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ABSTRACT

A method has been developed which allows the fully coupled
calculation of fuselage and rotor airloads for typical helicopter
configurations in forward flight. To do this, an iterative
solution is carried out based on a conventional panel representa-
tion of the fuselage and a blade element represertation of the
rotor where fuselage and rotor singularity strengths are
determined simultaneously at each step and the rotor wake is
allowed to relax (deform) in response to changes in rotor wake
loadini and fuselage presence. On completion of the iteration,
rotor loading and inflow, fuselage singularity strength (and,
hence, pressure and velocity distributions) and rotor wake are
all consistent.

The results of a fully coupled calculation of the flow
around representative helicopter configurations are presented.
The effect of fuselage components on the rotor flow field and the
overall wake structure is detailed and the aerodynamic
interference between the different parts of the aircraft is
discussed. 1In particular, the flow field developed by the rotor
head is followed and the effect of a rotor head cap and pylon
modifications in redirecting the rotor head flow are illustrated.
Gorod correlation between measured and calculated fuselage
airloads in low-speed flight is achieved and correspondence with
observed flow field behavior is demonstrated.
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ciently separate that confusion should not occur.
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1.0 INTRODUCTION

As helicopter designers work towards the development of a
vehicle which can compete with fixed-wing aircraft, if not in
terms of speed, at least in terms of passenger acceptance in the
areas of ride quality, vibration, and noise, they are being
forced more and more to acknowledge the complex interactioan that
takes place between the rotor and the airframe. Body/rotor
interference manifests itself throughout the operational range of
the helicopter; it is as significant at low speed in the form of

rotor induced fuselage downloads as it is at high speed where the
most important effects are the irreqularities in rotor loads

induced by the passage of the blades through the fuselage flow
field. Added to these effects is the controlling role of the
main rotor wake in the handling qualities, passing as it does
over and around the horizontal and vertical tail surfaces and the
tail rotor as speed and flight coaditions change. The terT
"interactional aerodynamics®, coined by Sheriden and Smith,
aptly describes the very involved process which controls helicop-
ter loads, dynamics, handling qualities and performance.

“niroughout the first three decades of the helicopters
existence as a practical machine, the profound effect that the
presence of the fuselage can have on rotor behavior was hardly
acknowledged. This was largely due to the fact that there was
not a strong, driving requirement to understand the interaction
and rotors wvere designed, analysed and tested in isolation. The
fact that when installed they behaved differently, trimmed at
different cyclic pitch settings and had considerably different
aeroelastic response and dynamic characteristics was correctly
attributed, in most cases, to the presence of the fuselage. How-
eéver, no serious attempt was made to understand the phenomenon
and since the modest performance and dynamics goals of the period

were being met, there was no incentive to refine the design
methods.

The situation changed dramatically in the early seventies as
a result of the competition to provide the U.S. Army with new
utility transport ang attack helicopters. A prime requirement in
both programs was that the designs must all be airtransportable
within certain verg clearly defined limits and this resulted in
designs in which the rotor was placed, initially, very close to
the fuselage in an attempt to reduce the overall height of the

vehicle. All of the vehicles tested in this configuration ex-
hibited undesirable dynamic characteristics where were attributed
to fuselage induced rotor inflow variations.

The phenomenon was first explored analytically by Landgrebe
et al.,2 in a paper which examined the mathematical tools avail-

able for the design of the new generation of rotor craft. In
this work the flow field induced by the fuselage in the region of

the rotor was calculated by an early potential flow configuration

modelling program. For this early study there was no direct
coupling of rotor and fuselage effects, and the velocities




calculated in the rotor plane by the fuselage analys:: e
simply fed as inflow into the rotor analysis. Because e
size of the individual programs and the limitations of the com-
puting facilities available at the time, no coupling of the rotor
on fuselage effects was attempted beyond very simple source plane
or vortex tube rotor models. Despite these limitations the
analysis was used with some success to explore alternative rotor
locations. The study showed how, when operating close to the
fuselage, the rotor is exposed to an azimuthally varying inflow,
predominantly up over the nose and down aft of the shaft but
containing higher harmonics, which significantly degrade the
aircraft vibration environment. Also, it was realized that the
upwash over the front fuselage was severe enough, causing very
large increases in angle of attack as the blade passed through
the forward portion, to precipitate stzll as far out as mid-span.
Inclusion of the fuselage induced flow field in the dynamic
analysis dramatically improved correlation with measured data.

