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EXECUTIVE SUMMARY

A wide range of aerodynamic phenomena contribute to the airloads on rotorcraft, and the accurate prediction
of these loads represents a major challenge to the helicopter technical community. This Specialists’ Meeting was
organized for the purpose of identifying and assessing recent developments in this field. The primary theme of the
meeting was the prediction and experimental verification of the steady and unsteady aerodynamic forces on the rotor
blades of modern helicopters and related devices, such as wind turbines.

The Meeting consisted of four main sessions that addressed recent advances in rotor airloads prediction methods,
including the evolution to the present state of the art, the capabilities and limitations of the current methodology, and
the specific areas that need further effort. Nineteen invited papers were presented in the following four sessions:

I. ~ROTOR BLADE AERODYNAMIC CHARACTER[ST!C§' The current engineering
prediction techniques for airfoil and rotor blade planform shapes were outlined.
These methods draw from a variety of analytical, numerical, and experimental sources,
especially the latter. New, more advanced methods were also described for predicting
the section characteristics and performance of rotor airfoils, including dynamic stall,
transonic effects, and three-dimensional corrections.

II. -*WAKES AND AERODYNAMIC INTERFERENCE EFFECTS OF ROTORCRAFT
AND WIND TURBINES" This session included methods of predicting the wake
vortex structure of an isolated rotor in hover and related measurements of the
induced velocity field. Airloads and stresses resulting from blade-vortex interactions
and from aerodynamic interactions between the main rotor, fuselage, tail rotor, and
engine inlet were described, along with adaptations of predictive techniques to

lIli‘-‘ ROTOR AIRLOADS PREDICTION PROGRAMS'. Individual aerodynamic modules,

, generally simpler than the ones described in Sessrcjms I and II, have been combined
with structural dynamic models and assembled into large prediction codes. Current
programs were outlined, including their capabilities and limitations, and a progress
report was given on a comprehensive new interdisciplinary analysis system that is under

" . .. _ development,

A .

#V. JEXPERIMENTAL CORRELATIONS AND VERIFICATIONS, Data from model and
flight tests were analyzed and compared with predictions, with varying degrees of
success. New data management systems and data analysis techniques were also described.

In addition to the contributing authors, two rotorcraft specialists with broad backgrounds and experience i»» each
of the relevant technical areas were invited to assess and critique the papers in the four sessions and to comment on
advances in the state of the art in predictive capability. Written remarks by seven of these Commentators are included
in these Proceedings.

Significant advances have been made in recent years towards understanding and predicting the individual aero-
dynamic effects discussed in Sessions I and II. However, much of this new information has yet to be incorporated into
the large prediction codes described in Session I1I. Similarly, the comprehensive and sophisticated analyses have
generally not been tested rigorcusly against the most complete and advanced sets of experimental data. Furthermore,
none of the data sets appears to include all the information that would be needed to completely validate the latest
global computer models.

Nevertheless, the current generation of helicopter airloads prediction programs represent considerable evolutionary
progress over the past decade, Although present analyses use acrodynamic modules that are based on earlier technology,
they have been fine-tuned and *“validated™ on the basis of previous experience. Significantly better structural dynamic
models are now included, and new, powerful scientific compuiers are being used to greater advantage. The greatest
limitation seems to be in extrapolating a given program to a new or unrelated rotor design.

The information presented at this Specialists’ Meeting indicates that significant additional improvements in
predictive capability can be achieved in the following three main ways:
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(1) Incorporating the new fundamental aergdynamic developments into future prediction
codes. This has to be in the simplest arld most practical manner poss:ble SO as to
minimize the additional computationafexpense. .

(2) Performing more systematic and thorough experimental correlations and verifications.
Additional and more comprehensive data are needed, but even the existing measurements
tend to be under-utilized. e/

(3) Structuring and managing the future' codes in a more unified and organized manner, using
modern software methodology. The overall program should consist of modular subsystems
that can be individually modified to allow new technology to be introduced or corrections
to be made with minimum effort and expense.

The efforts required to implement such improvements are considerable, but the potential benefits to the NATO
community are even greater. Therefore, the specialists in helicopter airloads predictions should be encouraged by
AGARD to continue the exchange of information and ideas that was begun at this meeting.

W.J. McCROSKEY
Chairman, Programme Committee
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THE ROLE OF ANALYSIS IN THE AERODYNAMIC DESIGN
OF ADVANCED ROTORS
By
L. Dadone

Engineering Specialist, Aerodynamics
Boeing Vertol Company
Boeing Center
P.O. Box 16858
Philadelphia, PA 19142
USA

SUMMARY

Although significant advances have been recently made in all the areas of aerodynamics
and fluid dynamics concerning the understanding of the flow field of helicopter rotors,
the key to the definition and validation of advanced rotor designs still rests substan~
tially with wind tunnel and flight test, guided to a growing extent, but generally not
dictated by analysis.

As two-dimensional flows received a great deal of attention in recent years, it is not
surprising that some of the most successful contributions of analysis to advanced rotors
have been the result of airfoil optimization. Rotor airload prediction methods, corbin-
ing the relevant aerodynamic and dynamic phenomena, have been used in the definition of
the design objectives and have provided the guidelines necessary to make use of improved
rotor sections. It is not clear to what extent sectional optimization can be used to
gurther improve advanced rotors, but the design of better rotor sections may still be
easible.

This paper reviews from a manufacturer's point of view the extent to which flow analysis
has influenced rotor design, it suggests an interim method to define tip geometries for
high speed flight until rotor blades can be modeled more rigorously, and it addresses
the potential value of new computational methods in improving the aerodynamic efficiency
of helicopter rotors.

INTRODUCTION

Advanced rotors will allow rotorcraft to fly faster and more efficiently. 1In a narrow
sense, the objective of the aerodynamic optimization of rotors and wings is the suppres-
sion of flow separation and minimization of induced power.

As the limits of the helicopter flight envelope have been expanded, and as a requirement
for increased efficiency has been prompted by recent energy problems, the quest for
rotors with improved aerodynamic characteristics, "advanced roi-rs", has received a new
impetus. An additional incentive has been the need to quantify the true operational
limits of conventional rotors, a knowledge which will have significant influence in
determining whether helicopters are adequate for a number of future commercial and mili-
tary upplications.

The potential value of pure helicopters, i.e., helicopters employing conventional rotors
for 1lift and propulsion, is compared to other helicopter alternatives and to the tilt-
rotor in Figure 1. The comparison is based on a transport mission that defines payload
to gross weight ratios for a range in speed capability. The potential for high speed
operation beyond 180 knots has already been demonstrated! and further gains are within
reach pending the suppression of the vibratory loads associated with flight regimes near
and beyond 200 knots, assuming that this can be achieved with minimum weight and per-
formance penalties.

New methods resulting from the availability of large computers have recently been devel-
oped and have already had a significant impact on fixed wing applications of analysis?.
But even before the advent of Computational Fluid Dynamics, computers have changed the
role of the average engineer. Some have turned into "developers", and many more into
"users" of computer programs. Fortunately or not, "analysis" today implies the defini-
tion and use of computer programs, with the added dimension that now we can, if not
careful, generate many more wWrong ansvers using far more complex computation methods,
and faster than ever before.

with all their drawbacks, however, computers have made a significant difference in the
way we approach the understanding of physical phenomena. Recent advances in computa-
tional methods have been so substantial that, particularly in industry, it is difficult
to reach and maintain a proper perspective on the role of analysis. While at times it
is easy to be accused of relying too much on computations, an excessively down-to-earth
approach might cause us to under-utilize existing resources and lose some of whatever
technical competitive advantage we have.

As the objective of advanced rotor design is the definition of faster and more fuel
efficient helicopters, the development of analysis can be justified only within the con-
text of its application to this objective. The potential benefits to be derived from
the aerodynamic improvement of rotors have been gquantified in various ways. For
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instance, at the 1980 HAA/NASA meeting® F. McHugh offered the following perspective on
the value of advanced rotor research:

"As part of NASA's research, a study?* was conducted to determine the payoff in fuel
reduction resulting from estimated levels of improvement potentially available from
advanced technology. The three major improvements were light weight structure,
rotor lift/effective drag ratio and hover figure of merit in addition to regenera-
tive engines. The combined improvement of all the technology improvements was 30
to 40 percent (Figure 2). To determine which of the technologies would provide the
largest fuel saving per dollars spent in development, an additional study was made
to assess the cost of research and development required to provide the level of
technology improvement used in the study. As shown in Figure 3, drag reduction
provided the largest fuel saving per development dollar with figure of merit and
rotor lift/effective drag ratio as the next two major areas. Light weight struc-
ture and engine development were assessed, at that time, as having high development
costs and thereby lower energy savings per development dollar."

It has long been recognized that, away from rotor limits, even simple analysis will
yield fairly accurate trends in terms of the effect of twist and planform variation on
performance. Simple analysis can show that twist will improve aerodynamic efficiency in
hover, and that reducing the planform where more is lost from drag than gained from lift
will also improve efficiency. Twist and planform variations imply consequences in for-
ward flight performance and loads which cannot be generally quantified analytically, but
which can be quantified experimentally. Beyond the calculation of basic twist and plan-
form trends, the use of analysis in improving helicopter rotors has been limited because
analysis has been substantiated only over known flight regimes and cannot be safely used
to extrapolate characteristics beyond 20 to 40 knots. However, testing has been accom-
plished very recently! up to 231 knots in the lifting and propelling mode for conven-
tional rotors of varying solidity, blade number, tip planform and structural character-
istics. This new information will aid in the substantiation of up to date forward
flight codes. Analysis will then permit the assessment of the reguirements for a rotor
design optimized for high speed flight.

PAST AERODYNAMIC ANALYS1S DEVELOPMENTS AT BOEING VERTOL

Milestones in the development and introduction of methods of analysis which influenced
the aerodynamic design of Boeing Vertol rotor systems are shown in Table I.

Following is a brief chronology of main developments since the early 1960's.

o Introduction of Camber on CH-47 Rotor Blades

Starting from the early 1960's, research was undertaken on rotors which would in-
crease the efficiency and expand the flight envelope of the CH-46 and CH-47 heli-
copters. Eventually, this research led to the introduction of the Vv23010-1.58
airfoil on CH-47B and C blades, and of a slightly modified V23010 airfoil on the
CH-46. This rotor system modification was part of extensive changes to the CH-46
and CH-47 models, made in conjunction with more powerful power plants. The key
change on the rotor blades was the replacement of a symmetrical section with a
cambered one.

The research leading to the CH-47B rotor blades was carried out over several years,
and it involved a series of airfoil tests in the Transonic wWind Tunnel at Boeing
Seattle. since at that time the methods airfoil analysis did not allow the predic-
tion of sectional characteristics at all the conditions necessary to assess rotor
blade airloads, during the early 1960's the choice of airfoils was determined
mostly by systematic wind tunnel measurements. Besides the methods described by
Abbott and VonDoenhoffS, the basis for airfoil contour variation was the informa-
tion available on the overall characteristics of NACA airfoils, and the requirement
that the new CH-47 sections be a contour modification easily applied over the
existing CH-47A symmetrical contour, without major re-tooling.

Even as the first cambered blades were being flight tested, thought was being given

to further improvement. The basic tradeoff between maximum lift characteristics at

intermediate Mach numbers, necessary to delay stall over the retreating side, and

the need to reduce advancing blade power was proposed by F. Davenport in 1966%, on

;ﬁe Efsis of the "dagger model" (AR = 5.5) data from the Boeing Transonic Wind
nnel .

o Early Airfoil Analysis Methods

New methods became available during the late 1960's and early 1970's to aid in the
analytical evaluation of the sectional characteristics necessary to improve heli-
copter rotors. These methods combined potential flow solutions for two-dimensional
airf,ils with bc 'ndary layer analysis. The methods were not new, but their appli~
gath 12 tolsylf‘ tcic airfoil studies had not been practical until they were adapted
o 1 -4 “ilers.

While L.c meant for and not valid at conditions involving separation, by correla-

tion with 2-D data these potential flow/boundary layer interaction methods allowed

the prediction of the maximum 1ift, at M = 0.4, of airfoils whose stall was char~

;ﬁggiiz?d by L.E. or T.E. separation (no thin airfoil stall, involving laminar
es).
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Potential flow analysis for subcritical flow had also been successfully combined
with observations on the drag rise characteristics of airfoils at high subsonic
Mach numbers?. The outcome was an empirical method based on the evaluation of the
conditions at which the flow becomes locally sonic at the "crest" of an airfoil,

hence "crest-line" theory. The combination of potential flow/boundary layer inter-
action methods and crest-line theory allowed the analytical review of airfoil sec-
tions which would meet the criteria set by Davenport, the only difference in the
approach being the replacement of the Mach number at which a drag coefficient level
would be reached, with the Mach number for drag divergence at zero lift.

"Lifting-Line" Rotor Analysis and Unsteady Aerodynamic Methods

The 1960's also saw the development of lifting-line/strip-analysis computer codes
for non-elastic articulated rotors. These methods were based on the interpolation
of detailed two-dimensional airfoil characteristics and on the use of prescrlbed
wake models to calculate the induced velocities along a rotor blade, either in
hover (B-92) or in forward flight (B-67), thus allowing the evaluation of a non-
uniform flow field more representative of the rotor environment than possible by
momentum ("uniform downwash") methods. Oscillating airfoil tests were conducted
starting in 1966 and, by 1968, the data from the oscillating airfoil tests were
used to assess dynamic stall delay effects on airfoil characteristics®. By 1969 a
more comprehensive 1lifting-line/strip-analysis method became operational, the
B-67DD code. This method did not require any empirical adjustments to the sec-
tional data because of the introduction of an unsteady aerodynamic formulation to
account for dynamic stall delay effects and to approximate the increase in mean
profile drag. Although retaining the old kinematic wake model, the new code
included a modal representation of blades flexible flatwise and in torsion.

The B-67DD forward fllght analysis, its hover counterpart, B-92, and simpler codes
used to carry out trim analysis, were the basis for systemat1c trend studies to
determine the most efficient planform, twist and airfoil combinations necessary to
support the growth of the CH-47 and other prototype helicopters programs. Except
for an advanced geometry blade involving a small amount of taper distributed from
root to tip (the "AGB" blade), and a "hatchet" tip configuration, defined on the
basis of simple local sweep considerations and flight tested on the Model 347 heli-
copter, all blades considered up to the early 1970's were of rectangular planform,
with airfoils tapered in thickness and camber as necessary to reduce advanc1ng
blade drag, and with twist defined .o galn the best hover performance, while mini-
mizing forward flight performance penalties.

The lack of fundamental methods to understand unsteady aerodynamics combined with
flow separation led to a few misconceptions as to the nature of dynamic stall
delay. A significant amount of time was spent searching, by means of oscillatory
airfoil tests and rotor tests, for an airfoil which would overcome by unsteady
aerodynamic effects its poor quasi-steady performance at the Mach numbers encoun-
tered during retreating blade stall, and still have outstanding transonic drag
characteristics.

Heavy Lift Helicopter Rotor Airfoils

The early 1970's saw the development of new rotor blades first for the Heavy Lift
Hellcopter (HLH) and later for the Utility Tactical Transport and Support (UTTAS)
he11copter Besides the improved structural characteristics due to composite mat-
erials, both rotors employed sections which had been des1gned almost entirely on
the basis of established advanc1ng/retreat1ng blade criteria where, however, more
elaborate design objectives were set for different spanwise locations along the
blade. Additional restrictions were also imposed on the two-dimensional pitching
moment coefficients as a result of rotor tests which quantified the dependence of
blade torsional loads and pitch link loads on the level of the sectional pitching
moments.

The overall definition of blade requirements was determined analytically, with
emphasis on hover performance. Airfoil design was guided by airloads analysis to
establish the correct balance of camber, thickness and trailing edge reflex. How-
ever, the final rotor blade configurations, particularly regarding the correct
amount of T.E. reflex, were determined by wind tunnel tests of model rotor blades.
The background of these developments is discussed in references (9), (10) and (11).

More Advanced Lifting-Line Rotor Analysis Methods

The late 1970's saw the introduction of the models of two important phenomena into
the B-67 airloads analysis. The first was in response to the need to quantify the
difference between two- and three-dimensional flow effects near the tip ("tip
relief" effects). The second was a definition of the dependence of the spanwise
location of the rolled-up tip vortex on the instantaneous blade load1ng, without
the complexity of a free wake (tried, with disappointing results, in 1969). The
version of B-67 with a kinematic wake rolled up by Betz criteria was identified as
B-65. Tip relief effects on drag were introduced as proposed by LeNard!?, while
lift and fitching moment corrections, initially based on existing data on 1low
aspect ratio wings t~sted at transonic speeds, were further improved on the basis
of more recent expe..mental and analytical evidence. As shown in Table I, during
the mid 1970's a derivative of the B-67 analysis was defined to include sweep
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effects. This code, called B-66, is currently undergoing final checkout and corre-
lation with model rotor test data.

o Recent Advanced Rotor/Airfoil Design

Although tip modifications were attempted during the 1970's, primarily to improve
hover performance, the blades considered for production were all limited to a rec-
tangular planform, including the fiberglass blades for the CH-47D, which utilize
the VR-7 and VR-8 airfoils originally designed for the HLH.

The last airfoil design based on requirements not involving blade sweep, discussed
in Reference (11), was carried out in 1978 during efforts to define a conventional
rotor optimized for 180 knot cruise speed without severe performance and loads
penalties. Two of the airfoils defined and tested in 1978, the VR-12 and VR-15,
are shown in Figure 4 and there compared to airfoils on Boeing Vertol helicopters
in current use. The performance of selected helicopter sections is compared in
Figure 5.

The VR-12 and VR-15 represent the best compromise possible, within the limits of
the methods used, for the maximum lift capability at M = 0.4, and the drag diver-
gence Mach number at zero lift, while meeting hover drag requirements and restrict-
ing the sectional pitching moments to levels shown to be necessary by previous test
experience. The two-dimensional tests confirmed the predicted sectional perform-
ance and demonstrated that current methods of airfoil analysis can be successfully
used to design and optimize helicopter rotor airfoils.

The new sections were designed entirely analytically by means of a potential flow/
boundary layer interaction analysis!® and a viscous transonic analysis!%, both
calibrated with data from the two-dimensional transonic insert of the Boeing Super-
sonic Wind Tunnel. Details of the methods used are outlined in Reference (11).
The VR-12 and VR-15, employed on a number of advanced rotor configurations, have
been the subject of exhaustive model rotor tests to determine the rotor performance
for flight beyond 180 knots. Several rotor configurations tested in the most
recent advanced rotor test are described in Reference (1).

Hover and forward flight performance for some of the configurations employing the
new airfoils are shown in Figures 6, 7 and 8. Figure 8 shows the benefits possible
by introducing planform taper in combination with advanced airfoils. Figure 9
illustrates the growth in blade loads with increasing speed, as measured during one
of the recent Boeing Vertol advanced rotor tests. The growth in advancing blade
loads is the main cause of rotor limits, as far as performance is concerned; how-
ever, the torsional fluctuations associated with retreating blade stall, while not
always limiting performance, are a significant source of higher harmonic vibratory
loads.

It is interesting to note that during the mid-1960's limitations in the theory and
restrictions in the experimental set-up convinced us of intrinsic limitations in
the range of usefulness of conventional rotors. This prejudice took years to over-
come. In fact, both theory and test seemed to point to insurmountable limits for
conventional articulated rotors at high speeds. As shown by F. McHughl!5’''® and
confirmed by current analysis (B-65), we can operate at speeds well beyond 200
knots with the rotor providing the 1lift and propulsive force representative of an
advanced helicopter, with some increase in loads.

The gquestion now is: How should we alter the geometry and, if necessary, the
structural properties of a rotor blade to improve efficiency and to extend the high
speed capability?

PRESENT ROLE OF ANALYSIS

As illustrated in Figure 8, the introduction of sweep did not produce an improvement in
forward flight performance at high speeds over the level achieved by an advanced rotor
configuration employing just tip taper. As the methods of analysis available when the
test was planned did not allow a comprehensive assessment of all the implications of tip
sweep, svWeep was introduced on several model blades so that key trends could be deter-
mined experimentally.

