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1.0 INTRODUCTION

Even before the advent of the helicopter in its modern (post World War
II) form, the mathematical treatment of unsteady blade loads was already quite
advanced. The success of this early work by Glauert (1), (2) and others, and
later by Wheatley (3) can be measured by the fact that the methods they laid
down are still used as a standard for comparison when new approaches are being
considered (4). Limited by their inability to properly predict the extent of
regions of stall and by the inevitable assumption regarding inflow, they nonethe-
less, in the pre-computer era, provided reliable predictions of blade radial
and azimuthal load variation.

As the computer reached practical maturity in the 1960s a new family of
approaches to blade loads belame available. These approaches, typified by the
work of References (5) through (9), employed a lifting line model for the blade
and were able to provide more realistic representation of the inflow velocities
through the use of a vortex filament model of the wake. These models were
initially prescribed as skewed helices whose trajectory was based on simple
momentum arguments. With this approach the user was better able to predict the
higher harmonics of loading coming from blade/vortex encounters around the azimuth.
These approaches inevitably suffered from the assumptions made in the initial
positioning of the wake.

Development of methods for simultaneously calculating wake position, using
a time-stepping approach, and blade performance considerably improved the accuracy
of airloads prediction. The work of Landgrebe and others (10) - (14) is typical
of the methods developed. Despite the improved ability to predict the rotor
inflow distribution offered by the new methods they still suffered from the basic
limitations of blade element theory. In particular, the use of steady, two-
dimensional airfoil data as the basis for the loads and performance calculation
was a very obvious limitation when the unsteady, distinctly three-dimensional
flow field of the helicopter rotor is being considered. Treatments of the un-
steady and yawed effects were developed, Refs. 15 and 16 are typical, but the
lifting line, vortex filament models of the rotor flow field still have not
been able to reliably predict the performance of rotors in forward flight (4),
particularly for conditions close to the limits of the rotor flight envelope.

While the radial and azimuthal variations of blade loading produced by the
lifting line/blade element models were generally adequate for performance predic-
tions and were acceptable for dynamic loads work when detailed blade section
pitching moment data were available, they would not provide the chordwise blade
loading variation that is necessary for detailed blade dynamics and essential
for accurate noise prediction. This is a fundamental limitation of the blade
element-lifting line approach.

Methods to provide this missing component, the chordwise load variatiom,
come from classical potential flow theory. Developed first in a practical form
(but for non-lifting bodies) by Hess and Smith (17), the methods were extended
using thin surface or full surface singularity models to solve the problem of
determining the behavior of 1ifting shapes in steady rectilinear flight. The
work of Refs. 18 and 19 is typical. Unfortunately, the environment of the heli-
copter rotor blade is neither steady nor is it rectilinear and this problem
was addressed by a number of authors. References 20 through 23 are typical of
this work. The dramatic effect that changing from a 1lifting line to a lifting
surface model can have on predicted loads is best illustrated in the work of
Johnson (24) where the excursions in dynamic blade loading are seen to be drama~
tically different with the lifting surface approach and the chordwise relief
it provides.
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Other authors have explored the use of lifting surface models. Notable is
the work of Dat and his colleagues at ONERA (25), (26). Using a doublet lattice
approach they were able to substantially improve the correlation between pre-
dicted and measure dynamic blade loads over earlier methods.

Lifting surface approaches, even when they effectively model the distribu-
tion of blade loads, neglect a factor which becomes more and more important as
tip speed increases; that is, blade thickness. Without including the effect
of thickness in the calculation, true local velocit’ 3, and hence, incipient
transonic flow events cannot be determined. Further, without a "real" model
of the surface, streamline and viscous flow behavior cannot be determined and
it is not possible to identify regions of laminar or turbulent flow or to predict
possible boundary layer separation. For this task a full surface singularity
model 1is required.

