =15, (38.1) (c) X =50.35(127.88)
A =315 (2032) A =464 (2994) A =607 (3916)

Figure 5 — Streamtube Definition
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LONGITUDINAL &
OF PYLON

TRANSVERSE & OF PYLON

FAIRING COORDINATES

DISTANCE FROM | STATION FAIRING G
TRANSVERSE ¢ RADIUS POSITION
- — =
9.5" 0.0” 8.69"
10.0 0.28 8.41
1.0 0.84 7.86
12.0 1.37 7.31
13.0 1.89 6.80
PLAN VIEW OF FAIRINGS ON PYLON 14.0 2.98 6.32
145 2.58 6.10
15.0 2.68 5.90
DIMENSIONS IN INCHES. e o] o
17.0 2.26 5.25
18.0 2.00 4.99
19.0 1.76 4.75
20.0 1.83 4.52
21.0 1.32 4.31
22.0 1.1 4.10
23.0 0.89 3.87
24.0 0.61 361
245 0.36 3.365
24.75 0.20 3.205
25.00 0.00 3.03
2
(@]
-d
>
a.
w
(@]
o
w
(72}
o
w
>
(7]
Z
g
[+ 4
=
LONGITUDINAL € OF PYLON
s .k L 1 1 1 1 ) B 1) 1 L 1 1 |
a 0,, 7 8" 9" 10" 11" 12" 13" 14" 15:: 16" 17" 18" 19" 20" 21" 220: 23" 24:- 25"
<
g o

INDIVIDUAL STAD TWIN FAIRING
PLAN VIEW

Figure 6 — (Continued)

(c) Streamtube Area Distribution (STAD) Twin Bump Fairings
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DIMENSIONS IN INCHES

HUB FAIRING VANES

Figure 6 — (Continued)
(d) STAD Vane Layout
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Figure 6 (Continued)

CONFIGURATION 2 -
STAD TWIN BUMP FAIRINGS

CONFIGURATION 3 -
BAD TWIN BUMP FAIRINGS

Figure 6f — Configuration Photographs
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Figure 6 (Continued)

CONFIGURATION 4 —
STAD HUB VANES

CONFIGURATION 5 -
STAD SHAFT VANES

Figure 6f — Configuration Photographs
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Figure 6 (Continued)

CONFIGURATION 6 —
STAD HUB AND SHAFT VANES

AP R

CONFIGURATION 7 -
BAD SINGLE BUMP FAIRINGS

?

L Figure 6f — Configuration Photographs
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PLAN VIEW
DIMENSIONS IN INCHES

295

! - 14.75 ~|

7
\\ /HUB OUTLINE

B — k.. b
FWD e o9

\\ //

T — SIDE VIEW
PYLON SURFACE

— — "“*\

b=

— —

.25 MAX.

Figure 7 — Shaft Fairing Models
(a) NACA 0028 Airfoil Shaft Fairing
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PLAN VIEW

DIMENSIONS IN INCHES

,: \\ //
WD .
\\ //
—_— SIDE VIEW
/’-__—.——-——__——*“§\\\

// \\
{ )
\\ 25 MAX. o

Figure 7 — (Concluded)
(b) 12 Inch Diameter Cylinder Shaft Fairing




e e e i R e AR e o e =

BA1Y dJiseied (e)
uoIsAg vje( - ] 2Ny

SH3BWNN NOILYHNOIANOD

£l 41 i ol L 9 S v £ z L
_ __ __ : || | || || 11 11 LR F L D — v00-
S NOILVHNOIINOD
HO4 NINVL SINIOd 1v3d3IH ON  (£)
JONVH NOILVIAIA QHVANVLS 2" —j¢00-
3IHL SIWIL €SI INIT IVIILEIA  (2)
L INTVA NVIW SLNISIHAIH TOAWAS (1)
o o 4 ‘S31ON o it
¢ 0 o
@
2 " ° 17 2 Hewo
v v 4 o
\ 4 » v 06 > 3
¢ 7] 3
= =
4 m
v v u m ooE e
Y : o o} b8
| ; .
—H9 =
@ ot b B
@ G u 900
o) »
o 8
o Q 0
—Ho1
0 10
o 0-NOTAdy, _ L4VHS IV10i O
anH O —Hz
(ed £6€Z) 4Sd 05 3UNSSIHd DIWVYNAQ NO1Ad O
SNOILIGNOD MO14 1dVHS V