The results of the test show that there are fundamental aspects of the aerodynamic and
dynamic behavior of swept rotor blades that we still need to understand. This under-
standing will probably not be a result of any advanced technique of flow analysis, at
least during the immediate future. In the near term, the useful limits of advanced
rotors will be assessed as the result of:

(a) Empirical means to account for 3-D tip relief effects. Although the approach
used at this time is based on the ‘'complementary" wing formulation by
LeNard!?, the tip relief evaluation procedure may be improved by means of
recently developed rotor blade panel methodsg!?’18:1?, aAn example of 3-D
"relieved” environment by the method of Reference (12) is compared to airfoil
drag divergence boundaries in Figure 10.

(b) Approximations of local sweep effects, to be used in evaluating first order
aerodynamic sweep requirements. Typically, these effects may be expressed by
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a function of the quarter-chord sweep angle, (cos A)n, and be combined with
tip relief assessment methods.

(c) Two-dimensional airfoi. analysis and design methods. Besides the potential
flow/ boundary layer interaction and viscous transonic flow analysis
methods!3’/14, today airfoil analysis can be carried out by two-dimensional
codes which include a model of the separated wake??/2!, Ajrfoil contours can
be also optlmlzed by computer assisted procedures tied in with a 2-D transonic
analysis code22’23

(d) Llftlng line performance and loads analysis methods 1ncorporat1ng relatively
simple but correctly coupled aerodynamics and dynamics, such as the B-66
analysis, a modification of the B-65 analysis, mentioned earlier, having pro-
visions for planform sweep.

The near-term process used in defining advanced rotor configurations which combine air-
foils integrated with planform and sweep requirements, can be described as follows:

(1) Combine three~dimensional Mach '"relief" methods, such as the LeNard method!?,
with a simple formulation describing the nominal local Mach number environment
for a rotor in forward flight. When linked with a local sweep geometry gener-
ation scheme, as illustrated in Figure 11, the "inverse" tip-relief analysis
can be used to line up two-dimensional airfoils along curved boundaries, while
taklng into account the first order flow deflection effects due to the physi-
cal size of the tip and local drag dlvergence requirements. Examples of the
result of this process are shown in Figures 12 and 13. In the first example,
Figure 12, the planform was iterated upon to obtain a straight trailing edge.
In the second Figure 13, a swept ferward tra111ng edge. The conditions on
which these de51gns were based are described in the figures.

(2) Having obtained candidate shapes based on preliminary lift and drag divergence
requirements, the newly defined planforms can be then analyzed by means of
complete 1lifting line analysis methods incorporating rotor wake models,
unsteady aerodynamics effects, planform effects, sweep (in the aerodynamic
sense, and by introducing the correct 1lift offset), 2-D airfoil data, tip
relief approximations, elastic blade effects and blade dynamics. This can be
accomplished by means of the B-65/B-66 codes mentioned earlier, within the
range of conditions for which the codes have been validated, which now
includes flight speeds up to 231 knots.

(3) With revised and, after the first iteration, more detailed lift/Mach number
requirements from the airloads analysis, it is possible to re-enter the
inverse sweep solution and update the planfrom or airfoil distribution on the
basis of new local drag divergence Mach number boundaries.

(4) The inverse sweep/airloads analysis cycle can be repeated for the desired
design conditions until the conclusion is reached that either an airfoil/plan-
form combination is possible, or that the requirements exceed the means avail-
able to meet them. At that point, in order of increasing complexity, the
following choices are possible:

o Change blade torsional stiffness,
o Further relax the sweep or planform/taper requirements,
o Investigate the value of changing or redesigning the airfoils.

More comprehensive methods may also be employed to refine the planform geometry from an
aerodynamic point of view, possibly with the aid of induced velocity information from
the lifting-line airloads analysis. The Tauber/Arieli and Caradonna/Chattot
codes!7/18:1 should be tried to assess whether airfoil/planform combinations as, for
instance, in Figures 12 and 13, can be altered as three-dimensional surfaces to improve
their transonic characteristics, although it is not clear whether these codes can be
used for such a specific application. However, at this time any clue would be useful
because potential contour change benefits can be later refined and verified experiment-
ally.

In order to achieve flight speeds beyond 200 to 220 knots with conventional helicopter
rotors planform sweep is probably a necessity because, in terms of Mach number penetra-
tion, airfoils and unswept planforms may have been exploited to the point of diminishing
returns even after all three-dimensional effects are properly taken into account. Some
further extension may be obtained by reducing camber and thickness, but although poten-
tially capable of very high drag divergence Mach numbers, sections which are too thin
would have very poor off-design performance and would not produce enough lift where
needed at Mach numbers below drag divergence.

Even sweep, however, has its limitations. Figures 14 and 15 compare the nominal Mach
number environment of two blade planforms, the first rectanqular and the second swept.
while sweep reduces the nominal local Mach number at ¢ = 90, the encounter with higher
local Mach numbers is delayed to azimuth positions beyond 90° in proportion to the mag-
nitude of the local sweep angle built into the blade.




As shown in Figure 10, three-dimensional tip relief practically vanishes inboard 0.85R
on a rectangular planform with airfoils 8% to 10% thick. Rotor tips employing thin air-
foils and/or chord taper would experience a further reduction in tip relief, so that any
improvement in Mach number penetration inboard of 85% of the radius would have to be
obtained by sweep. An increase in airfoil drag divergence by aM = 0.05, from a current
Mg = 0.8 to M? = 0.85 for an average advanced "working section" at the zero 1lift
1 Oel, would al Bw an increase in flight speed by almost 33 knots, assuming that changes
in blade drag divergence Mach number can be converted directly into flight velocity. It
is not 1likely, however, that sweep could be successfully employed inboard of 85% of
radius for local Mach number reduction alone, because even by a conservative estimate
(cos A) the effect of sweep may be too weak to be worth the complexity of planform sweep
over a substantial portion of span. Although nominally optimized for the advancing
side, a swept tip blade will have to be able to provide 1lift and fly through the
retreating side of the rotor disc without stalling too severely, while providing the
necessary thrust, propulsive force and acceptable blade/control locads. If this can be
achieved, it will probably result in the following significant changes in airfoil design
objectives:

(1) As blade torsional moments and elastic windup may be as much a function of tip
sweep as of sectional pitching moments, the current nose-up pitching moment
requirements may be relaxed, allowing the use of sectiouns without the T.E.
reflex with negative camber which characterizes most current advanced heli-
copter rotor airfoils. Positive camber at the trailing edge would allow an
increase in the maximum lift and drag divergence boundaries beyond the level
of the VR-12 to VR-14 sections of Figure 5.

(2) It is not clear at this time what effect sweep would have on dynamic stall,
although it may be speculated that, if not excessive, the elastic windup due
to sweep may help in reducing stall effects by reducing the angle of attack.
At any rate, different maximum lift objectives would have to be set for the
inboard sections not involved in sweep (inboard of 80% to 85% of span) and the
tip sections. 1If it could be demonstrated that sweep attentuates dynamic
stall and hence reduces the Cg requirement at M = 0.4, a very firm require-
ment up to now in designing P8Ftol rotor airfoils, it would be possible to
reduce overall camber and provide better Mach number penetration at low lift
levels.

FUTURE APPLICATIONS

Having reviewed the means presently available to evaluate by analysis changes in blade
geometry which will result in improved aerodynamic efficiency, one must reach the con-
clusion that while not quite representative of the actual flow along a rotor blade, the
two-dimensional definition of blade sections is the area in which analysis has been most
useful.

wWhat needs to be addressed is the fact that while advanced methods of analysis generally
take a long time to be substantiated and find their way into applications, in the long
term the definition of improved rotor systems would become prohibitively costly, if not
impossible, without the guidance of adequately developed methods of analysis.

The problem can be summarized as follows: on one side we have well described phenomena
which are applicable to the prediction of rotor airloads only if we make bold assump-
tions as to their validity in the rotor flow environment (airfoil theory, for imstance).
On the other side we have analytical models of separate phenomena which would be well
suited to reveal details of the rotor flow field, but which will not be useful in rotor
optimization unless they can (a) be expanded to a higher degree of resolution, (b) be
integrated within comprehensive methods of rotor analysis which properly combine and
couple all the elements involved, and (c) can be substantiated by correlation with test
data, i.e., airloads from blade pressure measurements, blade loads and overall perform-
ance.

Given the choice of an analysis which combines relatively simple models of the individ-
ual phenomena, correctly coupling all the most important aerodynamic and structural/
dynamic effects, and an analysis which describes in great detail a phenomenon removed
from the helicopter rotor, at present the engineer attempting rotor optimization would
be forced to use the more comprehensive, if less accurate, method to guide the process.
The role of advanced analytical models of the individual phenomena will depend on our
willingness and ability to introduce them into the rotor analysis codes.

Potential of New Methods of Analysis

Of the advanced methods of analysis currently under development, the following have the
potential for a significant impact on the aerodynamic design of future helicopter
rotors:

(1) Lifting surface rotor analysis methods, for both subcritical and transonic
flow regimes, which are being progressively expanded to include more compre-
hensive wake models and unsteady aerodynamics effects.

(2) Fixed wing/fuselage 3-D panel analysis, utilizing potential flow models, which
may later be extended to helicopters.

(3) Euler and Navier-Stokes codes.
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The first group includes the adaptation of FL022 to the rotating environment!?, and
transonic small disturbance methods extended to helicopter rotor blades!®'19,

The development of advanced panel methods and of the Euler and Navier-Stokes codes has
been motivated by the need to improve the efficiency of fixed wing aircraft. Before
deciding how useful these methods would be to helicopters, we should understand how
useful they have been to the fixed wing community so far.

In recent years, fixed wing methods of analysis have evolved to a state of "mature
technology" so that more of the optimization of aircraft components, as well as the
integration of components, can be carried out prior to experimental confirmation. In
absence of flow separation, the analytical techniques are so well trusted that local
changes in fuselage convour may be assessed entirely analytically, and accepted without
further verification.

In Reference (2), L. Miranda reached the conclusion that potential flow models appear to
be "qu1te adequate" for the majority of alrplane appllcatxons, "provided that appropri-
ate viscous correctlons are incorporated in the transonic reglme" For the future
“greater gains in effectiveness are likely to come from the expansion of the geometrical
capabilities of full potential flow codes, rather than from the introduction of more

accurate flow models, as Euler and Navier-Stokes solvers". And "finally, that" compu-
tational aerodynamics and wind tunnel testing should not be viewed as competing tech-
nologies...but rather should be used in a complementary fashion". Concluding that wind

tunnel testing, for the foreseeable future will remain the best tool for verification
and validation.

These comments could apply as well to the modeling of rotor blades, except that the
application of panel methods to helicopter rotors is not close to the degree of 'mat-
urity" of the fixed wing methods.

The adequacy of the geometric representation of the surfaces involved is of course an
issue. Although "low-order" panel methods have been proposed, it is not clear to what
extent details of the rotor surface may be quantified by analysis. No matter how useful
these methods will be in the future, near term applications are not quite within reach.

It is possible that a considerable insight into unsteady aerodynamics and tip flow phe-
nomena may be eventually gained by Navier-Stokes and Euler finite difference methods,
but the careful coupling of panel methods and wake models, backed by specific wind tun-
nel tests, will probably yield usable trends before the more fundamental flow analysis
methods produce any directly applicable results.

Although the ana1y51s of tip flows has sxgn1f1cantly progressed during the last few
years, it is not time to call an end to airfoil optimization. The emphasis, however,
should be on the right combination of camber, thickness and tip shape for established
families of airfoil shapes rather than on the optimization of airfoll contours on the
basis of high lift and high Mach number penetration. This will be accomplished by
analy51s of the rotor flow environment carried out in conjunction with plaaform optimi-
zation based on lifting-line/strip-analysis methods. The results of more sophisticated
methods of flow analysis will be needed to define empirical models of specific phenomena
necessary to make comprehensive rotor analysis codes both practical and successful.

CONCLUSIONS

(a) Until now, the basis for most progress in the aerodynamic optimization of rotor
blades has been the combination of strip analysis methods and two-dimensional air-
foil optimization, substantiated by test data (airfoil and rotor).

(b) The benefits of new rotor designs at the extremes of the flight envelope cannot yet
be quantified by analysis in a consistent and reliable manner.

(c) With no exceptions, experiment has been the real source of data for both develop-
ment and verification of final rotor designs. In this sense hellcopters do not
differ much from fixed wing aircraft, but the methods of analysis for fixed wing
applications have reached a greater level of maturity.

(d) The prediction of rotor airloads requires the combination and the coupling of the
analytical models of different phenomena.

(e) For the near future, the definition of advanced rotors will continue to depend on
two~dimensional optimization gquided by rotor airload analysis and confirmed by
test. However, the level of sophistication needed in furthering the state- of the
art may soon exhaust this approach.

(f) Lifting line methods combined with empirical means to account for transonic effects
and unsteady aerodynamics near the tip of rotor blades will be used to continue
sectional and planform optimization until rotors can be better modeled as complete
surfaces.

(g) 1f we consider the degree of resolution necessary to model even relatively simple
two-dimensional flow fields, we must conclude that it will be indeed a long time
before we can model the flow field of a rotorcraft in all its complexity. However,
we do not need to know the flow field in every detail. Wwhat we must understand




(h)

thoroughly are the ways in which all main aerodynamic and dynamic phenomena are
interrelated.

The two most important items to be defined are:
(1) what is an acceptable balance between simplification and sophistication?

(2) what are the specific design criteria for airfoil/planform optimization?
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Year

1965

1966

1967/68

1969

1970

1971

1972

1974

1975

1978
1979
3 1980

1981

)

1982

TABLE 1

SUMMARY OF METHODS OF ANALYSIS USED IN THE
AERODYNAMIC OPTIMIZATION OF BOEING VERTOL ROTOR SYSTEMS

Airfoil/Blade
Analysis

Vortex polygon
methods

Definition of
dynamic stall
delay method®.

"Peaky" airfoil
methods - Crest
line theory

Potential flow/
boundary layer
interaction
analysis TEA267
(Boeing Seattle)

Transonic analysis
by Murman/Krupp
(BSRL)

Potential flow/
boundarx layer inter-
acticn!® and viscous
transonic!* codes
transferred to Vertol
from Boeing Seattle

Tauber/Arieli!? code
(Acquired from NASA)

(2=-D) Separated flow
analysis available at
Vertol (Henderson)2°

Planned attempt to
use Caradonna/Chattot
codellrlo

Rotor Analysis
Hover, B-92

Rotor System

CH~47B with V23010-1.58
airfoil, -3°T.E. Tab.
(Modification of CH-47A
blades)

Forward flight,
B-67MC

CH-47C with V23010-1.58
airfoil and revised T.E.
tab configuration

Definition of elastic
blade version of B-67,
with unsteady aerody-
namics, B-67DD. "Free-
Wake" version of B=67MC

Tandem rotor methods

Design of the VR-7 and
VR-8 for the HLH rotor

Advanced B-92 hover Defined VR-9 for UTTAS
code blade tip

Initial formulation
of B-65 (Betz rollup)
and B-66 (quarter-
chord sweep) forward
flight codes.

Started development of
lifting surface hover
code (B-20)

VR~-7 and VR-8 used on
CH=-47D blades

VR-12/VR-15 defined
for 180 KT mission

Inverse LeNard!?2
solution

B-65 operational, Acqui-
sition of HOVERS and
ROTAIR codes from AMI

B-66 operational.
Integration of
airfoil and swept
tip design

Definition of high speed
rotor requirements
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REPRESENTATION OF AIRFOIL BEHAVIOUR
by

T.S. Beddoes
Senior Research Specialist
Westland Helicopters
Yeovil, Somerset BA2@ 2YB
UK

SUMMARY

A time delay model for dynamic stall was generated several years ago. It is discussed
with regard to current applications in rotor analysis programs and the shortcomings of
the model are highlighted to illustrate the objectives for an improved approach.
Subsequent effort involving airfoil tests and analysis has provided a basis for closer
identification and modelling of the phenomena involved up to the limit of the high
subsonic Mach numbers achieved by the rotor in forward flight. Even at low Mach numbers
supercritical flow is established at high lift and shock-boundary layer interaction
governs separation. The possible shock configurations have been examined and a
criterion derived empirically to correlate the critical shock upstream pressure prior to
reversal of shock motion. The criterion has been extended to the dynamic regime by
modelling the time dependent relationship between the peak pressures and the 1lift
coefficient and, for application, the procedure is further simplified by utilising a
modified value of the 1ift coefficient.

In addition to leading edge or shock induced separation significant non-linearities in
airfoil behaviour can be identified with trailing edge separation. To represent this
phenomenon a simplified form of the solution for Kirchhoff flow is applied and provides
a means for reconstructing static test data in a simple and straightforward manner. The
significance of this approach lies in the identification of the flow separation point
which enables dynamic effects on trailing edge separation to be implemented. By making
use of some detailed calculations on turbulent boundary layer flow reversal it is shown
how dynamic terms may be included in the model without undue complication. In many
cases the dynamic delay in trailing edge separation results in a premature encounter of
critical leading edge or shock pressures and when this happens the consequences are
simulated by accelerating the progression of the separation point. In conjunction with
the latter phenomenon vortex shedding occurs and immediately has a large effect on the
pitching moment but the eventual loss of lift is delayed, It is shown how the modelling
of the above features may be incorporated in an overall structure suitable for inclusion
in a rotor analysis,

INTRODUCTION

Theoretical methods for predicting the force and moment characteristics of airfoils are
continually being improved. Most approaches use a boundary layer solution to define the
boundary condition for an outer potential flow. These solutions are capable of
producing good results up to the point where flow separation becomes significant but are
unable to define adequately the maximum lift and associated pitching moment beyond this
point which for most practical cases involve a region of supercritical flew. For rotor
loads and performance prediction it is essential to incorporate representation of afr-
foil behaviour in the regime involving both partial and complete flow separation. This
regime is greatly influenced by unsteady conditions which are present on the rotor
blade. Consequently, many experimental studies have been performed to define the
dynamic behaviour of a range of airfoils through a large angle of attack range and means
s:ught tolgﬁ?eralise the results in a form which may be implemented within an analysis
of rotor loads,

The evaluation of 1lift, drag and pitching moment at a particular location on the blade
constitutes the innermost loop in aay rotor calculation which includes radial, azimuth
and control loops. A not untypical rotor load calculation invelving a trim convergence
may require 38,008 passes through the subroutine for generating airfoil data. Thus
there is a premium on brevity though not at the expense of realism because, in
conjunction with improved structural and wake modelling, it is becoming posssible to
predict with greater confidence the non 1linear rotor behaviour near the flight
boundaries. The latter attribute is important in the early design stage to ensure the
minimum rotor eize for the specified requirements.
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The purpose of this paper is to present a formulation for a second generation model for
unsteady airfoil behaviour. This involves the identification and representation of,
trailing edge and leading edge or shock induced separation together with vortex shed-
ding, where appropriate, all within the constraints imposed by computational require-
ments. Bearing in mind that a modern blade design is 1likely to incoporate several
airfoil sections optimised for different radial locations, it is desirable that the
model should be structured around the physics of the various flow regimes encompassed.
Otherwise, in interpolating between the defined sections, and Mach number it is 1likely
that inconsistencies will arise. The overall model is structured around the solution
for time dependant fully attached flow. For a sampled solution which follows from the
azimuth stepping procedure of the rotor calculation, the most appropriate form is the
indicial response function for which standard solutions are available. The use of
indicial response functions is covered in available literature, e.g. reference 1 and is
discussed here only briefly.

In the current context there is obviously no possibility of performing an iterative
potential solution and boundary layer calculation, even in a constrained form. An open
loop calculation must be performed which incorporates the influence of separation on the
potential solution and for this purpose the formulation for Kirchhoff flow is used in an
approximate form. Force and moment behaviour are thus related to the location of the
separation point which is treated as a degree of freedom in the solution.