In an attempt to better define the high subsonic and transonic flow regions
on the rotor, several workers have taken advantage of the advances in computer
capability to explore full potential and finite difference approaches. These
two approaches are typified by the work of Tauber in Refs. 27 and 28 which ex-
tends the fixed wing approach of Jameson (29) to rotor cases, and the work of
Caradonna and his associates in Refs. 30 through 32. While early results with
those and other similar approaches, Ref. 33 for example, have been encouraging,
they are at this stage far from being practical engineering tools. Apart from
the purely mechanical problems of grid generation in a flow field whose char-
acteristics are not very well defined and where there is a very large spread of
significant length scales, th= methods rely on the results of existing wake
modeling techniques to specify the boundary conditions on their solution domains.
As a result of this they fall prey to and must be sensitive to all of the prob-
blems that affect the earlier, more elementary approaches. These comments apply
equally to today's methods and the hybrid Euler and Navier-Stokes approaches
now being considered. References 34 and 35 typify this work.

Another factor, beyond blade/vortex interactions and response of a section
to inflow variations, contributes to blade dynamic loading. That 1is, the in-
fluence of the fuselage on the blade as it tracks around the azimuth. High-
lighted in the work of Sheriden (36), "interactional aerodynamics" drew attention
to the strong influence the other components of the vehicle can have on blade
loads and how the dynamics of blade passage dominate the fuselage airloading.
The significance of these effects became very evident in the generation of
helicopters developed in the 1970s. These machines, designed to meet an air
transportability requirement, all were rolled out with low mast heights and,
as a consequence, close blade/fuselage passage. All were subsequently re-
designed with increased rotor height to reduce the unfavorable effects of the
blade/fuselage interference. Reference 37 documents an enalysis of this problem.
Using an early panel method to model the fuselage (38), the authors presented
contours of fuselage-induced velocities in the plane of the rotor and,.working.
with a separate lifting line/ vortex filament wake model were able to evaluate
fuselage on rotor effects. Later treatments (39), (40), looked at the problem
from other aspects, even (as in Refs. 41 and 42) to the extent of allowing for
coupling of the fuselage loads, determined by a full surface singularity panel
method and rotor loads, from a blade element model to give not only body-on-
roter but also rotor-on-body effects. None of these methods, however, goes
beyond a 1lifting line model of the Llade or a vortex or doublet lattice model
of the wake.




The work of Cantaloube (43) is significant in that it presents results
for a simultaneous solution of fuselage and blade loads for a helicopter in
forward flight. Using a truncated panel model for the fuselage and a lifting
surface blade model, he was able to calculate the blade wake development in the
presence of the body. No unsteady surface loads were presented in Ref. 43 and
the use of a lifting surface blade model neglects thickness effects and pre-
cludes the identification of transonic flow regions. The use of an open fuse-
lage model with no apparent base wake raises questions regarding the ability of
the body to carry lift and to respond to dynamic load variations induced by
blade passage.

The present work was carried out to develop a surface singularity model
of both fuselage and blades, including wake dynamics, which would provide the
basis for a calculation of rotor and fuselage steady and transient loads inclu-
ding (2ventually) transonic and viscous flow effects. A primary goal was the
development of an engineering analysis which would not require laborious data
input preparation or grid generation effort and which would be, as far as poss-
ible, easy to use and economical from the point of view of computation cost.

This report documents the development of the analysis from the steady
panel code which preceded it (44), and demonstrate the ability of the code to
calculate unsteady fuselage and blade loads for a helicopter flying along a
generalized flight path. The wake from each blade, including a fully modeled
inboard sheet, is allowed to develop freely in the presence of the body and
under the influence of the other blades and their wakes. Even with the rela-
tively crude model used in these initial stages the analysis has been able to
capture the details of the passage of individual blades across the fuselage;
the rolling blade tip vortex/front fuselage encounter and the more elusive
blade/vortex interactions both on the advancing and retreating sides.
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2.0 DEVELOPMENT OF THE METHOD

The primary goal of the study was the demonstration of the viability of
a panel method operating in a time-stepping mode as a tool for investigating
transient aerodynamic events. A panel method was chosen for this work since
it was felt that it offered the best chance of providing a practical engineer-
ing tool in the (relatively) short term. Other available methods, such as the
Euler approach, were thought to be impractical because of the effort involved
in developing the required computational mesh at each step in a flow field
where such a wide range of length scales was present. These scales could
range, in fact, from the aircraft length, in full vehicle maneuvers, to frac-
tions of a blade chord in a blade vortex interaction. Both of these, of course,
could be occurring simultaneously in the same application. The grid generation
problem is intensified by the time varying geometry in the case of a helicopter
rotor or propeller problem. The panel method with its direct surface modeling

" feature and an ability to resolve details as small as panel density and com-

puting machine capacity permits seems ideally suited to the task.