Fuselage/rotor interference has been explored from both
experimental and analytical sides. Noteworthy from the experi-
mental point of view has been the work of the group at NASA
Langley. Following the early work of Wilson and Mineck,3 direc-
ted mainly at handling qualities and low speed fuselage loads,
the work of Preeman . with Mineck,4 and later with Wilson5 explored
systematically the influence of body shape and relative
rotor/body position on fuselage and rotor airloads. They showed
how with increased fuselage width and reduced body/rotor spacing
th: performance of both systems is degraded. The work of
‘‘heriden and Smith,l concentrating on a particular configuration
also explored the effects of body/rotor placement. More re-
cently, Betzina and Shinoda6é working with a2 scale m»del of 2 wind
tunnel test module (from the NASA Ames 4(¢ x 80 wind tunnel) have
examined coupled rotor/body integrated performancz. Formerly a
rarity, test of rotor/fuselage combinations are now standard
grocedure as designers try to define more closely the differences
etween analysis and actuality and between model and full-scale
test results. Reference 6 presents a fairly typical outline of

the gaps that still exist in the understanding of the coupled
flow field.

In parallel with the expansion of the experimental data
base, work has continued on the development of analytical tools
to explore rotor/bedy phenomena. Several different approaches to
modelling the flow field have been employed ranging from involved
combinations of vortex filament wake models and full fuselage
panel models to simple stacked vortex ring arrays. In all cases,
however, inclusion of the effect of the presence of the fuselage
in the description of the rotor inflow improves the prediction of
unsteady effects.

At a rotor wake workshop held by the U.S. Army Research
Office (AROD), Smith8 presented a method where the fuselage was

represented by a single source element in a uniform flow and the
rotor by a series of constant strength vortex rings, displaced




upwards as they passed through the sphere of influence of the
body source. Despite the relative crudity of the model, the
predicted rotor loading shape was good. The same basic model was
used by Younqg.9 With a more refined fuselage model and con-
sidering both vertical and horizontal displacement of vortex
rings, he was able to show some improvements in correlation with
test data. Incorporation of cyclically varying circulation
around the rings further enhanced the correlation.

A more detailed analysis which more accurately represents
the fuselage with a complex panel model and the rotor with a wake
filament model was used by Landgrebe et al.2 The method was used
in the work discussed in References 7 and 10. Here, the flow
around the panel model is first calculated and the velocity field
in the plane of the rotor determined. This is used as input to a
rotor performance calculation which can inciude as much detail
as desired, up to and including a full filament wake distortion
calculation. It is not clear from the published work whether any
higher-order coupling is involved. Certainly, in the schematics
presented in Reference 7, the arrows connecting fuselage and
rotor aerodynamics modules only go one way, from fuselage to
rotor, implying no higher~order coupling than a simple rotor
onset flow modification. However, comparison between results
predicted using the method and test data show good agreement.

A similar approach is taken by Huber and Polz.ll Using a
detailed panel model they calculate the flow in the plane of the
rotor for input to a rotor analysis. Agaiia, no higher-order
coupling is used. This is reflected in the fuselage induced
upwash profiles presented in Reference 11, which are symmetric
about the center plane. If coupling had been present, the vpwash
contours would have been asymmetric, reflecting the differences
in loading between the advancing and retreating inboard blade
sectionu. Tezspite this, they show very graphically the large
impact of the fuselage on the rotor loads, especially in the
region of the forth and fifth harmonic.

Huber and Polzll also present results from earlier studies
where, for the first time, attempts have been iiade to calculate
the effect of regions of separated flow on downstceam com-
ponents. The earlier work 12 presents the method in detail.
Following the by now conventional technique (See References 13
and 14), the authors, using a panel method and streamline pro-
cedures, calculate the extent of regions of separated flow; then,
with a novel volumetric vorticity singularity model, are able to
determine the velocity field inside the separation zone
downstream. They do not, however, present any calculation on the
effect of these flows and, in fact, their sample cases are un-
naturally truncated. This is done since the type of singularity

model used in the analysis cannot handle a direct vortex/surface
intersection.
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Another theoretical approach to the body/rotor problem is
that taken by Freeman.l3 Again, using a basic panel model for
the fuselage ‘and a vortex tube model of the rotor wake, following
Heyson,16 he is able to show quite impressive correlation between
the results of his analysis and body/rotor test data. However,
there was no coupling present between rotor and fuselage flows,
the rotor model being simply used to perturb che fuselage model

onset flow, and no fuselage induced wake distortion was intro-
duced into the rotor calculation.

None of the rotor/fuselage analyses examined couples full
the flow fields of the two compcnents to the extent that terms o

higher than first order; that is, fuselage on rotor2,7,9 or rotor
on fuselagelS are included, and none have been able to calculate
the deformation of the rotor wake in the presence of the fuselage
or handle the direct vortex wake/fuselage cutting situations.
The reasons for this were cutlined by the present author at the
U.S. Army Conference on Wake Modelling in 1979,17 and in detail
in Reference 18. The lack of an adequate coupling analysis
results partly Zrom the limited capacity of the computing
machines then in use (the fuselage panel codes and vortex wake
codes on their own consuming most of the machine capacity--
precluding direccly coupled calculation), but mostly from the
inability of the potential flow models to handle the close ap-
proach of strong singularities in the external flow and direct
vortex/surface encounters.