AN EXISTING MODEL

A time delay model for generating unsteady
airfoil characteristics is in routine use at
Westland Helicopters and at RAE. It is
described here briefly for two reasons.
Firstly, for <comparitive purposes, to
illustrate the structure of what may be
termed a 'first generation' model, and
secondly, to provide a background for some of
the comparisons of rotor loads calculations
with experiment, which are presented else-
where in this meeting. For the attached flow
COMPRESSIBLE SOLUTIONS regime the unsteady loads are calculated via
0-¢ a generalised indicial 1ift function, based
on the Wagner function which was derived for

incompressible flow. By appropriately

'ﬁ%ﬁsﬁﬂﬁ,?g&‘f"" scaling the ordinates of this function
(figure 1) the compressible solution for the
indicial response (as presented in reference
2) may be shown to correspond closely except
0 0 20 ¥  for the first semi-chordlength of travel.
s{1-MY The response to a continuously varying angle

of attack is constructed by treating the time

FIG.1. GENERALISATION OF THE INDICIAL LIFT FUNCTION history as an accumulating series of step
functions for which the solution is obtained

by super-position., At any instant in time,

RESPONSE TO SINGLE STEP : the difference yetween the instantaneous
na N oe € oals') value of lift and what would be the steady

Qe2nsw. fis et state value may be viewed as a 1lift
deficiency. As the indicial 1lift function is
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0.6
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07

0-2

’ ! -1/2
he il - ADY L A SRS 1) expressed using exponential terms, then in
ere ",(s ,'! 0o the absence of further forciag, the 1ift
s’ s sl1-m) deficiency will decay in an exponential
A, :0165, A 20-335, b, =00455, b,=03 manner whose rate is independent of the

magnitude of the 1ift deficlency. This
property facilitates a simple form of
FOR A CONTINUOUS SAMPLED SYSTEM : numerical solution which is presented in
figure 2.
C‘_- Ck.,cr'“l
ul To accomodate pitching motion the &ngle of
xfth e o) %8s Y, ‘zlt,. attack is defined at the 3/4 chord location
1 thus, depending on the pitch axis location, a

where component of pitching velocity is included

ot %o ”,-b.M'. ALbe and appropriate virtual mass terms are added.
- L}

Y eV eBos, A aa To extend the model to the separated flow

n o - 27 "n regime recourse {s made to static wind-tunnel

test data., PFor each Mach number the angle of
attack (oC,) which del{mits attached flow is
determined "by the break in pitching moment
and a further angle (0OC ,) {is used to
FIG.2. APPLICATION OF THE [NDICIAL LIFT FUNCTION represent the condition where“flow separation
and hence centre ol pressure has stabilised.

as = AL2Y (1M}
[
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STATIC DATA [DEALISED:
C,, BREAK AT OC,, SEPARATION STABILISED AT ¢,

ODYNAMIC STALL PROGRESSION :

EXCEED O, WITHOUT SEPARATION, START TIME QELAY,

{a} TIME DELAY (T,) EXCEEOED, VORTEX SHED FROM L.E.
LIFT MAINTAINED, MOMENT DIVERGES ~CR= f{a,t)

{d)  TIME DELAY (T,} EXCEEDED. VORTEX PASSES T E.
LIFT DECAYS ~ REFLECTED IN MOMENT VARIATION.

fe) FLOW REATTACHES FOR a <o, .

FIG. 3. TIME DELAY MODEL

FORCING,

PRIOR VALUES, RE-INITIALIZE
atv, €1C.

TEST
SEPARATION ?

ATTACHED FLOW
CpiCCy

VORTEX TRAVEL
Cn.Cm.Cq

SEPARATED FLOW
Cn.Cm.Cq

{
Y

SYSTEM MESPONSE
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In application, when the local value of angle
of attack exceeds OC; the onset of separation
is assumed to be delayed for a finite period
of time ( 7T ,) during which the 1lift and
moment behave  as appropriate for attached
flow. When this time delay is exceeded flow
separation is assumed to be initiated by the
shedding of a vortex from the surface of the
airfoil and after a further period of time
(T,) ,during which the vortex traverses the
ché&d,it passes free of the surface. In this
interval lift is generated by the vortex and
the overall level maintained equivalent to
that for fully attached flow but the centre
of pressure moves aft as a function of both
angle of attack and time. When the vortex
passes free of the surface the lift decays
rapidly to a value appropriate to fully
separated flow assuming that the angle of
attack is still sufficiently high. If and
when the angle of attack reduces below the
value OCy re-attachment of the flow is
represented by the attached flow model,
re-initialised to account €or the current
lift deficiency. This sequence of events and
the corresponding behaviour of 1ift and
pitching moment is i{llustrated by figure 3
and the logic ¢f the calculation procedure is
shown in figure 4.

To accomodate the non - linearities in
pitching moment and drag exhibited by test
data for the region o < OCy, these
characteristics are represented by a simple
curve fit procedure and re-generated to
simulate values appropriate for attached
flow. Not only does the centre of pressure
calculation provide the large pitching moment
excursion for separated flow but also
provides a measure of separation which is
used to modify the calculation of drag which

in the extreme case tends to the value CN sinqoc.

The model is described in more detail in
reference 3 which includes several
comparisons with test data. Extensive
correlation studies have been performed using
test data for many different airfoils and
various modes of dynamic forcing. From these
studies some general conclusions can be drawn
by categorising the airfoils into two g -~ups
based on their behaviour during static stall.
Firstly, airfoils exhibiting a gradual stall
resulting from progressive trailing edge
separation (trailing edge stall) and
secondly, those airfoils exhibiting a fairly
abrupt stall resulting either €from leading
edge (or short bubble) stall or rapid
progression of trailing edge stall triggered
by 1leading edge reseparation (leading edge
stall). In general, the correlation is good
for leading edge stall airfoils but not
always good for trailing edge stall airfoils.
This problem (see figure 5) arises fr.m the
changing nature of the stall under dynamic
conditions insofar as the tendency for
trailing edge stall is suppressed by
significant rates of change and the stall
becomes dominated by leading edge or shock
induced separation. There are two ways to
compensate for this behaviour. By observing
the dynamic stall characteristics for low
frequency the chosen value of OC; may be
modified so that the model will produce
satisfactory results, A better approach
(discussed in reference 4) makes use of a
leading edge pressure criterion to initiate
the dynamic stall process. The latter is
limited to low Mach numbers where, however,
the problem is most often encountered.
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Alternatively, the leading edge pressure
criteria may be used to redefine OCy.

. Even with its limitations this model of
2 dynamic stall, in conjunction with flexible
blade representation, has produced valuable
results in reproducing rotor behaviour in the

) region of the flight boundary, both in hover
(2 and forward flight. The level of confidence

applied to optimise both the aerodynamic and
structural design of new rotors. The
i) introduction of moulded composite
congstruction facilitates the use of varying

¢ | o ogEIcatur goage airfoil section geometry along the blade and
R \ has prompted effort to design new sections
A B °° | optimised for specific 1lift and Mach number

ranges. To support these designs dynamic

testing has become routine and is extended to

VEATOL 22013138 AIRFOIL . W10L. \.0082. high subsonic Mach number. Consequently,

considerable variation in behaviour has been

FIGS. LIMITATIONS OF INITIAL TIME DELAY MODEL encountered and provides incentive to improve
the modelling of dynamic stall.

| thus generated has enabled the analysis to be

—TEST . ==~ TMEORY

SEPARATION IN SUPERCRITICAL FLOW

At low Mach number a combination of local velocity and velocity gradient provides a
criterion to identify the onset of leading edge separation. This is equivalent to a
critical pressure and pressure gradient and has prompted examination of test results at
higher Mach number to correlate features of the pressure distribution with the lift and
pitching moment breaks which denote significant separation. Qualitatively, the sequence
of events accompanying increasing angle of attack may be summarised thus:-

The region of supercritical flow on the upper surface is terminated by a shock wave
which strengthens and moves aft as incidence is increased. At some point the conditions
at the shock are sufficient to promote local separation which re-attaches forming a
bubble. Eventually, the separation increases in severity and extent and the shock moves
forward. Under static conditions the latter event coincides with trailing edge
separation and pressure divergence. 1Initially, the force and moment vary in a regular
manner with only minor deviation as the bubble develops behind the shock. The major
change occurs when the shock motion reverses, at which point breaks in 1lift and/or
moment occur; figure 6 serves to illustrate this behaviour.

In some cases the combined effect on the boundary layer of the local behaviour of the
shock and the pressure recovery over the remaining portion of the chord are sufficient
to induce premature separation at the trailing edge and gradual divergence of trailing
edge pressure but it appears that the single most important factor is the pressure rise
at the shock itself. Thus it is useful to examine and correlate shock reversal (or
gross separation) with the shock pressure rise. The equations governing shock pressure
rise are:
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FIG.6, SEPARATION AT HIGH MACH NUMBER
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where the shock configuration,
parameters and results are

NORMAL s shown in figure 7.

5 Thus the shock pressure rise

depends on the shock angle®

and, flow deflectign angle §
. For § = o, 8 = 98° (normal
shock) and this is the
configuration which is
appropriate when the shock
pressure rise does not
significantly disturb the
boundary layer. With boundary
layer thickening or 1local
separation there is

10 11 ”

FIG.7 SHOCK CONFIGURATION AND PRESSURE RISE
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FIG.8. HMYPOTHETICAL LIMITS FOR SHOCK PRESSURE RISE

o= 3.5 and shock reversal (%) at ac= Juax

13 " +s Progressive deflection of the

flow and the shock wave

becomes oblique. Reference 5

discusses the relationships
involved and application to the calculation
of viscous transonic flows. In the present
context two physically significant
combinations of © and & are of particular
interest. For a given upstream Mach number,
as the flow deflection angle increases the
shock becomes oblique and weakens up to a
point at which the flow deflection angle
reaches a maximum ( § = ax) - Further
weakening of the shock occurg as it becomes
more oblique but the flow deflection angle
decreases anc eventually the point is reached
where the downstream flow becomes sonjc; the
deflection angle is then denoted by § . The
difference between § and M is small but
for a subsonic freestreanm, gépersonic flow
behind the (single) shock 1is incompatible
with attached flow. From measured pressure
distributions on the NACA 0Ql2 the conditions
ahead of the shock were noted which
corresponded to the onset of the bubble
behind the shock and to the forward movement
of the shock, When these are plotted against
freestream Mach number (figqure 8a) they are
se:n to follow the same trend given by the
locus of constant shock pressure rise for tje
conditions corresponding to Y and § .
A critical shock pressure rise Qﬂ}/?- of
slightly 1less than #.3 is indicated; the
upstream pressures corresponding to AP/P, =
#.28 have been superimposed on figure 6 and
match the onset of bubble formation (§,,,) at

Similar results have been obtained from tests
of other helicopter airfoils but, in order to
extend the scope of the correlation, data
from tests on the NLR 7301 airfoil have been
included (figure 8b). The geometry of this
airfoil differs significantly with respect to

thickness and camber and the test Reynolds numbers are roughly a third of the NACA 0012
values, the data shown correspond to free transition with the exception of the solid
symbols, For a Mach number of 8.6 and above the correlation is good but deteriorates
for M = @¢.5 where the shock is around 6% chord and possibly interacting with a laminar
or transitional boundary layer. Greater variabllity is also noted for the other air-
foils where similar conditions exist and in tests involving low Reynolds number and
artificially induced transition when the shock is ahead of or in the vicinity of the
transition strip. Even for naturally turbulent boundary layers at moderate or high
Reynolds numbers some variation in the critical shock pressure rise and shock
configuration must be anticipated but the differences observed thus far appear to be of

second order (approximately +.82 onQP/Pg

)}« Subsequent to the onset of shock reversal

the local Mach number ahead of the shock continues to increase temporarily but no
attempt has been made to correlate this phenomeneon.
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Correlation of critical shock pressure rise
has been extended to the dynamic regime. For
a given time history of forcing via angle of
020 attack there is a phase shift in the 1lift
) response and a further phase shift in the
pressure response, Nevertheless, the
critical pressure ahead of the shock for
shock reversal is roughly the same (see
figure 9) and, as for the static data, the
initiation of the pitching moment break is
closely related to this event; i.e. there is
no significant further delay in the pitching
moment response. The dynamic response of the
peak upper surface pressure (at varying x/c)
to varying C, is shown in figure 18 for
harmonic osciillation and ramp motion and is
compared with the quasi static relation. For
increasing C, there is a significant lag in
the peak pressure response which results in
63 Ot 05 ©06 07 08 09 the critical pressure being achieved at a C
M higher than the static value. Combined witH

the lag of the C, response with respect to(C
! FIG.9. COMPARISON OF STATIC AND DYNAMIC SHOCK ReversaL this results in ah overall significant delay
\ in pitching moment break. It is apparent,
i then, that a single criterion is adequate for
both static and dynamic behaviour for the
purpose of identifying the pitching moment
divergence, Application of this criterion
requires a means of relating the dynamic
pressure response to the forcing. In the
context of rotor load calculation this
relationship has to be simple in order to be

practical.

0.25

oo

0-30

0.35

@ STATIC -~ NACA 0012
O DYNAMIC

t 040

PEAK UPPER SURFACE PRESSURE , VARYING x/c

2Py UNSTEADY PRESSURE RESPONSE
02 o

For the purpose of invoking the critical
pressure criterion only the peak pressures
Y REVERSALS just ahead of the shock are of concern and a
first order relationship between pressure and
CN is required.

4 QUASL STATIC From frequency response tests at low Mach
O OSCILLATORY, k=0.1 number it can be established that the phase
M:07 lag of leading edge pressure with respect to

Cy ¢ N) is linear with reduced frequency in
| 03 ©0¢ 5 06 07 o8 09 the rgnge of interest. This implies that the
) =" relationship can be represented by a first
order lag which, at M = §.3, yields a time
030 0-30 constant (T,) equivalent to 1.7 semi chord-
lengths of Epravel.

Thus it is possible to relate P(t) and C_(t)
RAMP. 8.C/V to the static relation. Furthermore, it is
© OUASI STATIC possible to obviate the need for calculating
a .0039 pressures by transfering the calculation to
& -0097 the C, domain. This may be accomplished by
applyqng the compensation to C,(t) thus
-~ producing an ersatz value C_ '(t) such that
" 03 04 05 06 07 08 09 whatever properties may be at@ributed to p(t)
* Cy are 1equally apipropziat:e to Cg‘(it). Under
. static conditions C_ '=C_ (static). From
: FIGIO. SHOCK REVERSAL = DYNAMIC BEHAVIOUR observation of the tesg dafh a critical value
t of C,' = C,(static) may be obtained which
- corre%pon s to the critical pressure at the
appropriate Mach number.

The value of C,'(t) may be obtained at the
same time as CN(t) by implementing the
transfer function

i
i
!
|
| Cy'tp) 1
i Cy(p) 14T, P.
!
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At higher Mach number the relationship
between pressure and C, becomes non-linear
but the same form of compensation remains
appropriate. To 1illustrate this, the
examples of fiqgure 18 (for M = @.7) which
comprise static, oscillatory and ramp data
have been replotted as a composite in figure
11(a) in terms of the pressure at x/c = 0.2
versus C,,. When the C, time history for each
case is %ompensated uéing the above transfer
function the pressures may be replotted
versus C. ' (fig 11b). Using a value of T
equivaleﬁ% to 2.5 semi-chords of travel thg
dynamic pressures correlate with the static
pressures to within experimental accuracy and
repeatability. It is apparent that the value
of T, increases with increasing Mach number
but further analysis of test results is
required before any specific relationship can
be justified. An advantage of monitoring the
parameter C.' is avoidance of the necessity
to vary the x/c location for critical
pressure with angle of attack and Mach
number. The ability to generalise dynamic
effects on the critical aspects of the
pressure distribution provides a useful means
for implementing the criteria for 1leading
edge and shock induced separation.

TRAILING EDGE SEPARATION

Trailing edge separation is involved to some
degree in almost all examples of airfoil
stall. Even when the primary source of
separation is at the leading edge or at the
shock wave the assocliated boundary layer
disturbance 1s generally sufficient to
promote some separation at the trailing edge.
The associated loss of circulation introduces
non - linearities in the 1lift and pitching
moment and may delay the :nset of critical
conditions elsewhere to »x *igher &-gie of
attack. Among the ‘%le.ries for two
dimensional flows whick :n-ompass separated
regions, that due to Kirchhoff is reviewed in
reference 6, The particular case of a flat
plate at incidence is included and it is
shown that the solution for C. may be
approximated guite simply in terMs of the
separation point x/c = £,

c,=2mnoce+ey?

This may be interpreted as implying that the
ratio of the actual 1lift to the potential
valug for unseparated flow is equal to ll +
£h) and provides a simple means for
evaluating lift i{f the flow separation peint
can be determined. In reference 8 some
results of test on an NACA 0012 airfoil are
presented for which the airfoil was modified
by the addition of protuberances to promote
separated flow., For a limited range of angle
of attack separation was stabilised at each
protuberance location and provides data which
compare favourably with the Kirchhoff flow
approximation (figure 12).

In the dynamic case, in addition to temporal
effects on the pressure distribution, the
boundary layer development is time dependent.
No experiments are available whick enable
these two aspects to be studied independently
and systematically but the prahlem hag “.:n
approached theoretically in re¢ erence 7,
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FIG.15 GENERALISATION OF FLOW SEPARATION

Recognising the limitations inherent in the
attempt to model developing flow separation
via a coupled potential flow and turbulent
boundary layer analysis, the study of
reference 7 utilises the onset of boundary
layer flow reversal as a measure of unsteady
effects. A finite difference scheme is used
to integrate the unsteady boundary layer
equations, which are coupled at each instant
of time to a fully unsteady and nonlinear
potential flow analysis. The calculations
are extended to high angle of attack but do
not include representation of flow separation
in the potential flow analysis and hence the
C, values are unrealistic where separation
would be implied. However the approach makes
it possible to study the unsteady effects on
pressure and boundary layer development
either independently or in conjunction and to
interpret the results in terms of the forward
progression of the turbulent boundary layer
flow reversal point.

The calculated forward movement of the flow
reversal point for the static condition is
shown in figure 13 and in this circumstance
there should be a close relationship with the
flow separation point. I1f this is assumed
and the Kirchhoff flow expression is applied,
the resulting variation of 1ift with angle of
attack can be derived (figure 14). The
result is sufficiently encouraging to suggest
application of the procedure as a general
means for reproducing the non - linear
behaviour cauved by trailing edge separation.
To accomplish this the form of the
relationship between f and ¢ is generalised
as shown in figure 15 so that it is comprised
of two curves which exponentiate to the fully
attached and fully separated conditions from
a breakpoint at f = 0.7 for which the
corresponding ¢ is denoted byqr,. The curve
is thus defined by three parame%ers, , and
the two exponential factors § an S,.
variation of f with CC may be delduced frém
static test data using the Kirchhoff law and
the zero lift value of the lift curve slope.
Values ofccl, S, and S, may be curve fitted
to these resdits ahd ‘the 1ift curve
reconstructed for any value of oC . The
results obtained from a set of tests on the
NACA 0012 are shown in figure 16, Thus the
variation of 1ift may be obtained using a
potential calculation which neglects
separation (represented by the zero 1lift
value of the 1lift curve slope) and an
independent representation of the flow
separation point,

Pitching moment and drag may also be related
to the deduced flow separation point in the
following manner. The centre of pressure at
any angle of attack may be obtained from the
relation C,/C. (allowing for the value of C
when approbrilite). The variation is plotted®
versus the corresponding deduced value of f
and curve fitted to the form

CM

— =k, + k

c [}

N

Reconstruction of test data for NACA 0012 is
shown in figure 17.

4
1f + sz

Reference 6 also presents an approximation
for pressure drag in Kirchhoff flow but
comparison with test data is not favourable,
gso an alternative empirical relation has been
generated thus:

CD = CDO + 0.035CNslna‘+ xbcustn«r-crbn)




Wt

e e N ————. - < i = s o et ———————— S - " e

29
IMPLIED SEPARATION POINT -2
e _o1s o, ke bt o n.v'
Cn
o o
-0
[}
[
c -003
02 [ ]
0
[ 2 3 3 [ 0 12 " 119 - 008
@ - DEG W 08 08 o 02 ° ol
] (=35 ]
O+
-]
i RECONSTRUCTION o)
arnr
12 as
10
S
[ 1]
” ]
os L (o1 |
/, st o
9.7 " a &
& A Q7
V4 g
AR/ — RECONVSTRUC TION 3
°
[] 2 N . N
- ofG ” ® "w Y
FI1G16, RECONSTRUCTION OF LIFT
FIG.17 RECONSTRUCTRUCTION OF PITCHING MOMENT
TABLE 1.
PARAMETER VALUES FOR RECONSTRUCTION OF NACA 0012 TEST OATA.
) 03 04 05 06 07 07S o8
Ga 108 1S 1225 WS A58 1785 2228
«, 140 18 98 (3] 61 (%] 23
s 1¢ ey +6 12 0e 06 04
s [ 32 36 33 23 1’7 10
(% -6 -135  --095 --075 --085 --092 -0
[ 28 26 235 19 115 070 =01
*q -1 -2 -43% =105 015 02 04
C4 -0085  .0080 0077 007  .0078 0078 -0\
[ 103 79 61 [ 22 09 o
L] &9 3 28 2% s 10 05
R where OC D represents a drag divergence angle
* 1 4 s 1w 1w on obtaine®from test for each Mach number. FOEQ‘
@- o0 x < DD’ K = @; otherwise K = 2,7 e
where % i? a function of Mach number., Drag
F§G.18. RECONSTRUCTION OF DRAG DATA variatign reconstructed on the above basis is

compared with test in figure 18 and table 1
presents the coefficient used in the reconstruction of 1ift, drag and moment.