The method selected as the basis for the present study was developed from
the low-order, second generation analysis, program VSAERO (for Vortex Separation
AEROdynamics). VSAERO (44) uses a combination of constant source and doublet
singularities applied over flat quadrilateral panels to model general surfaces.
The doublet term is the unknown in the solution, with the source term being
determined from the local component of the free stream velocity normal to the
surface. The doublet term, a scalar, is determined by applying the Dirichlet
boundary condition and is subsequently differentiated over the surface to pro-
duce the local velocities. Wakes are modeled using piecewise constant doublet
panel sheets. This analysis had been used with some success to predict body/
rotor coupling, where the rotor wake was modeled using a time-averaged vortex
sheath (41). This provided unsteady fuselage-on-rotor effects, but because of
the time-averaging assumption, rotor-on-body effects were limited to the steady
terms,

2.1 Program Modification

Program VSAERO had been extended into the time domain (45) for the study
of rotor blade-~tip shapes and later for aircraft maneuvers (46). This work
proceeded in parallel with a detailed development of the principles involved in
dynamic wake modeling using a two-dimensional pilot code (47). Results from this
work, published in Refs. 48 and 49, showed that a panel method could be used
with confidence to predict dynamic flow effects, even including the development
and growth of large regions of separated flow. The work with the pilot code
and full vehicle studies coalesced in a new program, designated USAERO (for
UnSteady AEROdynamics). This program was the jumping off point for the pre-
sent study.

The basic motion features of the original program were retained. 1In this,
Figure 1, the primary body, here the helicopter fuselage, carries a body-centered
coordinate system as it is allowed to move through the controlling inertial frame.
Attached to the body may be other components which can have, in addition to the
overall body motion, independent motions of their own. These motions may be
translational or, as is more generally the case in the configurations of inter-
est here, rotational.




The primary rotation is about the blade shaft axis and provision has been made
in the code for each component to have up to 10 superimposed motion schedules
which will initially be forced (such as blade cyclic, simple or compound pitch
changes) or at some later stage free (such as blade flap and lag motions in re-
sponse to fluctuating loads). Figure 2 illustrates how these motions are super-
imposed. Required additional input for the program beyond the body shape is
simply a schedule of motions, arranged hierarchically together with an indi-
cation of the components involved. The ability to position specified shapes
anywhere in the field and to automatically generate the surface paneling is one
of the strongest features of the original VSAERO program and this has been re-
tained.

INERTIAL FPRAME AIRCRAFY REFERENCE FRAME

Fig. 1. Aircraft Movement Relative to the Inertial Frame.

COMPONENT ROTATION
AXES

BODY AXES
x

Fig. 2. Schematic of Component Rotation Axes.




One of the most time consuming operations in the earlier program is the
calculation of the influence of each panel on every other panel. This 1is a
necessary prelude to the application of the boundary conditions and the in-
version and solution of the matrix equation to provide the strengths of the
surface singularities. In earlier (even unsteady) work this needed to be per-
formed only once for the body since the geometry remained constant. Only the
effects of the wake on the body and on itself had to be determined at each
time step (see sketch below). Body-on-body effects remain constant with time.

<

BODY ON SDY BODY ON

WAKE
WAKE ON BODY h ON

WAK

\

Now, However, where relative motion of individual components is allowed,
the matrix of influence coefficients changes from step to step as the relative
position of each component changes. Even here, however, the effect of each
component on itself remains constant with time. In the sketch below, where
A, B and C represent the components of the body, the diagonal terms, A on A,

B on B, etc. remain constant from step to step and only the off-diagonal terms
need to be re-evaluated.
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This scheme was incorporated in the program and a considerable reduction
in computation t!use was noted. For the small test cases run during this phase,
a typical savi._s of roughly 407 was found in the influence coefficient calcu-
lation when - 1ly the off-diagonal influences were recalculated at each step.