vl




&

oney 3exq 03 111 (q)
(panunuo)) — § aingiy

SH3IBWNN NOILVYHNOIINOD

£l Zl i 0]} L 9 S 4 € Z
| N S 1y e B smma B s O BRiamE [ gty § Pt I sidian s I

(1]}

cl

OllvY O9YHO/14171 1v10L




S o S e 2 —p

ainssaig onweu( Aq papiaig yr1- (9)
(papnpuo)) — § ndi 4

SH3IBWNN NOILYHNOI4ANOD
€l 4 it ot 4 9 S v € Z i

! I 1 I I T 11 i s 5 | 1l 10 || | L -

a o
o [} o @ C
m m (u] 8] . -l M 10
<
d
z o
—z = Jdzo )
5 -
o %
% —4€0 M
Bt g :
g e ; i 1 3
N —~4 tv0
b Sy st e
-~ G0
—9
Jgo




-
o
-
>
r
R
>
>
4
-
m
>
D
m
>
g
=2
Ey
3
o

3. i D i MY i o in s

(vd £6£7) 35d 05 Jo
amssaig diweuL( e je a1y djisered JYSiay 1yeys poys — j uoneindyuo) (e)
eje(] 13)3weied uojAd-qny — ¢ 2insiyg
(S334930) S© ‘NOVLLV 40 ITONV L4VHS

G- oL- Sl- 0z-

I | | |

(ed €6€2) 4S4 05 = b Sl-=9¢
NOTAd 3H1 Ol 103dS3Y
HLIM 3TONVY LdVHS
L NOILVHNOI4NOD

| 1

(;14) “L(b/Q) ‘'vauv 3LISVHVd TV.10L




(zw) S(b/q) ‘VIHY ILISYHVd L4VHS

N
8 3 3 8 3 o 3
T T T T Y -
| | 1 % I T I ¥
+
— m
— © (=] ol
a +
P
™
2]
o
a.
o
[T2]
] 3
o =
| | E
; &)
e ._S' g) i
=3
o y
o s i
= o -2 30 :
) | =
= ;
4 i3
| 9O ° e b
< : v
Z
o % l
e iR 0
& T Bk ;
o 1 i
(8] ©
-:] 1 | . | | .| | l 3

(z44) S(b/Q) ‘v3IHV 3LISVHV LAVHS




(zw) ‘H(b/Q) ‘vaYV 3LISVHVC 8NH

(panunuo)) — (e)g 3indig

So
oL+ S+ 0 G- oL- GL- 0z- GZ- oe-
I | 1 | ?
o'l T T 1v
P — ml
S0’ 3
E oG+ A
90 5
b — N.
L0°F 4
— — w-
80'f -
— - O.
60} 1
e (ed £6€2) 4Sd 0G =b — 01l
oL L NOILVHNDI4INOD
L _ | ] ] ] ] ]

(z14) ‘H(b/Q) ‘v3yv 31ISYHVd GNH

42




(zw) SH(b/Q) ‘v3UV 31ISYHVd 14VHS SN1d 8NH

= = g g S
11 ]f ll’ T T T

q = 50 PSF (2393 Pa)

s
<
2
=

-
=

o

CONFIGURATION 1
Figure 9(a)

15°

dn

|
N -
wi -

(z14) SH(b/Q) 'v3YV 31ISVHVd L4VHS SN1d 8NH




(zw) 4(b/Q) VAUV ILISVHVd NOTAd

S»
oL+ G+ 0 G- oL- GL- 0z- Gz-

T T T T T T
o- —— —
L0 T -
20 . Sl-=0¢ ¥

om+ ° oml ) L

g0t -
— —
vo'H (ed £6€2) 4Sd0S =b 3
so'r L NOILVHNOIANOD ]

of | g ¥ ] ] | |

(Papnou0)) — (e)g 31ndig

(z1d) d(b/q) 'vadV ILISYHVd NOTAd

44




il il

(ed £6£7) 35d 05 Jo
Nssalg dweuA(] e e ey aisesed WAAY JyeyS wnpay - 7] uonesndyuo) (q)