The above formulation for static force and moment data provides a compact structure for
the reproduction of non-linear behaviour but, more importantly, by utilising a represen-
tation of trailing edge separation it provides a means for extending the modelling to
the dynamic regime. For this purpose, the results of the analysis of reference 7
provide a basis for evaluating dynamic effects on trailing edge separation, using the
location of boundary layer flow reversal as an indicator.

A series of systematic calculations are presented in reference 7 for increasing values
of ramp rate (Oc/v) and repeated using the following combination of constraints.

(1) Steady potential flow -~ unsteady boundary layer

(2) Unsteady potential flow -~ steady boundary layer

(3) Unsteady potential flow - unsteady boundary layer

For the purpose of this discussion the behaviour of the flow reversal point will be
assumed to represent the separation point.

When steady potential flow is assumed, the variation of pressures with time follow the
variation with @C as generated by the static solution, thus the boundary layer possesses
the only timewise degree of freedom., From the results it is observed that the forward
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progression of the flow reversal point lags
significantly behind the static variation
with oc.

The simplest representation of this behaviour
is given by a first order lag for which the
operational equation is

1.0 |

Serv £'(p) 1
. 0 —
f 005 f 1+T_P
-02 (P} F
{a) 04

where f(p) represents the [response to the
pressure distribution and f(p) incorporates
the additional boundary layer response. A
value for T, of 3 (semi chords) models the
results of '{'eference 7 quite well for the
initial progress of the reversal point up to
£' = 0.7. Beyond this point the reversal
0 - speeds up and can be matched by halving the
0 10 20 time constant (figure 19(a)).

05t sreapy POT. FLOW
UNSTEADY B.L.

TP;O, TFtJ

—-- NASA CR 2(62 To model the result for unsteady potential
— MODEL flow and steady boundary layer, the boundary
layer lag may be removed by setting T_ = @.
The boundary layer response is then
determined by the pressure time history
which, as already noted, can be related to
the dynamic C, by another first order lag.
At low Mach rtl‘umber the peak pressure time
constant T, = 1.7. was obtained from the
prior freqlfency response analysis. Thus an
equivalent angle of attack (ocg), which
represents the quasi static @C for the same
peak pressure, can be used to generate the
reversal point f;

{b)
05| UNSTEADY POT. FLOW
STEADY B.L.

TP =1.7, TF =0

i.e.
0 4
0 0 o 20 (I‘= Cy  where Cylp) = 1
CNm Cylp? 1eTyp

Using the specified forcing of oc the dynamic
values of C, (potential), C.' and oc, may be
Sesv evaluated Lysing indicial Methods fand the

0 variation of f evaluated. The result which
P -005 is shown in figure 19(b), is in good
te) —_— jgf agreement with reference 7 and, indirectly,

substantiates the value of T obtained
independently and the assumptiog that the
peak pressures dominate the boundary layer

05 UNSTEADY PQOT. FLOW
UNSTEADY B.L.

Tp=t? T 13 development.
(c) From the above comparison substantiation has
been obtained for the modelling of the two
o components which contribute to the overall
0 10 20 delay in boundary layer reversal. When these
a are combined the result may again be compared
with the calculation of reference 7. To

FIG19 TRAILING EDGE SEPARATION - DYNaMiC MoDEL ~ Obtain the comparison shown in figure 19(c)
it was found necessary to halve again the
time constant T, for values of f£'(t)<B8.7.

The analysis of reference 7 and the correlation shown assuﬁe a progression of the flow
reversal (and implicitly, separation) from the trailing edge forward. From test results
it is observed, for moderate Reynolds numbers and for both low and high subsonic Mach
number, that separation may suddenly originate near *he leading edge or at the shock
location. The critical pressures associated with this behaviour have been discussed
already and to implement the phenomenen it 1is sufficient to overide the above
calculation procedure to accelerate the progression of flow separation.

The objective in modelling the location of flow separation is to provide a means for
extending the evaluation of forces and moments into the dynamic regime via application
of the Kirchhoff flow approximation. To complete the model requires the addition of
another important physical feature, namely vortex shedding. As the separation point
progresses, vorticity is shed locally and is convected aft over the surface.
Consequently the initial loss of 1lift is zero but grows rapidly. For a sampled system
the vortex 1ift may be modelled as follows. The increment in vortex 1lift is evaluated
from the shift of the separation point in the current interval according to the
Kirchhoff approximation. At the same time the total vortex lift is allowed to decay
exponentially with time using a time constant equivalent to about six semi chords of
travel. Consequently, when rate of change of angle is 1low, vortex 1lift is being
dissipated as fast as it accumulates, The abrupt changes which occur when the critical
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conditions for leading edge or shock induced

20 separation are reached are assumed
NACA 0012 ¥
Mz203

1.5

10 lift to move aft during the interval.
O TEST~6c/V=0026
—— = STATIC DATA

D . — THEQORY WITH TE. SEPARATION

0s

of lift and moment in response to

and the static test data are included

model described is shown with and without
influence of leading edge separation and
associated vortex (figure 28). Using
model of trailing edge separation only it

errors but as rate is reduced
characteristics revert smoothly to the
linear behaviour of the static data.

0 S 0 15 20 25

(I'- DEG

FIG.20. RESPONSE TO RAMP FORCING

CONCLUSION

A model for dynamic stall has been constructed which allows closer identification of

interacting phenomena involved. 1Individual features are modelled in a manner that

be readily integrated within the overall calculation procedure and compatible with

sampled system and indicial method of implementation. The features comprise:

(1) A criterion for shock induced separation

(2) Dynamic effects on the critical features of the pressure distribution

(3) A model for trailing edge separation including dynamic effects

(4) A means of relating force and moment characteristics to the location
progression of the separation point

(5) Superposition of leading edge or shock induced separation when appropriate,

(6) Addition of vortex 1lift in conjunction with (5) above.
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ETUDES DE PROFILS ET D'EXTREMITES
DE PALE D'HELICOPTERE

par
J.J. THIBERT et J.J. PHILIPPE
0ffice Natioml d'Etudes et de Recherches ABrospatinfes (ONERA)
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L'amélioration des performances des rotors d'hélicoptéres suscite de nombreux travaux dans le monde
entier, dans les domaines de 1'aérodynamique, de l'adroé&lasticité, des matériaux et de 1'acoustique.

Pour ce qui est de 1l'agrodynamique, 1'ONERA a entrepris, il y a quelques années, en collaboration
avec 1'Aérospatiale, un programme de recherches 3 long terme avec pour objectifs d'améliorer la connaissance
de 1'écoulement autour des pales ainsi que les méthodes de prévision des performances et de définir des pales
optimisées pour les futurs hélicoptéres. L'objet de cette communication est de présenter les résultats obte-
mus a ce jour pour deux thémes du programme de recherche que sont 1a définition de nouvesux profils et 1'étude
des extrémités de pale.

Dans la premidre partie, la méthode de définition d'une nouvelle famille de profils sera exposé&et les

performances de cette famille seront compares & celles d'autres familles connues ainsi qu'aux prévisionspar
les méthodes de calculs.

Dans la seconde partie, les &tudes expérimentales et théoriques des &coulements sur différentes extrémi-
tés de pale seront présentées. On s'intéressera plus particulidrement & la définition de mouvelles formes en
plan qui peuvent améliorer le fonctionnement des extrémité&s dans le secteur de la pale avangante et aussi les
performances globales du rotor.

STUDTES OF AEROFOILS AND BLADE TIPS
FOR HELICOPTERS

A lot of work 1s being done in the world in order to improve rotor performances. The main areas of
research are aerodvynamics, aercelasticity, materials and acoustics.

In 1974, in France. ONERA and Aérospatiale. undertook jointly an aerodynamic long term research program
to get a better knowledre of the flow around the blades and to improve the performances prediction codes. The
main objective is the design of optimized blades for new helicopters. This paper presents the results obtai-

ned up to now for two points of this research program which are the design of new aerofoils and the study
of blade tips.

In the first part the desizn methodoloey of a new family of aerofoils is presented and the performances
of these aerofoils deduced from wind tunnel tests are compared with tlose of other known airfoils and with
the theoretical predictions.

In the second part, theoretical and experimental studies of the flow around several blade tips areé

presented. Emphasis is put on the design of new blade tips in order to improve the advancing blade behaviour
and so the total rotor performances.

1 - INTRODUCTION -

Le développement et 1'application sur hélicoptire des matériaux composites a permis d'accroltre les performan-
ces globales des machines en réduisant notablement leur coGt & 1'achat et en opération. Cette augmentation des
performances des nouveaux rotors est due principalement & 1'utilisation de muveaux profils non symétriques

A épaisseur relative variable en fonction de 1'envergure, 3 un vrillage plus accentu& et 3 de nouvelles
formes d'extrémités des pales. Ceci a &t& rendu possible par la maltrise de la technologie des pales compo-
sites mais également grice aux travaux de recherches en aérodynamique effectués ces dix dernidres années

dans de nombreux pavs par les organismes de recherche et les constructeurs.

L'oblet de la présente communication est de présenter les principaux résultats obtenus 3 ce four 3 1'ONERA,

dans le cadre d'un programme de recherches 2 long terme, mené en collaboration avec l'A&rospatiale, dans les
domaines des profils et des extrémités de pales,

Dans la premidre partie, la méthode de définition d'une nouvelle famille de profils sera exposée. Les princi-
pales caractéristiques aérodynsmiques de ces profils, déduites d'essais bidimensionnels, seront présentées

et comparées & celles d'autres profils ainsi qu'aux prévisions des méthodes de calculs. Les performances de
rotors maquette et grandeur utilisant ces nouveaux profils seront ensuite comparées 2 celles de rotors
classiques &quipés de profils NACA.

Dans la seconde partie, les §tudes expérimentales et théoriques des &coulements sur différentes extrémités
de pale seront présentées. On a'intéressers plus particulidrement 3 la définition de nouvelles formes en
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plan qui peuvent amél iorer le fonctionnement des extrémités dans le secteur de la pale avancante et aussi
les performances globales du rotor.

2 - DEFINITION ET PERFORMANCES D'UNE NOUVELLE FAMILLE DE PROFILS POUR PALE D'HELICOPTERE -

2.2 - Histornique des profils poun pales d'hélicoptires -

Un examen des profils utilisés sur les pales (fig. 1) fait apparaltre la m@me &volution, avec un certain
décalage, que pour les ailes d'avions. Ainsi sur les premidres machines les pales sont constitufes de
profils minces puis entre 1930 et 1945 les profils sont issus des s8ries Gottingen ou NACA (G 770,

NACA 0012, NACA 23012 - 23015). Dans les années 1950, la mode des profils laminaires s'&tend aux hélicoptéres
(NACA 63 A 012 - 63 A 015 - 9 H 12) mais les performances obtenues sont décevantes et 1l'on assiste dans les

années 60 3 un retour aux clagsiques profils NACA ou dérivés. Il faut &palement souligner que pendant toute
cette période, les pales métalliques sort &quip&es du méme profil, guelle que soit la position en envergure.

2.2 - Inttnet de profils modennes adaptds aux h&Licoptires -

La récente &évolution vers des pales 3 profils &olutifs s'explique aisément lorsqu'on examine sur le disque
rotor les lignes iso-Mach et iso-incidence calculées et dont un exemple simplifié est présenté figure 2. Les
profils, au cours d'une rotation de la pale sont alterpativement soumis & de faibles incidences et des
vitesses &levées puis 3 de fortes incidences et des vitesses modSrées. Les niveaux de Mach et d'incidence
rencontrés par les profils &tant fonction de leur position en envergure, l'optimisation des performances du
rotor conduit 3 définir une vale a profil &volutif en envergure. Les principaux domaines de fonctionnement
des profils sont donc :

- Mach &levé et faible C, ;
- faible Mach et C, Elevé.

Un troisigme domaine est également i retenir en considérant le vol stationnaire par lequel les conditions
d' attaque des profils sont quasi-stationnaires et correspondent sensiblement & :

- Mach 0,6 et C; 0,6.

Tout gain de performances des profils dans ces trois domaines conduira i une am&lioration des qualités aérody-
namiques du rotor. Ainsi les résultats d'une &tude paramétrique effectuée par 1'Aérospatiale [1] présentés
figure 3 montrent que :

- une augmentation du C, max retarde le décrochage en pale reculante et entralne un gain de traction 2 vitesse
constante ou un gain de vitesse & traction constante ;

- un recul du nombre de Mach de divergence de tralnée (Mdx) permet une augmentation de la vitesse de rotation
et donc une diminution du Cz de fonctionnement de la pale pour tous les azimuts, ce qui retarde le décro-
chage en pale reculante et conduit également 3 un gain de traction 3 vitesse constante ;

- outre 1'augmentation des possibilités maximales du rotor la diminution de la puissance nécessaire en vol de
palier stabilisé conduit 2 des &conomies de carburant. Or un bilan de puissance montre qu' & 300 lm/h par
exemple, la tralnée des pales absorbe plus de 40 % de la puissance totale ; toute diminution du Cx des
profils soit en pale reculante en retardant le décrochage soit en pale avangante par recul du Mdx permettra
donc des gains substantiels.

Compte tenu de cette analyse des conditions de fonctionnement des profils, on peut &tablir un cahier des
charges pour les différentes sections le long de la pale. Celul présenté& figure 4 a &té é&tabli par
1'Aérospatiale. La pale a &té& divisée en trois parties : .

- partie interne r/R € 0,8 ;

- partie intermé&diaire 0,8 € r/R<€ 0,9 ;

- partie externe r/R> 0,9.

Deux séries de spécifications ont &té proposées pour les sections internes et externes de la pale, l'une
&tant plus orientée vers la recherche de C; max élevés, l'autre vers 1'obtenticn ie Mach de divergence de
tralnée &levés. Les chiffres de la figure 4 montrent que les performances visées sont bien supérieures 2

celles du profil de référence NACA 00.2 dont les principales caracteéristiques déduites des essais 3 la
soufflerie S3 Modane de 1'ONERA 3un nombre de Reynolds de 7 x Mo x 106 sont :

- Czmax a M> = 0,4 : 1
-Mdx 3 Cz =0 : 0,79,
11 faut &galement souligner que les contraintes en Cmo sont extrémement sévires méme pour les sections inter-

nes de la pale afin de réduire la torsion des pales et de minimiser les efforts sur les biellettes de
commande de pas.

2.3 - Méthode de dgfinition de £a nouvelle famille de profils -

Cinq profils ont &té& d&finis pour répondre 2 ces cahiers des charges. Leur appellation est OA2XX, 0A2 dési-
gnant le nom de la famille et les deux derniers chiffres 1'épaisseur relative qui varie de 6 2 13 .

Le premier profil a &té défini pour la section intermédiaire de la pale. Ce profil, appelé 0A209, a &été& défini
en choisissant la répartition des vitesses 3 faible Mach et Cg vV O, figure 5, la forme du profil &tant
calcul fe par une méthode inverse [2]. Cette technique permet un contrSle direct des survitesses intrados et
extrados et par conséquent de la tralnge ainsi que du Cmo. Les essais de ce profil 3 la soufflerie S3 Modane
de 1'ONERA ayant montr§ des gains importants par rapport au profil NACA 0012 dans tous les domaines :
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- Cgmax = + 117 3aM=0,3, +21 % a M =0,5;
- Mdx = + 0,06 AC, =0 ;

Cg/Cy =+ 25% 3 Moo= 0,6 et C; = 0,6 ;
- /cmo/ € 0,005 jusqu'au Mdx.

ce profil a &té reteiru comme profil de base de la famille.

Deux prof i1s ont &té définis pour répondre aux deux cahiers des charges de 1l'Agrospatiale. Ces profils ont
6té& dérivés géométriquement du profil OA 209 (fig. 6). Pour le premier (OA 207) de 7 % d'épaisseur relative,
la partie avant du profil de base a &té conservée jusqu'au maltre couple, de maniére & obtenir de bonnes per-
formances en C, max d faible Mach, et une affinité sur la partie arridre a permis de d&finir un profil de

7 % d'é&paisseur relative en vue d'obtenir un faible niveau de Cx et un Mdx Elevé 23 C, = O.

Pour le second profil d'extrémit& 1'accent &tant mis sur les performances 2 Mach &levé, une &paisseur de 6 7
a été retenue. Ce profil OA 206 a &t& défini en conservant la loi d'épaisseur du profil OA 209 et en la
portant par affinité 3 6 X et en choisissant une loi de cambrure permettant d'assurer les performances en
Cz max conjointement avec un faible Cmo.

La contrainte essentielle pour les profils de cette ré&gion de lu pale porte sur les Cz max. Le niveau de
C, max recherché dépendant toutefois de la classe de 1'h&licoptire et de sa mission, 1'Aérospatiale a
&tabli 2 cahiers des charges, l'un orient& vers l'obtention de bonnes performances dans tous les domaines
de vol, l'autre vers de forts C; max & faible Mach. Les deux profils correspondant ont &té appelés respec-
tivement OA212 et 0A213.

Le profil OA212 a &té& d&fini en utilisant la méme technique que pour le profil 0A206. La loi d'épaisseur

du profil OA209 a &té portée a 12 7, dans le but d'obtenir un bon comportement du profil i faible Cz et

Mach &ievé, et la lol de cambrure a &té dérivée de celles des profils NACA de la série 6 avec modification
dane 1la région de bord de fuite pour réaliser conjointement les niveaux de Cz max et de Cmo demandés (fig.7).

Le second profil OA213 devant posséder essentiellement de forts Cz max a &té& par contre défini par méthode
inverse comme le profil OA209. La répartition des pressions a &té& choisie 2 Mo = 0,5 et Cz; = 1; elle a &té
déduite de celle du 0A212 avec réduction de la survitesse et modification de la loi de recompression 3
1'extrados a 1'aval du profil.

Les dessins de ces 5 profils sont présentés figure B. Leurs performances ont 8t& estimées & 1'aide d'un
programme de calcul résolvant 1'é&quation compléte du potentiel & 1'aide d'un schéma non conservatif. Les
effets visqueux sont pris en compte par une technique de couplage faible, 1'Epaisseur de déplacement &tant
ajoutée au profil initial [3]. Ce programme de calcul a &t& validé 3 1l'aide des résultats expérimentaux
obten::s dans la soufflerie S3 Modane de 1'ONERA sur de nombreux profils. Les comparaisons calcul-expérience
effectuées ont montré que la plupart des performances &taient correctement prévues (Cx, Mdx, répartitions
des pressions, Cm) 3 1'exception toutefois du Cz max qui ne peut €tre évalué, la technique de couplage faible
excluant tout calcul précis sur une configuration présentant un décollement. L'estimation du Cz max des
différents profils a donc &té effectufiesur la base d'une estimation du Kp mini & 1'extrados au décrochage
déduite des essais en soufflerie pour des profils & faible Cmo, le Kp mini ainsi estim& &tant fonction du
nombre de Mach et de 1'é&paisseur relative.