In this case the moving panels made up about 30% of the total. Savings would
be proportionately larger as the moving panels approach 507 of the total.

2.2 Changes to Improve Computation Efficiency

Calculation of even steady state aerodynamics of a configuration using
a detailed panel model involves considerable computer resources and 1f iter-
ative solutions with wake relaxation are considered, long execution times,
even on today's fast machines, are a fact of life. When the time domain is
entered and these calculations must be repeated many times over, perhaps hun-
dreds of times if fine detail is to be resolved, then computation times could
easily become prohibitive. Although the models in this initial study were de-
liberately kept simple and small and time steps kept to a level sufficient to
demonstrate the model, computation over 85 time steps would consume 58,000 CP
seconds on a MicroVAX II (about 16 hours) or approximately half a CPU hour on
a CRAY. These times were not unexpected, based on a wide experience with panel
methods, and ways to reduce computation time received considerable study.

Several promising candidate modifications were determined and these are
listed below.

1) Influence coefficient calculation streamlined to minimize calculation
of square root, alog and atan terms.

2) Discrimination between far and near field calculation zones done on
the basis of atan argument rather than absolute distance.

3) Wake representation changed from quadrilateral to triangle pair form.
4) Wake close passage testing carried out more efficiently.

S) Wake computation all carried out "in core" resulting in large I/0
savings.

6) Revise matrix solution scheme saving inverse of those portions not
changing from step to step and re-multiplying partitioned matrix after insert-
ing new influence coefficient blocks, Ref. 43.

Overall a reduction in both step time and total time of a factor of 2 have
been noted for a number of test cases.

2.3 Wake Cutting

Unusual but not negligable in conventional aircraft configurations, im-
pingement of the wake from one part of the configuration on another is com-
monplace in helicopters and unavoidable in most modes of flight. Consequently,
any analysis probing the time domain must not only be able to accommodate im-
pingement of wakes on the surface but also be able to distort, or even tear
the wake as it passed downstream.




Wake development, including impingement, which forced unnatural constraints
such as rigid stream-wise prescribed wakes on early panel methods, was built in
as one of the conditions that had to be accomodated in program VSAERO. Ref.

41 discusses the development of the technique and the way in which the doublet/
source model in VSAERO (and, by extension, in the time-stepping program) handle
wake impingement and the behavior of portions of the surface embedded in wakes.

In the unsteady program the wake development 1is determined by a simple
integration of the local velocity field at the preceding time step, Figure 3.
Two distinct types of wake/surface intersections emerge as a result of this
procedure and they dictate different responses on the part of the program.

NEW WARE PANEL WAKE AT
TiME t+ie
BLADE MOTIUN AND
KUTATION

TYPLCAL MUVEMENT
VECTOR

—— ——— ——
e

___.—"
WAKE PANEL CORNER POINTS
AT TINME |

S

bLALE SECTION

Fig. 3. Wake Development Model.

In the first type, the grazing encounter shown in the sketch below, the
wake and blade have advanced a step from their previous position and the calc-
ulation procedure shows that a wake node, the joint between two wake panels,
falls within the surface. This, of course, is unnatural and the program, With-
in guidelines involving the relative angle of the encounter, will simply move
the node outside the surface in a direction along the local normal.

In the other extreme, the direct cutting encounter, the blade will physi-
cally penetrate the wake sheet as in the next sketch.

In this type of encounter the wake, after initially deforming along its
leading edge, appears to tear (although flow visualization data of this type
of encounter is rare, the laser survey results of Ref. 50 tend to support the
assumption)., Within the constraints of the model this kind of event can be
handled in one of two ways, either one representing (with variation in refine-
ment) what appears to happen in practise.

The simplest approach is merely to cancel out the strength of the panels
impacted (penetrated) by the surface. This would leave, as in the next sketch,
a raw edge in the sheet which would subsequently deflect under its own influence.
The surface panels would pick up the jump in singularity strength associated
with the raw edge and contribute (an image of the edge) to the local distortion.