(panunuo))) - ¢ ndiyg

D

So
oL+ G+ G- oL- Sl- 0Z- Ge- (1]
1 I | | I |
- .
- -
— — 0L
5 —Hi1'L ©
s s
= =
3 i -n
N Hdz1 ®
=€l
~- vl
ZL NOLLVYHNODIANOD
1 1 1 1 L _ -
(i o i i kb e ke " WA e

45




i A UL el iined i S A S B v s 8 N okt b e ¥ v o Al

(panunuo)) — (q)e dandiy

So
oL+ S+ 0 G- oL- Sl- 0z- Ge- og-
4 I T I = i I g
80 |- .
- — m-
o .
Bi —H0'L
.//
= 0L [ 4
G+
2 ° L
*
7]
wZ - <
s -7l
rA N o "
s —€l
E Sl-=¢ Vi
ZL NOILVHNODI4NOD
| ] 1 | | | 5l

46

z14 - SH(b/q)




(panunuoy)  (q)e andi4

So
G- oL- L] A
| T i

z14 - Hivra)

ZL NOILVHNOIINOD
1 | 4




(panunuo)) — (q)e 21ndi,g
Spo

G- oL- Sl-
1 | |

z14 - S(b/q)

ZL NOILVHNOIINOD

| 1




zw - dib/a)

i) Ll 9 N S o e e

(panunuo)) — (q)e i

Svo

oL+ G+ G- oL- Sl- 0c- G- 0g-
T | T 1 T |

—0

-1

s Z

- e

— — Q.

™ ZL NOILVHNOI4INOD N

| | | | | 1

z14 - d(b/a)

49




o Lpinitn L R Y S Y Y i =

(ed £6£7) J5d 05 Jo
INsSAlg JIWEBUA(] € J& BaIY isered Jydiay 3jeys Suog — ¢ uoneindyuo) ()

(panunuo)) — ¢ a3y

S»o
oL+ G+ 0 G- oL- ] 0c- Ge- 0g-
I _ | 1 | | | 1
oL ;

25 =Ll
b A
et
—~ ¥l
— 6L
-9l

€L NOILVHNDI4ANOD
— Sl—-=9¢
ik ] ] 1 1

50




2w - SH(b/q)

(2)6 2InT1

(ponunuo))

So
oL+ G+ 0 S oL- SL- 0c- GZ- 0g-
| _ | | | | I
= E
# OOPI am—,l = 9 s ddl
oL ﬂm+ 0 oml .
= 1o
- —H2ZL ©
S
I
(72]
2k Je1 I
N
p— —~ V'L
yfF § ol
€L NOILVHNOIANOD
| | ] ] ] |

-3




- Hb/a)

oL’

oL+

(panunuo)) — (3)g ainsiy
So
S+ 0 G oL- SL- 0c- L T A

| _ | | | | |

€L NOILYHNOI4ANOD
| l | 1 1 1

-0l

z14 - Hiv/a)

52




zw -S(b/a)

(panunuo))  (d)g dandiy

So
oL+ G+ 0 G- oL- SL- 0c- GC- 0g-
) ‘ 1 1 | | |

8. B = Q
— =1
— ] N-

rAVN o E
— e
— — v.

Yo' i, ST ]
— m.

Ir €L NOILVHNDIINOD -
4 [ | _ _ ! 1 S

z14 -S(b/a)

53

—_— v . p— !