2.4 - Performances de £a famille de profifs 0A2XX -
2.4.1 - Essais_bidimensionnels -

les essais des cing profils de la famille ont &té effectués 2 la soufflerie S3 Modane de 1'ONERA sur des
maquettes de 210 mm de corde et pour des nombres de Reynolds &aux 3 7 x Mo x 106, Les performances de

ces profils ont &té publi&egen [4] [5] et [6]. La figure 9 compare leurs principales caractéristiques aérody-
namiques A celles du profil NACA 0012 mesurées dans les mémes conditions. La famille OA2XX couvre un domaine
de Mach de divergence de tralnée 3 Cz = O allant de 0,75 (0A213) 2 0,91 (0A206) et de Cy max variant de 0,97
(0A206) 3 1,46 (0OA213) pour Mo = 0,3, Signalons en outre que les niveaux de Cmo sont extrémement faibles
puisque pour tous les profils 1'on a - 0,01 € Cmo € 0,005 jusqu'au Mdx. La figure 10 présente quelques
comparaisons entre les résultats des calculs et les résultats expérimentaux sur les profils 0A207 et 0A212.
On notera la bonne prévision des polaires et de 1'&volution du Cx avec le Mach 2 Cz constant. Quelques
écarts apparaissent toutefois dans la prévision du Cmo 3 fort Mach et du niveau de survitesse A fort C; du
fait de la technique de couplage faible utilisée et de 1'absence de traitement du proche sillage dans la
méthode de calcul. Les nouvelles méthodes de calcul en cours de dé&eloppement et utilisant des techniques
de couplage fort [7] et [8] devraient permettre d'améliorer encore les pré&visions.

A titre indicatif les performances de la famille OA2XX sont compar&es figure 11 2 celles publifes des profils
VRXX dé§veloppés par BOEING-VERTOL. Les évolutions des C, max et des Mach de divergence de tralnée des
profils des deux familles ont §té tracfes en fonction de 1'&paisseur relative. La comparaison est toutefois

2 faire avec prudence, les conditions d'essais étant différentes (soufflerie, Reynolds). De plus pour une
méme Gpaisseur relative le cahier des charges n'est pas nécessairement identique, les objectifs pouvant &tre
orientés soit vers les C; max, soit vers les Mdx, et les contraintes en Cmo pouvant &galement étre plus ou
woins s#vires. la figure 12 qui &limine le paramitre épaisseur relative donne une idée plus précise de 1'é&vo-
lution obtenue par rapport au profil de référence NACA 0012 sous 1'aspect Cy max et Mdx. Elle montre en outre
que les performances atteintes par la famille OA2XX sont voisines des objectifs du cahier des charges.

Ces essais bidimensionnels stationnaires ont &té complétés par des essais en instationnairec basses vitesses
dans la soufflerie S10 du CEAT 2 Toulouse en vue de préciser le comportement de ces nvuveaux profils dans
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des conditions plus proches de celles rencontrées sur une pale d'h&licoptdre [9). Des essais complémentaires
en instationnaire ont &galement été effectués en &coulement transsonique 3 la souffleriec S3 Modane de
1°'0ONERA [10].

Compte tenu des résultats obtenus en bidimensionnel, 1'Aérospatiale a poursuivi les essais de ces profils
sur rotor maquette. Quatre rotors quadripales de 4,20 m de diam@tre et de 140 mm de corde, utilisant les
profils OA2XX ont été essayés sur le banc d'essails d'h&licoptdre de la soufflerie S1 Modane de 1'ONERA. Les
définitions géométriques de ces rotors ainsi que celle du rotor de référence utilisant le profil NACA 0012
et des prof ils Aérospatiale dérivés de la famille NACA 131XX sont présentées figure 13.

Les essais de ces rotors [11] ont permis de vérifier que les gains obtenus en bidimensionnel se retrouvaient
effectivement sur rotor. L'influence bénéfique d'un affinement en bout de pale et de 1'utilisation pour

les sections internes de la pale de profils 4 C, max &levés a également &t& constatée. La figure l4 présente
1'évolution de la figure de mérite en vol stationnaire en fonction de la traction du rotor et de la vitesse
périphérique pour les rotors 5, 6A et 6B. Les nouveaux profils donnent un gain d'environ 3 Z pour la traction
nominale, de plus 1'affinement en bout de pale du rotor 6B conduit, pour des vitesses périphériques é&levées,

a4 moins de pertes sous fortes charges que dans le cas du rotor 5. L'utilisation des profils OA213 et 0A206
sur le rotor 7B améliore sensiblement les performances du rotor en vol d'’avancement. Aingi, figure 15, le gain
sur le coefficient de puissance atteint 9 % pour la poussée nominale 3 A = 0,4 (Vo = 300 km/h).

2.4.3 - Essads en vol -

Deux rotors, 1l'un utilisant le profil 0A209, 1l'autre le profil OA212 jusqu'a O,75R puis affiné au profil
0A207 en bout de pale (pales 3e génération), ont &té essay&s en vol, le premier rotor sur un SA 360 Dauphin,
le second sur les versions bimoteurs SA 365 C et SA 365 N,

Les résultats d'essais en vol [S] et [12] ont confirmé dans les 2 cas les gains obtenus sur rotor maquette.

Le rotor 0A209 a ainsi permis d'obtenir par rapport & un rotor NACA 0012 :
- en vol stationnaire un gain de masse décollable de 2 Z 3 iso-puissance ;

- un élargissement de 1'enveloppe de vol en vol d'avancement, la portance du rotor &tant accrue de 10 Z
quelle que soit la vitesse pour la puissance maxi (fig. 16) ;

- des gains en vitesse 3 iso-puissance variant de 5 lkm/h jusqu'a 50 lm/h & 4 000 m (fig. 17) ;

- une réduction importante du niveau vibratoire en vol d'avancement.

Pour le rotor A profil &volutif les gains comparés a un rotor NACA 0012 sont les suivants :

- augmentation de l'efficacité du rotor en vol de croisidre économique et 3 grande vitesse (fig. 18) ;
- élargissement de 1'enveloppe de vol en vitesse et en masse (fig. 19) ;

- en vol stationnaire un gain de masse décollable de 100 kg & iso-puissance maximale.

Des rotors utilisant les profils O0A213 et 0A206 n'ont pas encore &t& essay& en vol, Toutefois, compte tenu
des résultats d'essais 3 S1 Modane, les gains de performances devraient encore 8tre supérieurs.

3 - ETUDE DES EXTREMITES DE PALE -

Les performances globales d'un rotor d'hélicoptére peuvent étre &galement améliorées par l'utilisation de
formes d'extrémité de pale autres que la forme rectangulaire qui &quipe encore un trds grand nombre d'héli-
coptéres. Une extrémité de pale d'hélicoptiére joue un rSle aérodynamique beaucoup plus important qu'une
extrémité d'aile d'avion. Quelle. que soit la configuration du rotor en vol stationnaire ou en vol d'avance-
ment et donc quel que seit 1'azimut considéré, la vitesse d'attaque y est la plus grande (V =w 2+ Vo gin'f )
et la circulation est le plus souvent maximale dans cette région de la pale. De plus ces extrémités émettent
des tourbillons marginaux qui perturbent le fonctionnement des autres pales du rotor. On peut en outre esti-
mer qu'en vol stationnaire et en vol d'avancement 3 grande vitesse la plus grande partie de la puissance &
fournir au rotor est due aux tralnées des extrémit&s de pale entre 0,8 R et R qu'il faut vaincre pour faire
tourner le rotor & vitesse constante,

Les buts poursuivis 2 1'ONERA pour les recherches concernant les extrémités de pale sont :

- la connaissance de leurs conditions de fonctionnement ;

1'&tablissement de programmes de calcul de prévision de celles-ci ;

la définition d'extrémités de pale plus performantes que celles utilisées jusqu'a présent ;

- 1'essai sur rotor maquette en soufflerie et &ventuellement en vol.

Ces différentes é&tapes sont svstématiquement explorées a la Direction de l'Aérodvnamique de 1'ONERA depuis
1974 en &troite collaboration avec 1'Afrospatiale mais aussi dans le cadre de collaboratfions internationales
avec 1'US Army RTL d'Ames, la NASA A Ames et le RAE pour certaines de ces recherches a caractdre fondamental.

3.1 - Fonctionnement en pale avangante -

Les conditions de fonctionnement d'une extrémit§ de pale sont particulilrement sévidres dans le secteur de la
pale avangante puisqu'on y trouve les nombres de Mach d'attaque les plus Elevés et souvent 3 la limite des
nombres de Mach de divergence de trainfe de chacun des profils équipant 1'extrémité, lorsque la vitease de
1'appareil devient suffisamment grande.




Les incidences sur les extrémités de pale au voisinage de 1'azimut 90° sont souvent proches de zéro, soit
légérement positives, soit légérement négatives selon la vitesse d'avancement de 1'hélicoptére (fig. 2).

Les extrémit&s de pale sont d'abord soumises 3 des nombres de Mach incidents croissants et & des attagues

en flache positives avant 90°, puis a des nombres de Mach incidents décroissants et des attaques en flache
négatives aprés 1l'azimut 90° et i1 comvient donc de connaltre les conséquences de ces conditions de fonction-
nement tridimensionnelles et instationnaires.

Le cas d'un rotor non portant est plus facile 2 analyser. Aussi 1'ONERA a-t-il effectué d'abord des essais
sur un rotor bipale non vrillé avec mesure des répartitions de pression absolue 3 0,85 R -~ 0,9 R et 0,95 R.
Les essais ont permis de bien mettre en &vidence les effets instationnaires et les effets des &coulements
radiaux que F.X. Caradonna et M.P. Isom [13] avaient découverts par le calcul dans le cas d'une pale droite.

J.J. Chattot a poursuivi cette &tude théorique, qui consiste 3 résoudre 1'équation des petites perturbat ions
transsoniques instationnajres, en mettant en oeuvre un programme de calcul des répartitions de pression sur
une pale 3 extrdmité de forme quelconque [14]. Ce programme de calcul est maintenant utilisé de fagon courante
a 1'ONERA et est décrit en détail dans la référence 15. La figure 20 montre d'abord une comparaison entre
résultats de calcul et résultats des essais précités sur le rotor 3 extrémité droite. L'accord entre la
prévision et 1l'expérience est particul idrement bon. La figure 20 met également clairement en évidence la

trés nette dissymétrie des répartitions de pression de part et d'autre de 1l'azimut 90° caractériséepar

exemple par des recompressions sans choc a 60° et des chocs trés intenses i 120°. L'association d'un nombre
de Mach croissant et d'une attaque en flache positive avant 90° retarde donc 1'apparition des troubles
transsoniques, alors que celle d'un nombre de Mach décroissant et d'une attaque en fléche négative les aggrave.
Les calculs "quasi-stationnaires” effectués pour une position figée de la pale permettent, par comparaison
aux résultats des calculs instationnaires, de séparer les effets instationnaires et d'écoulements radiaux.

La figure 21 montre en particulier que 1l'attaque en fl&che négative (écoulement radial vers le centre du

rotor aprds 90°) tend i atténuer la détente de bord d'attaque et donc 3 réduire les zones d'écoulement super-
sonique et 1'intensité& des chocs de recompression.

Les effets purement instationnaires peuvent &tre &également mis en Evidence par des calculs bidimensionnels en
considdrant un &coulement par tranche comme 1'a montré une &tude US Army-ONERA [16] mais lorsqu'on s'approche
de 1'extrémité de la pale, seuls des calculs tridimensionnels instationnaires peuvent permettre de bien dé&cri-
re les phénoménes observés expérimentalement.

La mise en flache d'une extrémit& de pale vient trds naturellement a l'esprit lorsqu'on veut, comme pour une
aile d'avion, diminuer le nombre de Mach incident normal au bord d'attague.

Les écoulements y sont cependant beaucoup plus complexes que sur une extrémité droite et 1'ONERA a donc
d'abord effectué des essais sur un rotor bipale non vrillg avec une extr&mité en fl2che 3 30°. L'analyse

des répartitions de pression mesurfes a montré que ce type d'extrémité&, qui peut amé&liorer les performances
d'un rotor 3 grande vitesse, n'est en fait favorable que sur une partie seulement du secteur de la pale
avangante [17]. La figure 22 montre bien que 1'accord calcul-expérience est encore suffisamment bon, pour se
gervir du programme de calcul décrit précédemment, pour &tudier de fagon systématique 1'influence de la forme
en plan sur les performances d'une extrémité de pale dans le cecteur de la pale avangante.

Ces deux séries d'essais sur pale 3 extrémité droite et 3 extrémité en flache 2 30° dans le cas fondamental
d'un rotor non portant ont &galement servi 2 la NASA [18] et au RAE [19] a valider leurs propres programmes
de calcul.

la figure 23 qui fournit les lignes iso-Mach calcules pour les azimuts 60° et 120°, montre que ce type d'ex-
trémité en fldche 3 corde presque constante est le silge de fortes détentes sur une bonne partie de leur
envergure. I1 convient donc de voir quels sont les paramdtres géométriques qui jouent sur la présence ou
1'absence de ces survitesses, qui ne peuvent que dégémérer en chocs générateurs de trainée et de bruit.

La figure 24 montre 1'é&volution en envergure des nombres de Mach locaux maximaux sur des pales :
- rectangulaire ;
-~ 3 extrémite en fl3che a 30° et a corde constante ;

- 3 extrémité en flache 2 30° pour la ligne de bord d'attaque mais 3 bord de fuite aligné avec celle de la
partie courante de la pale ;

- 3 extrémité parabolique en flache d&finie 2 1'ONERA.

Dans ces calculs, les pales sont d'allongement 7 et la loi d'évolution des profils NACA OOXX qui les &quipent
est conservée pour toutes les formes. Les calculs sont effectués & 1'azimut 90° dans 1'approximstion quasi-
stationnaire. On voit qu'il n'y a pas intérét 3 garder une ligne de bord de fuite rectiligne si 1'on veut
diminuer les survitesses locales mais qu'il est toujours bon de mettre une ligne de bord d'attaque en fldche.
L'adoption d'une ligne de bord d'attaque parabolique en flache permet de réduire considérablement toutes les
survitesses et fait pratiquement disparaftre tout &coulement transsonique important dans ce cas de calcul,
comme le confirment les lignes iso-Mach calculées (fig. 25). Cette forme parabolique en flache permet en fait
de faire gvoluer la flache locale de la ligne de bord d'attaque jusqu'a des valeurs importantes de l'ordre de
80°. Sa définition est précisée sur la figure 26 et explicitée dans les références 15 et 20, L'é&volution
progressive de cette fldche locale de ligne de bord d'sttaque est surement un des facteurs importants qui
permet d'optimiser la mise en fliche d'une extrémité de pale d'hélicoptdre.

3,2 - Am8lioration des penformances globales d'un rotor avec des pales Equiples d'extadmités paraboliques en

L'extrémité parabolique en flidche définie précédemment doit Jonc améliorer le comj.rtement de 1'extrémité de

— e e "
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la pale dans le secteur de la pale avangante mais il n'est pas évident a priori qu'elle soit bonne pour
tous les azimuts et quelle que soit la configuration du rotor. Aussi a-t-on effectué des essais sur un rotor
tripale vrillé 3 la soufflerie S2 de Chalais-Meudon (fig. 26). Les r&sultats ont confirmé qu'une extrémité
de pale "o timis&e" pour les seules conditions de la pale avangante améliore globalement les performances
d'un rotor. La figure 27 montre 1'évolution de la puissance 2 fournir au rotor en fonction de la vitesse

de vent Vo dans la soufflerie pour deux niveaux de portance, le rotor assurant la traction nécessaire pour
vaincre la tralnée d'un fuselage caractérisé par un (CxS) /So de 0,1. L'extrémité parabolique en flache
est meilleure que l'extrémité droite puisque pour une vitesse Vo fix&e, le rotor qui en est &quip& a besoin
de moins de puissance que celui qui est &quipé& d'extrémités droites. Le gain de puissance peut atteindre

de 5 &8 8 T dans les conditions de soufflerie.

Des amé&liorations ont &t& obtenues dans toutes les configurations &tudiées (quels que soient les niveaux de
portance ou de traction demandés au rotor et méme en vol stationnaire [21]).

Au vu de ces résultats, 1'Aérospatiale a décidé d'essayer ces extrémités de pale en vol sur un appareil
Dauphin, pour confirmer 1'intérét de telles formes sur un rotor réel [11] et [22]. Cette expérimentation
sera des plus intéressantes car de nombreuses différciices demeurent entre les pales que l'on peut essayer
sur maquette de rotor de faible dimension et celles d'un rotor réel, notamment les déformations que subis-
sent les pales.

3.3 - Etudes £ifes aux phénomines tourbillonnaires -

Les &tudes théoriques précédentes ont surtout &té bas&es sur l'amélioration des conditions de fonct ionnement
des extrémités de pale dans le secteur de la pale avangante pour lequel une hypothdse d'absence de portance
pouvait &tre envisagée.

Dans le cas réel d'un rotor portant, l'extrémité de pale émet un tourbillon marginal qui, en passant 3 proxi-
mité des pales suivantes, perturbe fortement leur fonctionnement.

5.3.1 - Le vot stationmaine -
Dans cette configuration, le tourbillon marginal 1Zché par une pale se retrouve trés proche de la pale sui-
vante et 1l induit donc en extrémité de pale des variations significatives d'incidence.

Une simulation en soufflerie de ces phénoménes d'interaction tourbillomnaire a &té réalisée & la soufflerie
$3 de Chalais-Meudon en plagant une demi-aile & proximité du tourbillon marginal &mis par une autre demi-aile
placée amont perpendiculairement 3 la premi&re. La figure 28 montre les répartitions en envergure des
portances locales en absence ou en présencedu tourbillon perturbateur. L'interaction tourbillonnaire augmente
les portances locales du c8té de 1l'extrémité de la demi-aile et les diminue vers l'emplanture. Globalementcela
se traduit par une augmentation de traln€e globale de la demi-aile de prés de 40 Z dans cette configuration
d'essai [23] pour laquelle le niveau de portance globale est conservé &gal & 0,5.

Le programme de calcul de petites perturbations transsoniques permet aussi de traiter le cas d'une pale
isolée portante. La prise en compte d'un tourbillon perturbateur a &t& incluse dans ce programme, suivant la
méthode développée par F.X. Caradomna [24]. La méthode consiste 3 imposer um saut du potentiel correspondant
3 la circulation du tourbillon sur un demi-plan infini partant de 1'axe de ce tourbillon. Les figures 28 et
29 montrent la validité d'une telle approche théorique puisqu'elle permet de retrouver avec une bonne appro-
ximation les répartitions de pression et les portances locales mesurées expérimentalement.

Le cas d'un rotor en vol stationnaire est plus complexe. Des mesures du champ des vitesses induites par un
rotor tripale vrillé ont été effectudes & la soufflerie S2 de Chalais-Meudon 3 1'aide d'un vélocim2tre laser
3 2 composantes. La figure 30 montre 1l'évolution en envergure des composantes verticales des vitesses indui-
tes 4 différentes distances en dessous du disque rotor et la trajectoire du tourbillon qui en a &té déduite.
Ces essais wnt permis 3 1'Aérospatiale de valider son programme de mise en &quilibre du sillage pour les
calculs de performance du rotor en vol stationnaire [25]. Ils serviront aussi de bases de comparaison pour
les calculs futurs qui seront menés lorsque le programme de calcul sur pale isolée de rotor permettra de
tenir compte de la présence des autres pales.

5.3.2 - Le vok d'avaiement -

Des interactions tourbillonnaires peuvent se produire &galement en vol d'avancement et elles affectent des
secteurs azimutaux trés différents selon la valeur du paramétre d'avancement. A forte vitesse on s'intéres-
sera plus particulidrement A celles qui se produisent en pale avancante ol la présence de tourbillons prove-
nant de la pale précédente ne peut que compliquer la prévision par le calcul des charges locales instanta-
nées.

Des mesures par vélocimétrie laser ont &galement &té effectudes & la soufflerie S2 de Chalais-Meudon sur
un rotor tripale en vol d'avancement en se limitant, pour commencer, au plan radial ¥ = 90°. La figure 31
{llustre 1'é&volution temporelle des 2 composantes des vitesses mesurées et on remarquera les perturbations
amenfes par le passage de la pale au voisinage du point de mesure. La figure 32 montre le champ des compo-
gantes verticales de vitesse lorsque la pale passe 3 1'azimut 90°. Elle permet d'identifier la position
du tourbillon 1l8ché par la pale précédente ; dans cette configuration d'essai il ne se trouve qu'a environ
0,55 C au-dessous de la pale. Il sera donc nécessaire de prendre en compte, sous des formes plvs ou moins
sovhistiquées, dans les calculs relatifs en vol d'avancement. la présence de ces tourbillons lachés var les
autres pales.