The second more refined approach results from the way in which the wake
panels are triangulated in the solution. In this case the edges of the cut
region would pick up the appropriate diagonal of the wake panel as in the next
sketch.
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3.0 PROGRAM VALIDATION

Because of the large experimental data base available from model and full-
scale wind tunnel and flight sources and the depth to which it has been explored
in previous analytical studies, the H~34 rotor was chosen for the initial program
validation. The rotor has four blades of 28 ft. radius. These blades are lin-
early twisted (-8 Degrees) and are of constant chord. The blades are fully artic-
ulated and, in practise, have cyclic and collective pitch change.

To complement the H-34 rotor a simplified version of the NASA Ames 40- x 80-
foot wind tunnel rotor test module was selected for the initial study. This
was chosen because, as well as being a representative helicopter shape, it was
easily generated in the panel model and was free from configuration clutter
which could confuse the early results from the analysis. The mounting struts,
the strut fairing and the rotor head were also omitted from the analysis, al-
though a rotor head mass was used in the isolated rotor calculation model.
Figure 4 shows a view of the panel model with the rotor set at the position
from which the calculation was started.

For these proof-of-concept runs, a balance was struck between providing
panel density sufficient to resolve flow details and the long execution times
involved if large panel numbers are used. For the body, essentially a body of
revolution, a total of 276 panels were used. These were arranged in 12 columns
of 23 panels, with the density being set to give 8 panels from the nose to the
maximum girth and 12 from that point to the base. There were 3 panels inside
the base. The circumference was divided into 12 panels. Each blade was paneled
with a total of 8 panels chordwise, 4 lower, 4 upper, and 5 spanwise. Each tip
and root was covered with a cap. This paneling, especially on the blades, may
seem somewhat crude, but experience with earlier models has shown it to be ade-
quate for carrying out proof-of-concept testing. For detailed loads work, of
course, many more panels would be required. Typically 10 to 15 spanwise and 6 or
8 on lower and upper surfaces would be adequate. The panels would be spaced,
as they are in the present model, such that they follow a cosine distribution
towards tip and leading edge.

3.1 1Isolated Rotor

Since any analysis developed to model body/rotor combinations must also
be able to calculate the behavior of isolated rotors this was felt to be a
required step. Working with a two-bladed H-34 rotor (with no applied cyclic
pitch or blade flapping permitted), a study was made of sensitivity to time-
step size. An advance ratio of 0.15 was chosen as typical. Time-step size was
varied as the calculation progressed with 12 steps per revolution for the first
two revolutions, 24 steps in the third revolution and 36 steps in the fourth
revolution. The calculated wake shapes, tip vortex panel only is shown for
clarity, a- > drawn in Figure 5. The first view, Figure 5(a), is an obligue
view from the rear and shows that despite the crude paneling and large time
steps of the first two revolutions, the wake exhibits all the characteristics
that have become familiar from the flow visualization literature, Refs. 10 and 11
are typical. In this view and the overhead and side views that follow, Figures
5(b) and (c), the tendency of the edges of the wake to roll up into distinct
bundles is clearly seen. Clear, too, is the depression of the center of the
wake as the development progresses downstream. The wake convection angle is
consistent with the calculated thrust level.

10




(a) Oblique View

Fig. 5. Calculated Relaxed Wake Two-Bladed H-34 Rotor Disc Loading
2.5 1b./ft.% 0.15 Advance Ratio.
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(c) Side View

Fig. 5. Concluded.
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The next sequence of pilctures, Figures 6(a) through (d) from time steps
65 through 68, shows a series of overhead view highlighting the interference
between the advancing blade and the preceding blade tip vortex, in reality as
shown here, the rolling up leading edge of the sheet laid down by the preceding
blade. In this sequence, the sheet edge passes under the third blade section
with center at about 2/3 radius. Figure 7 shows the history of the 1ift on that
section for all four cycles with the vortex passage incident pointed to in
Figure 6 highlighted. The progression of the vortex inboard, along the blade,
is very clearly seen. Figure 8 shows the local surface pressure on the panels
above and below the leading edge over the same time peaiod and again the vortex
passage shows clearly as a radical change in pressure levels. It is also inter-~
esting to note from the last plot, that even the crude twelve-step revolution
produces evidence of the blade passing vortex encounter. This is an example
of a pass where the blade and vortex are at a large relative angle.