The goal of the present study was a full aescription of the
highly interactive helicopter flow field including powerplant
exhaust, horizontal and vertical stabilisers, tail or other
auxiliary rotors and separated wakes from upstream components
such as bluff rotor heads. This was made possible by the coup-
ling of a rotor module to an advanced potential flow modelling
code. The program, designated VSAERO (Vortex Separation
AEROdynamics),19,20 uses combinations of doublet and source
singularities, t>gether with changes in the way in which the
boundary conditions are applied, to solve for cthe local, scalar
doublet strength. This is differentiated to define the local
velocity field. Techniques have been developed to handle not
only close vortex approach but also direct wake cutting. The
rotor wake (wakes if more than one rotor is present) is represen-
ted by time-averaged vortex sheaths which are alloved to deform
in the presence of the fuselage flow field. The rotor/fusalage
coupling is made through a blade element model for the rotor
supplied with inflows from the fuselage/wake calculation and
feeding back circulation strengths to the wake.

The model has been used with some success tc look at basic
body/rotor performance over an advance ratio range from 0.05 to
0.3. Correlation of fuselage loads inside the wake interference
zone is generally good. The test data used for the correlaticn
was that of Freeman and Mineck.4 The same basic configuration

was used as a starting point for a stud¥ of the effects of adding
configuration components and a full bui dup was carried out. The
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effects of adding horizontal and vertical stabiliser, tail rotor,
engine nacelles and exhaust plumes, & rotor head representation,
and finally, a rotor head fairing were explored. The role of the
rotor head "beanie" and pylon modifications in deflecting the
center portion of the rotor wake downwards was demonstrated.
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2.0 ANALYSIS

2.1 Background to the Analysis

Earlier approaches to the analysis of body on rotor or rotor
on body interference has generally been limited to first-order
effects. That is, the presence of the fuselage has been included
in the rotor calculation by means of some perturbation of the
rotor inflow field or the preserce of the rotor is considered in
a calculation of the fuselage aerodynamics through the inclusion
of an actuator disc or vortex tube model which alters the fuse-
lage onset flow. No attempt is made, however, to introduce any
coupling by, say, including the presence of the fuselage in the
calculation of the rotor downwash field passing over the fuse-
lage. One reason for this is the complexity of the models

required to adequately represent (alone) the rotor and fuselage
flow fields.

Figure 1 represents a fairly typical vortex filament model
of a helicopter rotor wake in forward flight. This illustration,
taken from the work of Landgrebe,2l presents the rotor wake as a
series of straight line vortex elements. Every one of these
vortex segements induces a velocity on every other and on the
rotor blade; determination of the equilibrium position of the
wake, and, hence, the rotor inflow, loading and performance
involves the solution of the wake circulation matrix at each
instant in time, with the wake being progressively generated
until some equilibrium shape is reached. This is a procedure
which demands most of the resouvrces of even today's advanced
computing machines. Similarly, in the calculation of the fuse-
lage aerodynamics, the airframe is discretized and represented as
a collection of flar gznels, Figure 2, each modelled by singu-
larities whose strensvhy ars determined by position of the panel
on the body and the o= f:ow. The strengths of the singulari-
ties, the unkrowns in +=2 wolution, are corventionally determined
by the inverzion of & - a*rix equation involving the influence of
each panel on every :ither panel and the boundary conditions. In
the more advanced aial ses of this type, Ref. 20 is typical,
viscous aind separat:.’ .low regions can be modelled. Again, as
with the vorter {ila~v ¢ models of the rotor wake, an analysis of
this type cdemau:3 m. 4= c¢f the capability of today's computing
machines, < 33..ing these two already involved analytic tools
immediately .neref-.:, pre-ents a problem of computing machine
capacity. Ficure @ pictures an influence block diagram where the
blocks or the di.gonal represent the influence of the fu:-elage on
the fise.age an:] the rotor and its wake on themselves. The off-
diagonal hlocks are the .oupling terms, rotor on fuselage and
fuselare on roto., which must be included for a second- or
higher-orv ier wolut.on to be achieved and, as was noted above,
since the golution .f each of the major blocks on their own, that
is, fus>lage on fuselag: or rotor/wake on rotor/wake, absorb most
of the machine capuvity, some way must be found to simplify the
moael if & full solution is to be achieved. This is made even
more complex by the fact that although the body/body block is
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steady, all the other blocks are time dependent when considered
in the body axis system.