Ces mesures compldtent aussi celles des pressions absolues effectuées précédemment sur les extrémités des
pales du rotor tripale de 1a soufflerie S2 de Chalais-Meudon [20]. Les résultats de ces mesures de pression
avaient permis de préciser les conditions de fonctionnement (portance, nombre de Mach incident) des extrémi-
tés de pale suivant les valeurs de la vitesse de 1'&coulement dans la soufflerie, les niveaux de portance
et de traction demandés au rotor. Toutes ces mesures serviront dans le futur 2 valider 1'extension au cas
portant du programme ONERA de petites perturbations transsoniques instationnaires sur pale isolée de rotor.
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3.4 - Evolution des proarammes de necherche -

L'objectif principal & court terme est de commencer a calculer des répartitions de pression sur une pale
portante de rotor d'hélicoptére, méme si cela doit se faire avec des approximations plus ou moins grossidres
pour tenir compte de la présence des autres pales ; en particulier, on s'intéressera 3 vérifier que les
formes d'extrémité& de pale définies a portance nulle pour minimiser les troubles transsoniques en pale
avangante restent suffisamment performantes dans les différentes configurations oli elles fonctionnent avec
une portance non négligeable. On pourrait alors envisager par exemple un premier calcul d'optimisation entre
le vol stationnaire et le vol d'avancement rapide en définissant un vrillage non linéaire des pales et une
forme en plan en fl8che appropriée.

La prise en compte des effets visqueux demeure aussi un objectif tras important. Des calculs couplés fluide
parfait-fluide visqueux ont déja &té effectués 3 1'ONERA dans le cas d'écoulements bidimensionnels instat ion-
naires sur profil ou dans le cas d'&coulement par tranche sur pale de rotor d'hélicoptadre [26] et [27].
L'effort se poursuit actuellement en tridimensionnel, en utilisant & cet effet un programme de calcul par
méthode intégrale des couches limites tridimensionnelles instationnaires dé&veloppé par le CERT [28] . la
figure 33 montre par exemple 1'évolution des &paisseurs de quantité de mouvement et du coefficient de frotte-
ment local sur la section & 0,95 R de différentes extrémités de pales pour lesquelles certains résultats

de calcul de fluide parfait ont d&j& été présenté&s sur les figures 24 et 25. Ce type de calcul permettra donc
une estimation des tralnfes de frottement. La traln&e globale des pales s'obtiendra en ajoutant 2 cette
trainée de frottement une tralnée de choc dans le cas des Ecoulements transsoniques. On devrait ainsi arriver
3 chiffrer le gain total potentiel des cifférentes formes d'extrémités de pale en tenant compte des surfaces
mouillées réelles. Des calculs couplés fluide parfait-fluide visqueux en &coulement tridimensionnel sur pale
de rotor sont donc envisageables dans 1'avenir mais ils nécessiteront des moyens informatiques puissants.

L'étude aéro-acoustique des extrémités de pale sera &galement abordée en se consacrant en priorité au bruit
impulsif généré a grande vitesse et pour lequel les nouvelles formes en fl3che pourraient étre une source
de progrés.

4 - CONCLUSTONS -

= L'utilisation de nouveaux profils a permis d'améliorer trés nettement les performances des rotors d'hélicop-
téreg. I1 faut souligner toutefois que ces profils ont &t& définis sur la base de critéres stationnmaires. En
conservant ce méme type de critdres les gains potentiels que 1°on peut encore espérer sont sans doute faibles.
Seule une réduction de la contrainte sur le Cmo permettrait d'accroltre sensiblement les performances des
profils en C, max et en finesse au prix bien entendu d'un accroigsement des efforts de torsion sur la pale

et sur les biellettes de commande de pas. Toutefois les progrds des méthodes de calcul en instationnaire

et 1'amélioration de la compréhension des phénoménes de décrochage instationnaire permettront sans doute

dans un avenir proche la définition de profils sur la base de crit2res instationnaires plus proches des
conditions réelles de fonctionnement des vrofils.

- L'étude des extrémités de pale entreprise & 1'ONERA n'a pas encore apportée des résultats aussi complets
et spectaculaires que ceux des nouveaux profils OA. L'évaluation d'une nouvelle forme d'extrémit& parabolique
en flache est cependant en cours ; les premiers résultats obtenus en soufflerie sont trégs encourageants mais
devront étre confirmés lors d'essais en vol prévus en 1982 par 1‘'Aérospatiale. L'étude expérimentale des
écoulements sur des extrémités de pale de forme différente et la mise en place de programmes de calculs, de
plus en plus sophistiqués, tridimensionnels quasi-stationnaires ou instationnaires non portants ou portants,
méme gur pale isolée de rotor d'hélicoptire, devraient dans l'avenir permettre des optimisations plus rigou-
reusesde ces extr&mités de pale 3 partir de cahiers des charges 3 &tablir en &troite liaison avec les cons-
tructeurs.
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CALCULATION OF 3D UNSTEADY
TRANSONIC FLOW AROUND ROTOR BLADES
by
H. stahl

Messerschmitt-BSlkow-Blohm GmbH
Postfach 801140
8000 Minchen 80, Germany

SUMMARY

The aerodynamics of the rotary wing present one of the strongest challenge within the
aerodynamic sciences. Severe operational limitations of the helicopter stem from the fact,
that the lifting system is subject to transonic phenomena, which result from the specific
flow field around the advancing side of the rotor disc. Furthermore, it is seen that un-
steadiness and the three-dimensional nature of the flow are two further important parts
of the problem. The understanding, the accurate prediction, and the control of the tran~

sonic aerodynamic phenomena are essential preconditions for further improvement of rotary-
wing aircraft.

In view of the significant influences of transonic flow on rotor operation, the adequate
modelling of the fundamental physics and the calculation of the main consequences is of
utmost importance. Thereby, the calculation requirements are extreme, and are differing
considerably from these of the fixed wing aircraft. The most efficient rotor blade flow
calculation techniques at present use the relaxation method for solving the finite diffe-
rence approximation of the small disturbance equations, however, the disadvantage of ex-

tremely large computational times prevents from using these methods within complete rotor
aerodynamics and loads analyses.

The paper will describe the work currently done at MBB, concentrating on the applica-
tion and adaptation of classical wing methods to the special requirements of rotor blade
tip flow. This gives the possibility to overcome the limitations of the current methods,
such as large computational times. The problem is split up into two principal categories,
the 3-D steady flow, and the 2-D unsteady case.

The unsteady calculation is carried out by a finite difference method for the 2-D case
considering both the angle of attack and the Mach number variation. The 3~D calculation
18 based on a finite element model for fixed wiangs, which is adapted for the rotor blade
application by a linearly varying velocity distribution over the blade radius. Hereby only
the outer 25% of the radius are taken into account. The final 1lift and moment distribu-
tions on the blade are determined by superposition of 3-D steady and 2-D unsteady results.

The final objective of the present work is the improvement of existing rotor theories,
which are usually based on blade element theory with insufficient representation of tip
effects. By adaptation of these semi-empirical results in the rotor models their appli-

cability can be improved especially for the advancing blade, but also over the whole azi-
muth angle region.

NOTATIONS
c chord length of a profile K isentropic exponent
r local radius position " advance ratio
t time [¢] density
u,v,w velocity components w angular velocity
X,Y,2 coordinates ®,¢ potential
K = %ﬁg - reduced freguency v azimuth angle
Mo medium Mach number Subscripts
M Mach number 134 partial derivative with res-
Moo free stream Mach number pect to the indicated coordi-
AM Mach number amplitude nates .
T partial derivative with res-
R rotor radius ,pect to nondimensional time
U free stream velocity
a angle of attack (pitch angle)
ag medium pitch angle
Aa amplitude of pitch angle
£,2 nondimensional coordinates

.
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1. INTRODUCTION

There exist fundamental differences in the flow around the wing for fixed-wing and
rotary wing aircraft. Already in steady forward flight these differences mainly concern
Mach numer, angle of attack, and yaw angle distributions that depend upon the radial
position along the blade as well as upon azimuth angle in the case of the rotor and are
therefore unsteady.

In recent years the speed of helicopters has increased. Thereby, new problems arose
because of strong flow separation on the retreating rotor blade and transonic effects
on the advancing blade. As a result the helicopter power consumption, vibration, and
noise emission are also severly affected.

The present major problem of ..nterest is the advancing blade, especially the blade
tip where the highest velocities occur. Thus the blade tip may enter the transonic flow
regime where the aerodynamic coefiicients change appreciably due to compressibility
effects and occurence of shock waves. These influences must be understood for further
improvement of the aerodynamic behavior and thus the design of the blade tip.

A frequently used method for calculating the airloads of rotors is the blade element
theory (two-dimensional). But for calculations close to the blade tip it is less useful
because three-dimensional effects become very important. Therefore other calculation
methods become necessary that include all these effects.

In the literature several authors considered the flow around the blade tip. Due to
the restricted capacity of the available computers the problem had to be simplified. One
of the most common simplifications is the application of potential theory for this flow.
The potential equation is modified to include the linear velocity gradient of the rotor,
and it is solved numerically by finite difference or finite volume techniques. Two methods
shall be mentioned that attacked this problem with some success. One method developed by
Caradonna [1] concerns the steady flow and the other procedure, developed by Caradonna
and Isom [2] treats the unsteady flow under the assumption of zero 1ift. For industrial
purposes, however, the computational time of these methods is much too high.

From the mathematical point of view the application of potential theory to the flow
around a rotor blade tip is not exact. This problem is considered in more detail in [3].

Considering the flow around the blade tip the assumption of irrotational flow is made.
Calculation time is further reduced when the problem is split up into two parts, the three-
dimensional steady case and the two-dimensional unsteady case. For both cases computer
codes are available from the fixed wing technology. However, in the original form they are
not applicable to the rotor flow conditions, so they have to be modified.

2. ADAPTATION OF EXISTING COMPUTER MODELS
2.1 THE TWO-DIMENSIONAL UNSTEADY PROCEDURE

For the unsteady case a computer code developed by Eberle [4] is used. It is a method
for calculating transonic flow over a profile with a sinusoidally oscillating trailing
edge flap. The numerical procedure uses a finite difference scheme and applies the TSP-
ADI-method (Transonic potential - alternating direction implicit). The computational time
needed is about 2 min on IBM 3033 for one case.

The transonic potential equation of the unsteady flow is of the form
- M3 K? drr - 2 M3 Kegy + (1-ME-M2 [3+M3 (k-2)] ¢¢} égg + ¢zg = O

Small perturbations are assumed and K (reduced frequency) must be smaller than unity. For
achieving mass conservation at sonic lines and shocks a numerical viscosity is introduced,
so that the numerical stability in supersonic regions is guaranteed.

For introducing the unsteady pitch angle motion the flap hinge is blocked and the
pivot point is moved to any point desired, so the whole profile can oscillate around this
point. Normally the point will be fixed at c/4. The pitching motion is defined by

a = ag *+ sin wt.

In fiﬂ. 1 the 1lift and pitching moment coefficients and the resulting center of pressure
are shown over one period. For comparison the steady curves are also presented. In the
unsteady case the maximum value of the lift coefficient occurs at smaller azimuth posi-
tions ¢ than expected by steady state analysis. The same effect can be cbserved for the
pitching moment. Only the unsteady curve of tha center of preasure is very different from
the steady one because the values of the lift and moment coefficients are rather small.

A further unsteady effect is the Mach number variation on the blade due to forward
flight of the rotor. The local Mach number perpendicular to the leading edge is defined
by
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M(t,r) = (u + sin wt + ‘E‘ ) + Mg(R)

with u as the advance ratio and Mg(R) the hovering blade tip Mach number. The result for

* a pure Mach number variation is shown in fig. 2. Here the lift ccefficient, pitching mo-
ment coefficient and center of pressure are drawn over one period. For comparison -he
result for the steady state case is indicated, too. Due to the unsteady flow the maximum
value of the 1ift coefficient is moved to a higher azimuth angle. The same tendency can
be observed for the pitching moment coefficient. The curve for the center of pressure

does not show an appreciable deviation from the steady one, contrary to the angle of
attack variation.

The calculation of the unsteady flow is split up into three steps:

1. Start of the flow from rest (a = O)
2. start of the unsteady motion
3. Final state of unsteady motion.

As a result unsteady pressure distributions, lift coefficients and pitching moment coeffi-
cients are obtained.

RESTRICTIONS

Not every effect can be taken into account. The velocity and pitching angle variation
can be considered like a two-dimensional influence. Only the velocity component perpendi-
cular to the leading edge, however, affects the two-dimensional calculation. The yawing
angle is a three-dimensional effect only and cannot be considered here. Also all motions
of the blade due to elasticity are neglected.

Other limitations are due to the theory applied. These are:

a) The reduced frequency must be K < 1

b) The Mach number M, = 1 cannot be exceeded
¢) Only weak shocks are permitted

d) Slender profiles should be used.

2.2 THE THREE-DIMENSIONAL STEADY PROCEDURE

This procedure is also developed by Eberle [5]. The underlying theory is the potential
theory with its boundary conditions. For the numerical procedure the finite element method

is used. It is developed for wings and wing/body combinations and is applicable to transo-
nic flow with Me < 1.

The basic equation is:

du dav dw
II/p (u Ty +v T3 + w 3$) =0

The procedure uses a numerical viscosity to guarantee the numerical stability, thereby
allowing shocks to be generated. In performing the calculation advantage is taken of the
symmetry of a plane. In this way much computational time is saved.

The most important three-dimensional effects are the influence of the angular velocity
of the rotor and yaw angle distribution over the blade radius.
However, to handle the procedure and to modify it for the rotor flow some idealizations
have to be made [3]. One is the assumption that it is possible to calculate the rotor
flow for each azimuth angle ¢ like a steady flow. This is not according to the real flow
but it can be assumed as an approximation. Another assumption concerns the applicability

of potential theory for the flow around the rotor blade tip since the rotor flow is not
irrotational at all.

Firstly, the linear velocity gradient is to be introduced into the far field condition.
The relation for the velocity is accordingly

u=w-°*r+Us * siny

In this case the velocity U. represents the advance velocity of the rotor. The result of
such a flow is shown for the advancing blade (Y = 90°) in fig. 3. Here chordwise pressure
distributions are shown for the outer 25 percent of the radius. The influence of the blade
tip can be seen as well as the effect of the decreasing velocity farther inboard.

Due to the assumption that oncoming stream lines have to be parallel to the plane of
symmetry the yaw angle cannot be calculated directly. One way to solve the problem is the
application of a geometrical transformation. This can be assumed as an approximation to
the real flow and is based on the following considerations:
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When the wing makes a yaw angle with the flow the stream lines meet another aerofoil sec-
tion. Compared with an aerofoil section perpendicular to the leading edge, the chord is
enlarged and the relative thickness is smaller. The flow is no longer symmetrical to any
plane. The aerodynamic coefficients are not distributed symmetrically with respect to
the geometric plane of symmetry (formerly chosen as the aerodynamic reflection plane).

If the yaw angles are assumed to be small, the effect due to asymmetry may be neglec-
ted as a first approximation. Then it is possible to position the aerofoill sections
parallel to the stream lines by introducing a sweep angle. In thig way the aerodynamic yaw
angle is transformed into a geometrical sweep angle with the corresponding chord.

As the yaw angle on a rotor blade is not constant along the radius, this transformation
results in a curved leading edge of the blade, shown in fig. 4.

RESTRICTIONS

a) Due to the assumption of symmetrical wing the yawing angle 8
must be zero.

b) The oncoming stream lines have to be parallel to the plane of
symmetry.

c) The Mach number M. cannot exceed unity.

d) Only small perturbations (i.e. weak shocks) are allowed.

3. INVESTIGATIONS OF THE TWO-DIMENSIONAL UNSTEADY EFFECTS

Considering the two-dimensional unsteady flow around a profil several paran .ters govern
the flow:

- the form of the airfoil section
- the time dependent Mach number variation M(t)
- the pitch angle oscillation a(t)

For the case of a harmonically varying Mach number and pitch angle, as at a rotor blade,
the time dependent parameters can be specified more accurately. Then there are

- the medium ¥~ sh number Mg

- the amplitude of the Mach number AM
- the medium pitch angle ag

~ the amplitude of the pitch angle Aa
- the reduced frequency K

The amplitude of the Mach number is related to the advance ratio by

3.1 PARAMETRIC STUDIES
3.1.1 THE INFLUENCE OF THE ADVANCE RATIO

In fast forward flight there occur transonic effects on the advaucing blade tip. To
get the dependence of the Mach number the pitch angle and its amplitude is set zero
(o = Ao = 0°), The pure influence of the Mach number variation upon the aercdynamic coeffi-
cients like Cr,, Cy was already shown in fig. 2. The deviation from the steady case was in-
dicated, too. Another resglt for a NACA 0012 profile is shown in fig. 5. The maximum Mach
numbers reached at ¥ = 90° are 0.73, 0.76, 0.79, 0.81 corresponding to an advance ratio
of u = 0,4, 0.45, 0.5, 0.55, respectively. It can be seen that for the chosen rotor tip
speed of wR = 200 m/8 the flow is subsonic over the whole half-period of the advancing
blade at u = 0.4 and 0.45 (r/R = 0.89). Compressibility effects such, as shocks, can be
observed, firgtly, at higher advance ratigs. Characteristic is the asymmetry of the pres-
sure d&stributions with respect to Y = 90 . The shocks are stronger in the region after
¥ = 90" caused by the unsteadiness of the flow.
Remark. The investigated advance ratios correspond to model rotor experiments shown in
fig. 12.

3.1.2 THE INFLUENCE OF THE AMPLITUDE OF THE PITCH ANGLE

The influence of the amplitude of the pitch angle Aa on the coefficients is very
strong. In fig. 8 1ift and pitching momans coeffic&ents and the center of pressure are
shown for Aa = 0~ as reference and Aa = 1° (ag = 2°). The advance ratio is assumed to be
p = 0,36, As the figure shows the deviation due to the oscillating pitch angle is very
large compared with the steady case, and the tendencies due to Aa are just inverse to
that of a pure Mach number variation. However, it can be seen that the effects due to the
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oscillating angle dominates the effects due to Mach number variatign. Also the center of
pressure for Ao = 17 deviates appreciably from the curve of Aa = O  (pure Mach number
variation).

The effect of a pure pitch angle motion on the aerodynamic coefficient was already shown
in fig. 1.

3.1.3 THE INFLUENCE OF THE REDUCED FREQUENCY

In fig. 7 the pressure coefficient behaviour of the advancing blade is shown for seve-
ral frequencies (x/c = 0.233, a = O), The decreasing values of the reduced frequency
correspond to the flow over aerofoil sections of a rotor blade, from inboard to outboarad,
of the outer 25 percent radius. The advance ratio (u = 0.445) and the pitch angle
(0 = Ao = 0°) are kept constant. The diagram fig. 7a corresponds to a full-scale rotor
(0 = 42 s™) and fig. 7b corresponds to a 1/7 model (w = 266.7 s~!).

The minimum pressure occurs at the lowest frequencies. At higher frequencies it dimi-
shes and is shifted to higher azimuth angles. At K = 0.0084 the maximum starts to divide
into two maxima.

In fig. 7b at K = 0.0325 the maximum is distributed from ¥ = 60° to ¥ = 120°. In this
region the pressure coefficient is almost constant. Then it happens the same as before.
The maximum is shifted to higher value. But here the front part increases first, the
rear part of the maximum sets up at small frequencies (K = 0.0279).

The most interesting feature is the influence of the reduced frequency. The smaller
frequency is about one tenth below the higher one. But this difference causes a total
different time dependent flow over the rotor span. Also the medium Mach number changing
as indicated has an influence not to be neglected.

3.1.4 THE INFLUENCE OF THE MEDIUM PITCH ANGLE

In fig. 8 the influence due to the medium pitch angle is shown for advance ratios
U = 0.275 and 0.36 (Aa = 0°). It can be observed that a higher angle ag causes stronger

compressibility effects around ¥ = 90°. Only the center of pressure is uneffected by the
angle aqg.