Figures 6(c) and (d), at time steps 67 and 68, show that the retreating
blade is undergoing a parallel passing incident. Here the evidence 1s subtler,
but is still unmistakable in the upper surface pressures beginning at steps
48 (time 0.7 secs.) and again at step 82/83, (time 0.96 secs.) in Figure b&. TLis
is when the blade from which the pressure data is taken passes through the
position of the retreating blade in Figure 6(e). The blade chordwise pressure
distribution at steps 67 and 68,before and after passage, are shown in Figure
9. Despite the crude model (4 panels chordwise), representative distributions
are seen. Attention should be drawn to Figure 10 which shows the overall thrust
coefficient of one blade for the four cycles. The starting process is very
quickly established as evidenced by the only small changes as the four cycles
presented develop. The only substantial variation is the extra detail intro-
duced by increasing the steps per cycle from 12 in the first two cycles to 24
in the third, and finally to 36. The calculation starts with the primary blade
(the one for the histories) at ¥ = 300°,

To complete the data for the isolated rotor case, Figure 11 presents the
full calculated wake at the end of time-step 85 as viewed from above. The con-
voluted trajectory of the inboard wake filaments are evident.

3.2 Body/Rotor

Because of problems associated with the excessive motion of the wake rela-
tive to the body when large time steps (12/revolution) were used, it was not
possible to start the body/rotor cases with the 12/revolution steps used in the
isolated rotor cases. In this case, 24/revolution steps were found to be a
maximum acceptable size. The case presented was allowed to develop up to time
step 49, or 2 24-step revolutions, show detail adequate to validate the method's
performance.

Figure 12(a) through (c) shows, as in the earlier series, the body/rotor
combination this time after 48 time steps. Again, only the tip-edge panel for
the wake has been drawn. The wake calculated including the effect of the body
has, as would be expected, all the features associated with the isolated wake.
However, some significant differences exist. The wake shows the same tendency
to bundle along the edges and, from the side view, the same looping behavior
is present, but the influence of the body upwash is very obvious in the way in
which the wake in the third quadrant is carried aft much higher than for the rotor
alone. The wake appears, in fact, to pass over the retreating blade close to the
body.
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(a) Step 65

Fig. 6. Overhead View of Two-Bladed Rotor; Time
Steps 65-68.
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(a) Overhead View

(b) Side View

Concluded.

Fig. 12.
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With this in mind, it is not surprising that the cyclical variation of loading
on the middle blade segment, Figure 13, and the corresponding blade leading-

edge pressures, Figure 14, show a higher harmonic content while exhibiting the
same general form as the earlier isolated rotor result. Figures 15(a) - (e)

show the relative blade wake positions for time steps 33 through 41 and allow the
correlation of the loads variation with blade/vortex relative position. As with
the isolated rotor, there is a parallel encounter on the retreating side at about
step 25 and again beginning at step 49. This time it is stronger because of the
relatively higher position of the wake. It should be noted that at only 24 steps
per revolution some of the resolution is lost, Note how the vortex encounters
between steps 33 and 35 blend into one event.

The body loads also show a strong harmonic content associated with blade
passage and with tip vortex convection. Of the two, at least for this combina-
tion of blade fuselage spacing and loading, the vortex effect is stronger.
Figure 16 tracks the surface pressure at three locations on the body as a func~
tion of time step. The three locations are: (a) roughly half way from the nose
to the maximum thickness; (b) just ahead of the maximum thickness: and (c) just
aft of the maximum thickness.