P [ om0




zw - d(b/a)

co

oL+

G+

(PapnpPu0)) — (3)¢ 31N

ml

S»o
oL-

SL-

0c- T

0e-

|

|

|

oS~

Sl-=¢
O° Pl

€L NOILVHNOI4INOD
| |

=

z14 - db/a)

54




S h i, ol L

oL+

(ed £6£7) Jsd 0§ Jo anssasg dnweus( e e oney e /iyry  (p)
(panunuo)) — ¢ g1

S»

oL-

SL-

0oe-

I

I

Sl-=¢

L NOILYHNOI4ANOD
| |

— 0L

— 0

—0€

— 0"

—0'S

— o9

a/1 ‘'OlLVvYH 9vHA/1417 Tv10L

T

T e e I 0T

55




(panunuo)) - (p)e n8i

ml

¢L NOILVHNOI4INOD
| |




(PapnpPU0)) — (plg 2ndiy
So

€L NOILVHNOIINOD

1

1

o'l

0

o'y

0'S

09

an




(D/q)y - FT2

1.6

I 1 I |

E J .14
14p -

L 4.12

CONFIGURATION

LV 4 —

- —r— J 10
1.0 !

CF ~ 1 i ‘o__—-—'—o

r. - .08
0.8} o

r- 4

ag = 0=0

- ﬂ .06
0.6 — a

- -1 .04
04} —
02k . .02
00— — .00

| 1 | |
0 10 20 30 40 50
DYNAMIC PRESSURE, PSF
l | 1 | | ]
0 500 1000 1500 2000 2500

(Pa)

Figure 9 — (Concluded)
(e) Total Parasite Area Versus Dynamic Pressure

58

(D/q)-r = m2

e e




R

1dqunN Sploukay snsioA sjuaniyya0)) feiq) yyeys [eaupurji) — o] iy

a

— ‘H3IAWN 1
i N SGTONA3Y
o0t Ol 4,0l
| | 1 | _ 1 I | |
i
L =YY L4VHS H3L3IWVIA HONI Z1 Y1va Q3123HHOD wv
€'2°L =4 L4VHS 431IWVIG HONI 9 Viva 031038800 .
L=y 14VHS H313WVIA HONI ZIL VAVa VNIV O
0=06=S0 £°71=y 14VHS H313IWVIQ HONI 9 viva vniov O i
6 3ONIYIIIY —— |
| _ | | 1 _ Y | | |

1o

o

.
o

!
o

e ®
- O

P35 IN312144300 OvHa

59




T

it o

b

0.12

0.10

0.08

(m?)

0.04

0.02

PARASITE AREA, D/q (FT?)

14

1.2

1.0

e = DATA i 3
e EXTRAPOLATION ag=ap=0
= = = LINEAR EXTENSION q = 50 PSF (2393 Pa)

iy, N
~

~.__ . ToTAL
—

=~ HUB

i —4 PYLON

2 3 4 5

-

HUB HEIGHT PARAMETER, h/t

Figure 11 — Parasite Area Versus Hub Height Parameter

60



T R W PO A T R R Y N S T,

(ed £6£7) Jsd QS Jo nssaig olwmeuk() e Je eary Aisereg 7 uonendyuoy  (e)
eje() uopenSiyuo) Sue § 3jny vaay - 7] iy

(533493a) S0 ‘NOVLLY 40 I1DNV L4VHS

el
=

oL+ G+ 0 G- oL- GL- 0z- GzZ- oc-
1 _ | | | 1 1
o £
— lw
90 | g -
3 3
= — L W_
> 1 &
©
g 1 &
& i PR - -
3 =
m m
: >
=, 1 3
> ~6 3
o o
r oy
g -
3 o
3 !

(=)
-
T
|

C NOILVHNOI4NOD
I _ I | _ _ - P




A2

(zw) SH(b/@) ‘vaHV ILISVHVd 14VHS SN1d 9NH
g S

&

3

|

T
CONFIGURATION 2

i LT S R DA SR I, T

+5°

¢ =-15°

1

Li o I o | T | sk
N b S ) «© N

(z44) SH(b/Q) ‘vI¥V 311SVHVd LIVHS SNd 8NH

62

30

+10

+5

- (Continued)

Figure 12(a)




y
| (zw) H(b/Q) 'v3HV 31ISVHVd 8NH
" T ? 0 i ? - '°—
1 l T T g B | 1%
i +
i o i ap &
2 g
: — ki o L 2
' 5 - \
— o 4w z :
| 1 E %
= i
- i3
o =2 E
0 o
Lt ! © N 3
I s g5 ;
© ]
N 1
8 -
- £ e 5
g | .20
p> @
=
<)
W o
e g 48
5}
—&
I
1 1 1 | i | 1 | e, | \ g
o o © ~ © 0 < ™ ’
-