3.2 COMPARISON WITH MEASUREMENTS

The most useful test data available for comparison are measurements on a model rotor
[6] with a diameter of 1,50 m and a tip speed of 200 m/s. The blades are tapered and have
airfoil sections of the NACA O0OXX series with a NACA 0014.5 profile at 0.8 R and a
NACA 0009 profile at r/R = 1. The blades are untwisted. Pressure data were measured at
85.5, 62.2, and 94.6% radius of the rotor. The last one is very close to the tip where
three-dimensional effects are nolonger negligible. In this connection it should be noted
that the comparison is made with two-dimensional calculations.

In fig. 9, 10, 11 pressure distributions are shown over half a period for a maximum tip
speed of wR = 200 m/s for 85.5, 89.2, and 94.6% radius, respectively. The corresponding
maximum Mach numbers are 0.841, 0.863, and 0.888. The chordwise stations are x/c = 0.3,
0.5, and 0.4. Good agreement between measurement and theory is achieved at x/c = 0.3 for
increasing velocity (¥ < 90°). At the inboard stations measurement and theory compare
relatively well, at the outer section at 94.6% R the comparison is poor due to three-
dimensional effects. In fig. 12 chordwise pressure distributions are shown for maximum
sectional Mach numbers of M = 0,73, 0,76, 0.79, 0.81 corresponding to advance ratios of
u = 0.4, 0.45, 0.5, 0.55, respectively, at azimuth angles of ¥ = 60° and 120°. Although
in this case (89.2% R) three-dimensional effects are not negligible the agreement be-
tween theory and measurement is very good.

3.3 REMARKS ABOUT SIMILARITY LAWS

For model rotor tests in most cases the same tip speed and foreward flight speed is
used as for full-scale rotors to achieve Mach number gimilarity. By a simultaneous
accurate geometrical scaling Reynolds number similarity is not attainable due to the
different blade chord.

If Reynolds number similarity is desired, the model rotor blade chord must be of the same
size as the full-scale blade chord. This leads to a reduced aspect ratio of the model
rotor blade. Through that and due to the higher velocity gradient along the blade radius
the change of the reduced frequency over the radius is much higher for the model rotor.
In fig. 13 the reduced frequency trend over the blade radius is shown for a full-scale
(R=5m and a model rotor (R = 0.75 m) for different values of blade chord length.

For the same blade chord (¢ = 0.2 m) the K-gradient at the blade tip is

AK/AR = =0.444 m~' (model rotor)
AK/AR = -=0.,010 m~' (full-scale rotor)

The ratio between these values of 44.4 is reduced to 7.4 by accurate geometrical scaling
(same aspect ratio). The influence of these three-dimensional effects are not fully known,
but should be investigated. In general similarity parameters especially for the rotor
should be defined, because the parameters of the wing theory are no longer sufficient.
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4. PARAMETRIC INVESTIGATIONS OF THE THREE-DIMENSIONAL MODEL

4.1 INFLUENCE OF THE ANGLE OF ATTACK

The influence of the angle of attack is shown in fig. 14 by the three-dimensional
pressure distribution on the blade tip. Angles of attack are 1° and 2° and the tip Mach
number is MT = 0.8. Due to the higher angle of attack the inner border of the supersonic
region is shifted from about 0.85 radius to 0.8 radius, that means to a lower local Mach
number. Also the shock strength is more than doubled on the outer 10% of the blade radius.

4.2 INFLUENCE OF THE AZIMUTH POSITION

In fig. 15a and b the 1lift and pitching moment distributions and the center of pressure
are shown for azimuth positions of ¥ , 90° ' and 120°. The maximum tip Mach number of
MT = 0.8 at 90 corresponds to Mp = 0,78 at ¥ = 60° and 120°, whereas the angle of attack
is 1° for all three cases. Compared with the 90° position, for the yawed blade the 1ift
and pitching moment coefficients are reduced in the near tip region, but farther inboard
they are beyond the 90° values. The most remarkable changes occur for the center of pres-
sure. Generally, it is shifted towards the leading edge due to the three-dimensional
effects, but it moves back with increasing azimuth angle.

5. COUPLING OF THREE-DIMENSIONAL AND UNSTEADY EFFECTS

To achieve the real airload distributions (lift and pitching moment) in the tip region
the three-dimensional and unsteady effects are superposed in a suitable manner. In addi-
tion to the lift and pitching moment coefficient the drag would be of interest in this
case also, but it cannot be predicted by the potential theory, which is used in both nu-

merical methods. For the coupling of the three-dimensional and unsteady effects the method
shown in fig. 16 has been developed.

The underlying concept is as follows: By means of the three-dimensional procedure the
aerodynamic coefficients will be determined. Then the difference between the two-dimen-
sional steady and unsteady calculation is determined for a given radial position at the
outer 25 percent radius. This difference will be added to the three-dimensional value at
the same radius location. From this value a ratio can be defined with which all three-

dimensional coefficients are to be multiplied. In this way the unsteady effect can be in-
troduced.

The application to the lift coefficient leads to

Cis
CLu(r) = CL(unsteady,r) = == (C

+ AC. )
CLo Lu

Herein ACy, is defined as

ACLu= CL(Zd, unsteady) - CL (2d, steady)

CLO is the 1ift coefficient at a given radius location and

Cps 1s the lift coefficient along radius from the steady calculation.

6. CONCLUSION

The application of three~dimensional computation methods in rotor aerodynamics has be-
come necessary because the requirements for extending necessitating a more deep understan-
ding of the flow around the rotor blades. By aerodynamically optimizing the blade tip an
improvement is possible., However, the two-dimensional computation methcds are no longer
sufficient especially near the tip and thus three-dimensional computer programmes are
required. From the foregoing discussion the following conclusions can be drawn:

- The problem of the flow in the vicinity of the tip of a rotor blade has already been
investigated in the literature using the potential theory. The agreement between
theory and experiment is acceptable. However, the procedures are limited either

to hover or to nonlifting flow. Also, the computation time 1s inacceptably high for
industrial purposes.

A programme for unsteady two-dimensional flow has been modified for an oscillating
free stream Mach number and angle of attack. The effects of these parameters and

additionally the influence of the reduced frequency and the medium angle of attack
are studied.

- A programme for steady three~dimensional flow over a fixed wing has been modified
for a rotating blade by taking into account the velocity variation over the blade
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radius and the yawing angle. Calculations with this programme provided results
as expected on a rotor blade tip.

- A model has been developed in order to couple the three-dimensional effects with
the unsteady two*dimensional ones.

- Subjects for further investigations with this model are

10.

(o]

the determination of the induced angle of attack due to the velocity down wash

of the foregoing blade

the influence of the tip vortex of the preceeding blade

the application of the calculated aerodynamic coefficients of the blade in

rotor computer models
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COMMENTS ON SESSION No. 1
«ROTOR BLADE AERODYNAMIC CHARACTERISTICS»

by
J. GALLOT
Société Nationale Industrielle Aérospatiale
BP.13
Marignane
13725
France

Complerentary articles dealing with analysis and synthesis of unsteady aerodynamic phenomena influence (stall, compressibiti-
ty, tridimensional, etc ...) on the behaviour of a rotor were presented during this session which evidenced the manufacturers’
concern not to develop hardly operational and verifiable computer codes leading to prohibitive computation times. The experimental
approach is retained to control optiniization of 2 mathematically designed rotor and determine the limits of existing methods. Efforts
applied in basic research of unsteady stall and unsteady, compiessibie tridimensional effect must be continued even if manufacturers
only retain the most simple and essential part of such research in their computer codes.

Every article states that rotor performance optimization will prove profitable for the manufacturers while new airfoils
development and blade tip definition must be emphasized. A pure helicopter flying at more than 200 kts could certainly be designed
in the near future if present research efforts are kept up.

1. THE ROLE OF ANALYSIS IN THE AERODYNAMIC DESIGN OF ADVANCED ROTORS
by L. DADONE - Boeing Vertol - U\

This article thoroughly describes changes i methods and ideas at Boeing Vertol from 1965 till now shows that helicopter
manufacturers made large progress in their understanding of the rotor’s aerodynamic behaviour. Experimental research proceeds and
helicopter design methods are developed along a course parallel to that of airplanes, with some delay however, considering the greater
complexity of aerodynamic flows along blades.

The rotor optimization approach recommended by the present writer is quite realistic ; it is based on the use of relatively
simplified computer codes taking essential effects into consideration :

~ Lifting line theory + bidimensional characteristics of airfoils
— Prescribed wake model

— Unsteady aerodynamic effects

~ Plan form, sweep effect, tip relief approximation

~ Blade aeroelasticity

The need to verify theoretical optimization results with appropriate experiments in flight or wind tunnel and to set the validity
limits of prediction tools is emphasized ; meanwhile, basic research must be continued for detail analysis of fundamental phenomena
(Unsteady aerodynamics and aerodynamic flow at blade tips) and c. mputer codes, specific.to a particular problem, must be processed
to define the parameters used in solving such problem.

A helicopter flying at more than 200 knots could be designed only by close, interrelated optimization of plan form at blade
tip and selection of airfoils in the same area as shown in Fig. 8 describing plan form influence on performance in level flight.

This paper also raises a very old question : Could the present Cm,, limit be extended to improve maximum lift and drag
divergence characteristics ; Could a sweptback tip extend Cpp, and would this tip really have beneficial effects on dynamic stall ?

One could only agree with the idea that rotor optimization in hover and forward flight is a profitable field of research (see Fig. 3)
provided :

— an acceptable compromise is found between simplification and sophistication of prediction methods,

—~ the same compromise applies between basic research, experimentation in flight or in wind tunnel and results processing with
computer codes,

~ technological aspects inherent to such optimization are not neglected.

2. REPRESENTATION OF AIRFOIL BEHAVIOUR
by T.S. BEDDOES-W.H.L.- UK

The conventional «time delay» method used to synthetize dynamic stall of an airfoil is perfectly adapted to a rotor computer
code. Such method is not accurate enough however in the case of airfoils stalling indifferently at trailing or leading edge depending
upon instant operating conditions.
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Following a detail analysis of bidimensional steady and unsteady airfoil tests, the present writer succeeded in representing non
linearities resuiting from separation of leading edge or induced by shock, the effect of trailing edge separation and the influence of a
vortex flowing along the airfoil. The method uscd in this case requires knowing 10 constants per Mach number deduced from steady.
bidimensional tests ; the above mentioned constants as well as three time constants are used to reevaluate the three airfoil charac-
teristics (C, . C, . C,) in unsteady air flow. Results thus obtained (see Fig. 20) are quite satisfactory and it would be interesting to
verify the accuracy of this synthetizing method on airfoils other than NACA 0012.

The interest of this synthetizing method is that it is based on the analysis of aerodynamic phenomena dictating the unsteady
behaviour of an airfoil ; its principles could possibly be used to develop an inverse method applied to the definition of an airfoil
meeting unsteady specifications.

3. HELICOPTER AIRFOILS AND BLADE TIPS DESIGNS
by J.J. THIBERT and J.J. PHILIPPE - ONERA - France

This article written by a group of ONERA scientists is very interesting in that it presents the results of a research programme
initiated approximately 10 years ago.

The advantages of close cooperation between scientific organizations and manufacturers as well as the need to extend such
cooperation to rotor aerodynamic research at an intemational level are also mentioned.

— The ONERA group studied an airfoil family 0A2XX whose performance is close to specification requirements (see Fig. 12)
and comparable to the results obtained by other scientists (see Article 1). A more accurate comparison of results obtained on airfoils
tested in varipus wind tunnels with various Reynolds Numbers would probably prove quite useful to define the state of the art as it
now stands and to answer the following question : «Can we expect significant gains in rotor performance as a result of improvements
in helicopter blade airfoils ? » It is essential to develop yet further our understanding of unsteady aeroelastic phenomena (stall,
compressibility, etc ...) to optimize airfoils with, perhaps, higher Cm, values while considering unsteady criteria closer to effective
operating conditions on helicopter blades.

— As concemns blade tips, a theoretical and experimental approach evidenced the need to include unsteady effects and radial
flow effects and emphasized the importance of tridimensional effects beyond 0.95 R. Computer codes developed to study blade tips
ought to consider vortex interactions and should, in the short run, be capable of processing lift, even in an approximate manner, and
providing drag data for a new tip shape.

Application of already existing methods allowed developing a rather promising (parabolic sweptback) blade tip PF2 that should
give a 5 to 8 % rotor power gain as compared to a straight tip (see Fig. 27) ; this gain remains to be confirmed by full scale
experimentation that is more representative of the blade’s aeroelasticity aspects.

It is not unnecessary to remind, outside the framework of the present article, how difficult it is to form an objective opinion
on the contradictory results obtained by different scientists in the blade tip research field while there probably are multiple causes for
such discrepancies (Performance measurements accuracy, aeroelasticity influence, blade technology . . .).

4. CALCULATIONS OF 3D UNSTEADY TRANSONIC FLOW AROUND ROTOR BLADES
by H. STAHL - MBB - Germany

This article is an indication of the manufacturers’ concern in integrating tridimensional, unsteady aerodynamic effects with the
least expense into their rotor aerodynamic computer codes; to do so, they derive such codes from conventional codes applied to
aircraft. A simplified method is suggested to associate a 3D steady analysis taking a radial speed gradient into account with a 2D
unsteady lift analysis (variable Mach No and incidence). It is envisaged, as a future extension, to include deflection and vorlcx influence
of the previous blade in this method.

The final objective : application of aerodynamic coefficients (C, , Cp,) calculated with this method to a rotor model, is still
far off. It is regrettable that no indication is given as to C, evaluation, such evaluation is essential from a performance standpoint, or as
to computation times expected in the ultimate version.

A rather interesting remark is made concerning the need to study similarity rules applicable to unsteady tridimensional effects ;
ignoring these rules might lead to an erroneous interpretation of results obtained after mockup tests in wind tunnel (diffeient aspect
ratio,reduced frequency and, chiefly, different reduced frequency gradients spanwise).




Commentary on Session 1
Design and Prediction for Rotor Blade Aerodynamics

by

Warren H. Young, Jr.
Structures Laboratory, USARTL (AYRADCOM)
NASA Langley Research Center
Hampton, Virginia 23665

SUMMARY

The state of rotor blade aerodynamic calculation methods is reviewed. Two factors that limit the
accuracy of these methods for design of airfoils and blade tips and the primary factor limiting the
prediction of rotor performance are identified. A survey of the future demands on blade aerodynamics
Teads to the prediction that a sharp upturn in the results expected from aerodynamicists is imminent.

INTRODUCTION

The importance of separated flow to rotor performance has long been recognized. Figure 1 was
published by Frank Harris in 1969.1 Based on oscillating airfoil tests and simple yaw corrections,
the thrust of a heavily stalled rotor was predicted at low advancing tip Mach numbers. This result was
a significant advance in rotor prediction capability, The four paper52'5 presented in this session on
rotor blade aerodynamics do not represent an attempt to improve the analyses of 12 years ago. Instead,
they are a response to new requirements. The helicopter aerodynamicist is now expected to not only

improve performance but also to design airfoils and blades that minimize separated flow and reduce
dynamic blade loads.

The acceptance in 1969 of rotor calculations for heavily stalled rotors was a turning point for
aerodynamicists. Aerodynamicists began to be expected to “predict with greater confidence the non-
Tinear rotor behavior near the flight boundaries.”3 Not only performance but also unsteady control
system loads and rotor stability calculations are now demanded of the aerodynamicist. An increase in
expectations has also taken place in the area of design based on analyses. New helicopters now have
atrfoils and tip shapes that are aerodynamically designed specifically for the mission of that parti-
cular helicopter. The four papers presented in this session are the basis for the argument that another
sharp increase in the demands on and expectations from the aerodynamicist is imminent,

DISCUSSION

Areas of Research

The four papers in this session demonstrate the two major thrusts of current work in rotor blade
aerodynamics, transonic tips and airfoils., Table I categorizes the four papers by areas of application.

TABLE 1. AREAS OF RESEARCH OF SESSION PAPERS

20 Unstalled Dynamic Stall Transonic Tips
Understand Phenomena Beddoes
Thibert and Thibert and
Phillipe Phillipe
Design Blades Dadone Dadone
Predict Airloads Stahl Beddoes Stahl

The columns indicate that the blade is being analyzed in two pieces: two-dimensional analyses on the
inboard section of the blade and three-dimensional tip analyses. Stah1S clearly recognizes the impor-
tance of integrated blade analysis but uses two analysis schemes for computational efficiency. The rows
of Table I divide the papers into categories of: basic research or understanding the physical flow
phenomena, blade design, and prediction of the aerodynamics of a complete rotor. The demand for lower
cost per case increases dramatically from %op to bottom. For example, in order to understand the flow
processes at work in dynamic stall Beddoes3 uses data from very expensive model tests. However, he
must construct very efficient computer models becguse a rotor analysis may rquire an estimated 30,000
dynamic stall calculations. The papers by DadoneZ and by Thibert and Phillipe# are aimed primarily

at design. Both authors use the best available analysis (almost regardless of computer cost), but not
the more expensive method of parametric experiments., However, the need for more accurate analyses and
the need for more confidence in the calculated performance of the blade after it s installed on the
rotor have been made clear by these papers.

Limitations on Accuracy

Two of the tmmediate problems that limit the accuracy of blade aerodynamics involve separated
flow. The first problem 1s dynamic stal) predictign. Figure 2 shaws results from a tunnel spanning
mode) in the United Technoloq as main wind tunnel,® The wing fs swept 30° and is oscillated in pitch
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to generate dynamic stall data. The significant differences in stall behavior caused by blade yaw are
illustrated in figure 2, This result can probably be modeled by Beddoes' method. However, data are
available for only one airfoil at one sweep angle, and this is insufficient experimental data to allow
confident airfoil design., Either more experimental data or a viscous flow calculation scheme that
incorporates unsteady sweep is needed.

A second problem involving a separated flow phenomenon that cannot be adequately modeled? is
shown in figure 3. The tip vortex begins with boundary layer separation of the flow around the tip as
far forward as the quarter-chord point for rectangular tips. The low pressure area caused by this
vortex moves inboard as it extends to the trailing edge. This causes an area of high lift and nose-down
pitching moment near the tip. Figure 4 is a calculation by MaskewB using an incompressible panel
method to model the tip vortex flow over the upper surface of a rectangular wing. This method has been
correlated with some experimental results for rectangular tips, but the effect of tip shape on the size,
shape, and location of the tip vortex is almost unknown. Research on tip shapes is being carried out by
a cooperative NASA/DFVLR program designed to describe the unsteady pressures about four tip shapes
(figure 5) that are oscillating in pitch. This research will yield much information about the effect of
blade planform on tip vortex size, shape, and location over the upper surface of the blade just
downstream of the trailing edge.

These two separated flow problems illustrate that research on airfoil aerodynamics and blade tip
design is not complete. However, no matter how accurate the calculations for the design of the airfoil
or the tip, these components must be made part of the calculation scheme for an entire rotor. Rotor
calculations have a limit in accuracy that is independent of the accuracy of the calculations for
airfoil alone or blade alone.

The primary problem faced by aerodynamicists who apply new airfoils to blades with non-rectangular
planforms is uncertainty about the blade angle of attack. The angle of attack of the blade is
controlled by the vortices in the wake; the vortices are controlied by the blade 1ift and planform; and
the blade lift is controlled by the angle of attack. The weak links in this computational circle are
the effect of blade planform on vortex size and location and the uncertainties in the position of the
wake vortices. Table Il is an attempt to summarize the state of the art in the calculation of the

TABLE II. ROTOR BLADE SURFACE PRESSURE CALCULATION STATUS FOR ADVANCED TIP SHAPES

Rotor Blade Inboard Part of Blade Tip Region
Pressure as a
Function of: Limitations Accuracy Subsonic Transonic
Mean value, x/c, r/R Wake flow +5% Fixed wing code
Only one uncor-
l-per-rev, x/c, r/R Components only +5% related code; Limited corre-
includes tip lation
vortex
N-per-rev, x/c, r/R Wake in development - No
subsonic stall uncorrelated correlation
Vortex interaction, t Unstalled, subsonic +20% No work No work

chordwise and spanwise distrioution of pressure. Such pressure distributions are required for
calculation of noise, gust response, biade loads, and even stability. The accuracy estimates do not
apply to rectangular planformsbut they do apply to advanced blade tip shapes. Several analyses which
have proved accurate for rectangular planforms are expected to differ by 5% even for the simple case

of prediction of 1i1ft in hover when applied to advanced tip shapes. The inboard portion of the blade is
calcutable by two-dimensional strip theories except for close interaction with vortices from other rotor
blades. The limitation on accuracy is the uncertainty in wake prediction. For example, there is no
analysis available that accounts for the effect on the blade of shed vorticity in the wake due to 1ift
variations at frequencies above l-per-rev. However, such calculations are routinely performed for
fixed-wing flutter calculations. The purpose of these arguments is not to discourage the development of
better calculations for airfoils or blade tips, but to encourage the development of wake models that are
consistent with even the present accuracy of blade aerodynamic calculations.