The rotor begins at time step one with the primary blade at -60 degrees
(in the fourth quadrant) and the secondary blade at +120 degrees azimuth and
the passage of both blades over the fuselage is clearly seen as perturbation
in the local Cp values at steps 5 and 17, The next passages at step 29 and then
at 41 are overshadowed by the passage of the tip vortex laid down around the
front of the disc. The first of these arrives at A at time step 24 although
it 1s felt well ahead of its arrival. The first leading-edge disturbance arrives
at B at about time step 28 and at C about step 36. It should be noted here that
the Cp values in Figures 8, 14 and 16 are referenced to the rotor tip speed and
should be multipled by 1/(0.15)? to be returned to the aircraft flight speed
reference. Figure 17 presents the time history of the surface va2locity and shows
the strong influence of the unsteady elements of the flow (the time rate of
change of the surface doublet term) on the calculated Cp values. Note the high
levels of lateral velocity and recall that V,, = O.ISVref. The reference velo-
city used is the rotor tip speed.

Given the levels of dynemic loading seen above at the local level, it is
not surprising that the overall 1lift on the body fluctuates. Although amall,
the overall load variation is an appreciable fraction of the rotor average
thrust coefficieut (as much as 107). It will be interesting to repeat the
calculation at higher advance ratios.
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3.3 Propeller/Nacelle

Although wake/surface intersections are a strong possibility in this
helicopter configuration discussed above they are inevitable in propeller
installation problems and especially in nacelles where there is some pro-
truding inlet structure. To examine the ability of the wake cutting scheme

outlined in section 2 to handle this type of flow the model shown in figure
19 was developed.

This shows a co-axial installation with a typical four bladed propeller.
The geometry was chosen not 8o much to model an existing propeller as it was
to exercise the analytic model. Wakes are attached along the full blade
trailing edge and as the propeller advances the wake streams out behind.
Consequently wake/surface intersection is inevitable as the trailing sheet
drifts aft with the inboard end being ingested by the inlet and the outer
portions passing downstream in the clear.
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Fig. 19. Nacelle Panel Model with 4 Bladed Propeller.

Figure 20 illustrates this with one quarter of a turn of wake from one blade
drawvn in. The wakes from the other blades have been omitted for clarity.
Figure 21 shows a closeup of the inboard portions of this wake with the "raw"
edge around the deactivated panels darkened to emphasise the region. Panels
once deactivated remain inactive as that region is converted down stream.

It should be noted that this deactivation procedure is automatic and re-

quires no input from this user. This applies also to the "nudge" procedure
dealing with the glaring interference.
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It became evident at a very early stage in this study that substantial
volumes of output would be generated. As an example, the roughly 400-panel,
48 time step analysis reviewed above generated a plot file for post processing
of over 3 Mbytes. Evaluating an output file of that volume with conventional
methods poses an intimidating problem. Thankfully, post-processing interactive
color graphics routines, developed at AMI to support panel method applications,
are available.

Extensive use was made of these routines, in particular, the color contour
options, to explore quickly the details of the surface flow as it developed
in time.

4.0 Conclusions and Plans for Future Work

An analysis has been developed which allows exploration of the details of
the unsteady flow associated with generalized helicopter flight. Based on a well
documented and widely accepted second generation low-order panel method the pro-
gram carries out the solution into the time domain using a stepping procedure.

At each step the program solves for the body and blade aerodynamics, including
all the unsteady surface and wake motions, before moving on to the next step
modifying the wake shape in the process. The program has been used to examine
the temporal and spatial variation of both blade and fuselage airloads and has
demonstrated that it not only can calculate dynamic loads but that it has an
ability to capture flow details such as blade vortex interactioms.

Plans for future development include exploration of ways to capture super-
critical flow phenomena by local use of a field singularity rather than a surface
singularity (this has already been demonstrated in a two-dimensional pilot code);
the use of an unsteady viscous flow analysis {(already operational in the fixed-
wing version of the program) to calculate boundary layer and flow separation
effects; inclusion of the full spectrum of blade motions, including elastic
deflections and incorporation of rotor trim algorithms. The ultimate goal is
the development of a model which can be "flown" through dynamic maneuvers, in-
cluding flares and pull-ups, etc. outputting a complete description of both blade
and body forces to whatever level of detail is desired. At the other end of
the scale it is hoped that the analysis, operated with fine time steps and with
locally denser paneling, will be able to produce radial and chordwise varia-
tions of local loading in enough detail to be of benefit to aid in improvements
in noise prediction.
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