(z14) H(b/q) ‘v3Y¥V 3LISVHVd GNH

63




(zw) S(b/Q) 'vIYV ILISYHVA LIVHS

o~
: : 2 .
T T T
| | % | A [ +
+
o
— 0 — o
! =
-
L. -—Eg’ |
] e
-]
51
i
€5
N Q
pd o
- 8 g 48
- )
<
o o
3 o
— | Te]
_; I _4“,‘
©
o
Q
Fa E.l 1 il I o
< ) ~ - ° @

(z14) S(b/Q) ‘'VIHY 3LISYHV L4VHS 'i




(zw) 4(b/Q) v3HV ILISYHVd NOTAd

S 8
LIS LA | l I
7y)
5
<)
0
i
e
]
i)
T
i
°
~
2
=
-
<
o
=)
o
w
2
(o]
(&)
(e il Il l Js
~ - o -

(z14) 9(b/Q) ‘vIHV ILISVHVd NOTAd

+10

+5

-20 -15 -10
(XS

-25

-30

— (Concluded)

Figure 12(a)




(ed £6£7) Jsd 0§ Jo amssazy orweui( e je eary auseseq ¢ uoneindyuo) (q)

(panunuo)) — 7y am3dig

S»o
oL+ G+ G- oL- SL- 0Z- Ge- og-
| | | | E | |
. 80" I g
i
—0'L
rm L'l
-
3 i
N —ZL
€L
~- vl
€ NOILVHNODIANOD
| ] o | | 1 |

z14 - L(bja)

i et




1.0 T T T T T [ T
- CONFIGURATION 3 -
9 = —
= -.08
8 e —
- -
7+ =
= -.06
T 6 -~ ~
w £
o 4 T
4 1 =
S s} 4 8
0
-
+5q .04 E
41— =]
o S
3 >
-10°
= +4.02
2 6 =-15°
1 | | Al 1 1 J |
-30 -25 -20 -15 -10 -5 0 +5 +10 .
ag é
Figure 12(b) — (Continued) .
|
i
|
67 ‘




o = Lo o Ll e S s et Ll i e

1 45 |
CONFIGURATION 3

1.1+ T 10
1.0 -
9 =
- .08
Nh —
W 8 N
o L N E
= )
= ¢ 0 2
a8
- +5° -«.06"'

6 -B° —
| B ¥
-10°
- 4 .04
.4 — - —150 —
2 |
P ! ! 1 | | !
-30 -25 -20 -15 -10 -5 0 +5 +10
asg

Figure 12(b) — (Continued)

68




zw - Sib/a)

(panunuo)) — (q)z | sy

< S

S»o
oL+ S+ 0 G- oL- SL- 0c- T A (1] 5
| _ | | 1 | |
00— —0
= -l
JSl-=¢
z0° =5 oml OQ—. = Z
om+ O
— —~ €
b — v.
vo | -
3 de
L 2
€ NOILVHNDIANOD
I | _ ¥ I | I

z14 -S(b/a)

69




(papnpuo)) — (q)z | iy

S»o

€ NOILVHNOI4INOD
| |

—

~

-

z14 - db/a)




(8 £ 61 T) I8 08 Jo 2mssagg snueuA e e vaay apseaeg uonemduoy ()
(Ponunuoy) — 7§ a2undi g

So

z14 - L(b/a)

o

¥ NOILVYHNOI4NOD
| |




(panunuoy) — () z| asiy

zw - S(b/q)

¥ NOILVHNOI14NOD

|

-

N Pl e N i | i

72

z14 - S(b/q)




it Pttt il el i MG

(pPONUUO)) ()T | dand

¥ NOILVHNOIINOD
" | =

-

z14 - SH/a)