In the present analysis this is overcome by working with a
time averaged vcrtex sheath rather than the time varying vortex
filament model that is more conventionally used. The vortex
sheath is attached around the edge of the rotor disc and rep-
resents the envelope within which the rotor wake will be trans-
ported downstream. This type of wake model may be distorted
(relaxed) in the same way as the filament models and will provide
all the inflow distributional effects in the rotor disc plane in
that a rotor blade moving through the inflow field will experi-
ence the same low harmonics that would be felt in a filament
model. This is felt to be adequate for performance prediction.
The higher harmonics of inflow needed for rotor loads work may be
simulated, but this is beyond the scope of the present ctudy.

Another technical problem which must be overcome before
coupled fuselage and rotor wake calculations could be achieved
arises from the nature of the fuselage model itself. 1In the
conventional panel model representation, the flow solution is
Strictly only correct at the panel control point. Away from this
location substantial errors can exist and Figure 4, taken from
Reference 18, shows how these can very in a typical case. For
the body/rotor flow field calculation, streamlines close to the
body have to be defined if fuselage induced rotor wake dJdeforma-
tion is to be calculated and some way must be found to avoid the
erro:s pictured in Figure 4 if this is to be achieved.

A solution to this problem is provided by a new method
developed by Maskew and described in detail in Reference 20. 1In
this approach the surface is modelled using doublet singulari-
ties. The use of doublets together with an appropriate choice of
boundary conditions and an interpolation technique which deter-
mines local doublet gradients, and through them surface and off-
body velocities, gives a continuous definintion of the local flow
field. With the earlier source singularities models this would
have been impossible, especially when the strong vortex elements
from the leading edge of the rotor passed close to the fuselage
panels. Figure S5(a), again taken from Reference 20, illustrates
the ability of the doublet code to handle this type of close
pPassage problem. Here, the streamlines around a strorg vortex
positioned above an airfoil leading edye are shown. As can be

seen in Figure S5(b), the calculated ressure distribution is
smooth and the derived off-body streamlines are well defined.

Together the vortex sheath model of the rotor wake and the
doublet analysis provide the tools with which to represent the
flow around helicopter fuselage/rotor combinations. What is
needed now is some means of coupling the wake and fuselage
models. This is provided by a rotor blade element model embedded
within the potential flow solution. The solution proceeds iter-
atively and is represented by the block diagrams given in Figure
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The approach, first outlined in Reference 17, is built
around a panel model of the fuselage and a vortex sheath model of
the rotor wake attached around the edge of a panel model of the
rotor disc. The whole assembly is driven by a blade element
model of the rotor. Having panelled the fuselage and the rotor
disc and set up the rotor wake in some initial position, the
rotor blade element calculation is used to define the variation
of blade loading around the azimuth. Assuming some initial
inflow, the blade element calculation provides the loading dis-
tribution which becomes the boundary conditions that are enforced
on the rotor disc panel model. This loading is fed into the
rotor wake sheet and is included in the solution for the strength
of singularities used in the fuselage model. With fuselage
singularities then known and the rotor loading defined it is
possible to calculate tiie flow field velocitiies around the rotor
wake and to relax (deform) the wake as dictated by the local
flow. Following the wake relaxation the rotor inflow field is
re-evaluated based on the new wake position and the blade element
calculation re-run to update the nocw radially and azimuthally
varying time-averaged, disc loading distribution. The whole pro-
Cedure may then be repeated as often as is required to arrive at
a converged rotor loading, wake position and fuselage airloads
solution. When this is complete, the loadings represent fully
the effect of rotor on fuselage and fuselage on rotor, including
the second and higher-order effects.

The blade element model used in the present calculation is

the conventional, rigid blade, flapping analysis. Airfoil sec-
tion data is included in the standard manner. Since the pro-
cedure is modularized, it would be very easy at a later date to
replace the performance routine with a more elegant model.

2.2 Body Aerodynamics

The aerodynamics of the body and wake components are calcu-
lated using program VSAERO. Program VSAERO (Vortex Separation
AEROdynamics analysis) is a refined surface singularity analysis
which removes the limitations of the earlier generations of codes
(Reference 22 is typical) and provides a much more rigorous
aerodynamic model without sacrificing the simple, flat panel
model of the aircraft shape. The program development was funded
by NASA and the U.S. Navy and has been documented most fully in
Reference 23. Using a combination of source and doublet singu-~
larities and modifying the way in which the boundary conditions
are applied, the program solves for the local doublet strength.
This is then differentiated to obtain the local velocities. The
method of solution has been extended to handle strong external
vortex/surface interactions and is no longer constrained as were
the earlier codes to align external flow vortices along panel
edges. This permits relaxation of the wake (iteration to a
force-free location) without the repanelling