-0

zw - Hb/a)
g

(panunuo)y) — (3)7 | 2814

So
oL+ G+ 0 G- oL- 15 0 Ge- 0g-
= T _ T T T I T g
= &
. —¢
— p— v.
P ¢
— -
i G+
— 0 —9
E 5.
e —
B ¥ NOILVHNOIANOD
| _ 1 I l i 1

z14 -Hib/a)

74




(papnpouo)) — (3)7 | n3iq

So

z414-d(b/a)
z14 - d(b/q)

¥ NOILVHNOIANOD ]

1 |




(ed £6£7) Jsd 05 Jo ainssaig onweuk( e Je ea1y isered 9 uonendyuo)  (p)
(panunuo)) — 7| 3y

S»
oL+ G+ 0 - oL- GlL- 0z- Gz- oe-
T _ T T T T _
- -
k - Ao
90 | .
3 — 1 No
o o
3 -
3 1 -
N e 4
o1
—iL
9 NOILVHNDIINOD
1 ] 3

76




.10

.08

w - SH(b/q)

CONFIGURATION 6

-

<
e I
o
wn
i
o
o
n
I
Il
S
1
o ~

214 - SH(b/q)

7

+10

+5

-25 -20 -15 -10
(YS

-30

(Continued)

Figure 12(d)




zw 7 H(b/CI)

(panunyuo)) — (pjz | 2nSig

S»o
oL+ G+ 0 G- oL- GlL- 0z- Gz- 0g-
T _ T T T T T l
= 3¢
e ¢
- —_ Q.
| —g
\ St g y
G =9
ol i
b— - R N.
s 9 NOIIVHNOI4NOD
| _ | | ] 1 1

z14 - Hb/q)

78




0’

(panunuo))  (p)z| 2y

Svo
oL+ G+ 0 G- oL- SL- 0z- GZ- og-
T a T T T T T
— —0
- -1
— e G~ "s
3 E
~— 0
s — G+
- —¢
= —
p: —Hv
i 9 NOILVHNOIINOD
] _ | | | | i ;

z14 -S(b/a)

i




(papnppuo)) — (P)T| sty

oL+ G+ 0 S- oL- SL- 0e- SZ- 0g-

= =L
E 1, s o
g - T8
- -
wZ n
—4€ N
Y0 =
- =

9 NOILVYHNOIINOD
1 ‘ 1 | 1 | ]




(8d £ 6471 38d 0§ JO 2sSa1g SHUBUA(] B Jo BIIY d)ISEIRY £ UONRINGUO))
(panunuo))

Lo

()

-

rd LG R |

—

zw - Liba)

L NOILVHNOI4INOD

|

81

z14 - L(b/a)




zw - S(b/a)

(panunuo)) — (3)z| amsiyg

Svo
oL+ S+ 0 G- oL- SL- 0z- GC-
] — | T | = i
00" — B
Ol-=
I\\\\l 09~
-
2o 0 c

L NOILVYHNOIANOD
] A | l |

-

z14 -S(b/a)

82




(panuyuo)) ()7 andiy

S»o

oL-
|

zL4 - Hib/a)

L NOILVHNOIINOD
| |




(panunuc)) — (3)7 | andiyg

So

oL+ G+ 0 G- oL- Gi- 0z- G- 0g-

i T [ _ 1 T I T 2

=k

p— ﬂ.
3 1" =
£ n
8 T »

14

— h.

OL-=¢
3 ; | L NOILVHNOIINOD |
] | l 1 1 1




zw % d(b/G’

S»
oL+ G+ 0 G- oL- GL- 0z- 6z- o¢-
| | 1 | | |
R o =7
20 om+
0
— — €
- .\.ml —
oL- =6 B
0" -
p— — mt
j o
- —9
90° e —
- o
3 £ NOILVHNOIANOD |
| _ 1 - | | ]

(papnpun )

(9)7 | 2y

z14 - d(b/a)

85




T T 1 I T |
CONFIGURATION 2
6.0 -

3

Q 50

-

&

-

g

< 40+

Q

<

o

Q

= 301

o

-

=4

6

O 20+

=-15°
i 1.0 e
i
1 | | | | l |
-30 -25 -20 -15 -10 -5 0 +5 +10

as

Figure 12 — (Continued)
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