The importance of integrating the design of airfoils and blade shapes has been demonstrated by
Bingham.9 The idea of integrated design {s to first define the performance requirements for one
particular rotor that operates in a known flight envelope. The basic calculation tool is an array of
rotor performance programs for both hover and forward flight. Iterative calculations for combinations
of blade chord, shape, twist, and airfoils are used to design the blade. This iterative procedure is
required by the interdependence of the parameters that affect rotor performance. The success of this
design procedure has been validated by wind tunnel testing.l0 The primary limitation on this method
is uncertainty about the rotor wake models.

Future Requirements

Just as there was a rise in expectations of the results of aerodynamic calculations after 1969,
there will soon be another dramatic increase in the results demanded of aerodynamicists. Figure 6
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depicts, in an oversimplified manner, the inputs received by the blade aerodynamicist and the outputs
required. The solid line represents the present computational cycle. Aerodynamic solutions for blades
are expected to define forces for a rotor with a wake that is representative of trim in order to
calculate rotor performance, dynamic loads, and stability. The broken lines represent new
computational loops that will put expanded demands on the blade aerodynamic calculations. The use of
active controls such as higher harmonic control, multicyclic control, dynamic stall suppression, or
gust alleviation control will require higher frequency unsteady aerodynamics., The dashed loop
indicates that better rotor wake calculations will require more precise descriptions of both the shed
wake and the tip vortices that are generated by the blade, Eventually noise theories will need time
histories of pressure distributions on the blade and even the flow field surrounding the blade. Thus
the impression that there are multiple methods available for blade design and that only a few
capabilities need to be added to existing analyses breaks down when the total array of tasks
confronting the blade aerodynamicist is examined.

CONCLUSIONS

The papers in the session demonstrate that analytical and empirical methods are very effective in
three areas of blade aerodynamics: (1) design of airfoils below stall by two-dimensional, steady
analyses, (2) prediction of unsteady airfoil performance including dynamic stall, and (3) design of
transonic tips without separated flow. The need is immediate for adding three-dimensional effects to
dynamic stall empirical methods, for adding dynamic stall criteria to airfoil design, and for adding
tip vortex models to transonic tip design. At present, the application of blade aerodynamics to rotors
is limited by uncertainties in the rotor wake models for unsteady flow and advanced tip shapes.
Furthermore, the future demands on aerodynamicists will include detailed, unsteady pressure
distributions for the calculation of noise, gust response, response to active controls, and
blade-vortex interaction.
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SUMMARY

Tipvanes are small auxiliary wings mounted at the tips of windturbine blades in such a way that a diffuser
effect is generated, resulting in a mass flow augmentation through the turbinedisc. For the prediction of
aerodynamic loads on the tipvane wind turbine use is made of the accelerationpotential, on which an }
expansion method is applied. In its simplest form, this method can essentially be classified as a lifting
line approach, however, with a proper choice of the basic loaddistributions of the lifting line, the
numerical integration of the pressurefield becomes one dimensional. The integration of the other variable
can be performed analytically.

This method based on a mainly analytical approach has the advantage of giving a better insight in the
peculiarities of a specific configuration.

The complete analytical expression for the pressure field consists of two series of basic pressure fields.
One series is related to the basic load distributions over the turbineblade, and the other series to the
basic load distribution over the tipvane. In addition another basic pressure field related to a triangular
loaddistribution over the turbineblade and the tipvane was needed, in order to take care of the "lift
transfer”" from turbineblade to tipvane.

The coefficients in these pressure field expressions are a priori unknown, and are determined by a bounda-
ry condition requiring the flow to be tangential on both turbineblade and tipvane. A numerical procedure
then yields the coefficients of the basic pressure fields.

1. Introduction

The research on tipvaneturbines aims at a process improvement of the wind energy conversion system, which
is more than component improvement such as efficient aerofoils and optimized transmission systems.

These latter developments make it possible for a modern windturbine to approach the Betz maximum power
coefficient. However, process improvements are possible based on flow phenomena which are not consistent
with the assumptions made in Betz theory. Power coefficients far above the Betz maximum value are possible
vwhen for example forces are applied perpendicular to the winddirection and when viscous effects play an
important role.

At the Delft University of Technology, the windenergy group investigates the effect of tipvanes, which are
small auxiliary wings at the end of the turbine blades (fig. 1), inducing a mass flow augmentation by the
creation of a Veniuri flow.

At the Cambridge and Amsterdam BHRA Wind Energy System meetings (ref. 1 and 2) papers have been presented
concerning the tipvane concept. There the principal flow mechanisms from theoretical considerations and as
observed in flow visualization studies were reported and also test results of tipvane drag reduction were
shown. The present status of the research is that the main flow mechanisms are understood, and the principal
problems have been solved. A short survey will be given in this paper, whereafter one of the research
fields is treated more in detail: the analytical aerodynamic work, accompanied by experimental verifica-
tion.

2. Present status of the tipvane research

Since the demonstration of the mass flow augmentation (ref. 2) the following other important results have

been obtained:

~ the tipvanz drag can be reduced to a nearly twodimensional level, as will be shown in the next chapter.
The phenomenon of side edge suction, a suction force acting on the tips of the tipvane, comparable with
leading edge suction, appeared to have a great influence on the drag.

Fig. 2 shows that due to an asymmetric lift distribution on the tipvane, and due to the fact that the
relative flow direction does not coincide with the rotational direction, the side edge suction can have
a component in drag direction (a force tangential to the disc plane of the rotor). A proper adjusting of
the tipshape can eliminate this effect (ref. 3).

- kExperiments with screens of various porosities, limulating (by dissipation) the energy extraction by
turbine blndeu. showed that the amount of energy is really extractable. Gross c values of 1.5 are mea-
sured which is about 2.5 times the Betz maximum (ref. 4).

- A very promising development has been started with the beneficial use of vi-cou- effects: for the energy
extraction by diffuser type windturbines, such as shrouded turbines and tipvane turbines, values have
been measured which are about 25% higher than can be expected by potential theory. This is due to an
energy transport from the outer flow into the wake behind the turbine, by turbulent mixing in the regiom
vhere this wake is diffusing. This extra energy can be extracted by the rotor: according to theoretical
extrapolations for a tipvane turbine with artificially stimulated mixing, power augmentation factors in
the order of 10, when compared with conventional turbines, must be possible. Refs 4 and S describe this
phenomenon more in detail.

- Theoretically as well as experimentally the main flow mechanisms are understood and the next step will
be the verification in atmospheric conditions.

Therefore, and in order to carry out aerocelastic experiments, a field test installation is planned. In
a later stage the installation can be modified into a first prototype.
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The aerodynamic work on the tipvane rotor has comprised several branches. Many qualitative and quantita-
tive experiments have been carried out on a modelscale. Simultaneously various theoretical models have
been developed in order to get better understanding of the experimental results and to obtain design
methods for forthcoming full scale applications.

Special emphasis is given in this paper to the theoretical analyses, yielding aerodynamical loads on the
tipvane windturbine, with references to theoretical and experimental verifications.

3. Governing equations

3.1 The method of the velocity potential

The basic governing equations for incompressible inviscid flows have been established alre:dy in the 18th
century by Leonhard Euler, who developed the well known Euler equations expressing the conservation of
momentum in the fluid, as well as the equation of continuity expressing the conservation of mass. These
equations take the form:

div V = 0 (continuity) (3-1)
v :
and P pr = - grad p (Euler equation) (3-2)

Both Lagrange and Laplace have developed the method of solving this set of equations, by introducing the
concept of the velocity potential. The velocity potential ¢(x,y,z) is defined as a scalar function such that

V = grad ¢ (3-3)

It is easily shown that such a scalarfunction ¢(x,y,z) always exists in flow regions where the rotation of
the fluid particles is zero:

rot ¥ = 0 (3-4)
or du _v, du _dw g, 3v_3w_, (3-5)

3y ox > ¥z ¥¢x %z 3y

Writing the equation of continuity in terms of the velocity potential by substituting (3-3) into (3-1)
results in the equation of Laplace:

div grad ¢ = 0 (3-6)
2 2 2

or 39,939,390 _, 3-7)
2 2 2
9x’ y’ dz

3.2 The method of the acceleration potential

Prandtl indicated in 1936 an alternative way to treat three-dimensional flows in which the velocity pertur~
bations are small compared with the undisturbed velocity w. The assumption that all higher order pertur-
bations may be neglected is directly used to simplify the basic flow equations (3-1) and (3-2). For incom-
pressible, inviscid flows this simplification works out as follows. Substituting the equations (3-5) ex-
pressing rot V = 0 into the Euler equations leads to:

%% +1/2 %; (u2 + v2 + wz) - - % 3x
dv 3 2.2, .2 . 13 -
T V2 5y U+ v+ W) 5 3y (3-8)
dw 3 2 2 2 1 9
E T 1/2 37 (B + v: +w") = - 5 5%

Now writing
u=u' |, vey' | wsW+y (3-9)

where u', v' and w' are small perturbations, substituting this into (3-8), linearizing and using the
linearized expression rot V = 0, leads to:

du' 3u'_ _ 13 v’ v'__ 13 3w’ ', _ 13 -
(AR Rt S SR LS TRl & A A ) (-10)

The first of these equations is then partially differentiated with respect to x, the second with respect
to y, and the third with respect to z. Summing and using the linearized continuity equation

du' v’ '

EOW-&H-O 3-11)
then yields:

3% . a%p 22

_%4—%0—%-0 (3-12)

ax y 9z
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which is Laplace's equation, where the Laplace operator div grad works upon the pressure p. Eq. (3-12) is
valid in steady as well as unsteady flowfields, if as assumed during the derivation, the undisturbed ve-
locity W is a constant, independent of the space- and time coordinates. Instead of the pressure p, one
can also put the pressure perturbation p' = p = p_ in (3-15). For simplicity the notatiom p(x,y,z) -ill
in the following always be used for the field of pressure perturbations. The field p(x,y,z) is a charac-
teristic scalar function for the flow field, just like the velocity potential ¢(x,y,z). The essential
difference between p and ¢ is the fact that in incompressible flows the function p(x,y,z) can never exhi-
bit discontinuities in the free flow away from the physical boundaries, in contrast to the function
$(x,y,z) that does show discontinuities,

4. Asymptotic considerations

In the derivation of solutions of the Laplace eqs (3-7) and (3-12), use can be made \ery often of asymptotic
expansion techniques. Although the application of asymptotic theory in aerodynamics seems to be a rather
recent development it has already been used, at least in an intuitive way, by Ludwig Prandtl.

When he developed his lifting line theory for the determination of lift and drag on a straight wing ia
steady parallel flow, there where undisputably asymptotic considerations present. The "far field" view-
point in this theory is evident, it has even supplied the name "lifting line" theory. Far from the wing,
assuming a reasonable large aspect ratio, the forces on it are thought to be conceatrated along a straight J
line. But also the "near field" philosophy was present expressed in the application of two-dimensional
aerofoil theory within the lifting line model of Prandtl.

In the modelling of the flow phenomena of the tipvame windturbine the asymptotic approach has proven to

be succesful. It is often possible to reduce a complex flow problem into several parts, each with two
characteristic length scales. It is then possible to find a solution in terms of an asymptotic expansion.
Such a solution consists of "near field" terms, “far field" terms and "common field" terms.

The "near field" terms have been derived by asymptotical considerations ciose to the lifting surface, and
the "far field" terms by application of asymptotics for the flow far away from the aerodynamical active
surface(s).

The "common field" terms in the solution are introduced by the simple fact that the "near field" terms in
the solution do have a “far field"™ effect and vice versa. Wit.. the commor field terms the "far field" effect
of the "near field" is cancelled and simuitaneously the "near field" effect of the far field terms.

With these asymptotic expansions, models have been developed for the flow around the tipvanes, for the con-
ventional horizontal axis windturbine in steady parallel flow, for T~tail interference of two lifting sur-

faces and finally a first order model for the complete tipvane configuration. These models will be discus-

sed in more detail in the following chapters.

5. First order solution for the flowfield of isolated tipvaues

5.1 The boundary value problem for an isolated rotating tipvane
The various coordinate systems used in this chapter are depicted in figs. 3, 4, 5, 6, 7 and 8.

“eu,y,z)cwmmuewumtuuuatamﬁukwnhmeﬁwmeWu.”.he(,ywzp
coordifiate"system of the tipvane is defined with respect to the (x_, y_, z_) system in such a way

that it can be obtained by rotating the (x,, yr, z,) around the y -axis ovér a "sweepangle" A, followed
by a rotation around the already swept x_-axis (fig. 4). In this fay the tipvanecoordinate system is
obtained, and the tipvane is defined by

°r 2_ 2, ! b1
fxp] € 50 yp = ®R=yzp) - [(R-vyzp))® - x(]  + ch (xps yp) » |20 € 5 5-1)

The right hand side of this formula consists of two parts. The first part represents in linearized theory
the curvature of the circular track covered by the tipvane and the second part Yre (xT, zT) gives the
camber relative to this aerodynamical ineffective circular curvature.

The boundary value problem for this isolated rotating tipvane yields

a%p . % , 32 '
__24..._.2-’-._2-0 (5'2)

2 2 2

ax 3y’ 3z
with boundary conditions
1. p~ 0 for x2 + y2 + z2 > ® (5-3)
2
%y
2. 1 gg - R gc (5-4)
Pt B %y

. : sos LW
on the tipvane at the time t = 0. The tipvane is at t = 0 assumed to be at azimuthal position y = 3,
given by

x=x ¢+ Azt » y=R=-yz - yT(xT,zT) , z = AxT - zq (5=5)
[3 b,
where x| « —% and |zT| < —;

With this boundary condition the particles of air moving over the tipvane surface obtain the correct
accelerations to fit the curvature of the tipvane.
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3. p singular on the 1ead1ng edge (xT = - ¢/2) in such a way that

37 3y,
v R - el (W -
(ﬂ_f) T T cag {” M B } (nn) . (5-6)

on the midchord line of the tipvane: |z I ¢ — and at the time t = 0.
This is the tangeatial flow condition for tﬁe tipv Because of condition (5-4) this condition has to
be fulfilled on one spanwise line. A convenient cholce is the midchordline.

5.2 The asymptotic solution in the near field
In the vicinity of the tipvane it becomes convenient to write the Laplace equation for the pressure
(equation (5-2)), in ter.s of the local tipvane coordinats system (xT, Vs zT):

-—1 —12’- —P- =0 (5-7)
axT ayT Bz
On physical grounds it seems justifiable to state that in the immediate vicinity of the tipvane, staying

away from its tipregions, the characteristic length of spanwise pressure variation is of the order of the
span bT’ whereas chordwise pressure variation are of the order of the chord Cpe

. o . x  r “r
Substitution of the nondimensionalized coordinates H and into (5-7) yields
cT7 7 bT72

2 2 2

3p ¥p _ .. L _ 3% -
xTz+ Vr 2 A'i 2z 2 (-8
3 ) 3( ) ¢ )
cT72 cT72 bT72
where = b, /c is the aspect ratio of the tipvane.

Suppose a squt1on p, of the boundary value problem has been found in asymptotic theory which obeys
equation (5-8) up to the order AT . This solution also satisfies, in the immediate vicinity of the tip-
vane, the differential equation

3 P, szl

Xp 2 Vp 2
o w2

of course up to the order A;l.

=0 (5-9)

With an accuracy up to this same order the solution p, obtained from asymptotical theory can then be repla-
ced, but only in the vicinity of the tipvane, by a soiution P ear satisfying (5-9) throughout the whole
field.
Since P, and p, coincide close to the tipvane (in the "near field"), Ppear TuSt also satisfy the boun-
dary cofi§fEions (A -4) and (5-5) applicable in the near field.

The third boundary condition (5-3) is not necessarily satisfied by Ppear Since this condition is impose
upon p, in the far field; and in this far field P and Phear 2Te MO longer identical up to the order AT
According to reference 6, the general solution Phegr for a thin aerofoil of arbitrary mean line and
arbitrary angle of attack (including bladetwist) yields, in terms of elliptic cylinder coordinates:

%1
c (-7r0
gl oo

Prear S | b7z sine  _1 I (ZT ) e® sin(nv) (5-10)
lp(QR)Z n Coshn + cos® T n=1 %n ‘B/2 © sin(n

Here the index | has been used in the liftcoefficient Cp since the second term on the right hand side also
may contribute to the lift, In linearized theory, the boundary conditions on the tipvane may be replaced by
the same conditions on the projection of the tipvane on the Xps Zp plane. With boundary conaition (5-5)

the coefficients a can be determined:

2
bt sin sin no 3 ¢ :
a=1 3, (—7-—) —eIne = =-Tc ) x2 on the tipvane. (5-11)
T

It is assumed now that the camberfunction of the tipvane Yy, Xps 2 ) consists of a curvature due to its
circular path (see equation (5~1)) plus an angle of attack’é wh1ch may vary along the span.
Substitution of Y1c (xT,zT) - - 9(zT)xT into (5-11) yields

P
S, na Grp B, (5-12)
! T sine all over the tipvane,
and so
a = [V} n=1,2,3,,... (5-13)
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5.3 The asymptotic solution in the far fields

The second step in the application of the asymptotic expansion method is the consideration of the behaviour
of p in the far field. At a distance of the order of the span b, of the tipvane it is reasonable to state
that all pressure variations have the same characteristic length scale.

Since relative errors of the order 2. (c /b.r)2 are neglected here, the tipvane chord seems thus to have
shrunk into one single line carrying discrefe singularities. So the solution P, is now, in the far field
and upto the order , identical to the pressure field of a lifting line Pear*

For Pgap the determining equations yield:

2 2 2
3 Pfar . 3 Pfar . 3 Pgar

wy 2 Vr 2 2y 20 (5-14)
8(—-7—bT 3) a(WT 3) B(—TbT )
Pear 0 x2 + y2 + 22 + o (5-15)

By the assumption that the tipvane boundary conditions may considered to be located on the projection of
the vane on the y, plane, the pressure field p, is antisymmetric with respect to this Yr plane. Then the
final boundary cogdit:ion for Pear has been generated:

b,
. . T
Pear singular on the line Xp =Yg = 0, |z,r| <7 (5-16)
and antisymmetric with respect to the plane yp = 0

The general solution satisfying (5-14), (5-15) and (5-16) given in prolate spheroidal coordinates using
associate Legendre functions of the first and second kind, yields according to references 6 and 7:

p -] o«
_Ii‘“_z - mE] nEI {Am p: (cosp ) Q: (cosh v) sin nxx} (5-17)
1p{QR)

5.4 The introduction of a common field expression

At this moment two representatives have been found for P: P
and pg,, corresponding with p; in the far field.

Summation of Ppeay 37d Pfar then yields a competent candidate for the first order solution p, of the com-
plete boundary value problem, at least at first sight. This would only be true however, if ti‘le contribution
of pPpear in the far field is neglectible with respect to pfar, and vice versa. According to equation

(5-1 f one knows that pg,, shows a singular behaviour near the midchordline of the tipvame. Thus it is
clear that here Pfag is not neglectible with respect to Prear*
So the solution P, 18 mot obtained by simply summing up Ppear
obtain a solution satisfying all conditions.

Suppose a pressure field would exist that has the following features: in the near field it equals p

near corresponding with P, in the near field,

and Pear? and more work has to be done to

, to
the required order of accuracy, and in the far field this pressure field is identical to Ploar (to far
the right order). By addition of p ear and Pear® and the subtraction of this field, the "common pressure
field” p , a first order soluPidh would'flive been obtained:

common
pI " Ppear * pfar - 1’coumon (5-18)

The common field can evidently be obtained by observation of the asymptotic expansion behaviour of both_
;ﬁﬁ,m Pear’ The near field solution Prear’ asymptotically expanded for Ty o(bT) up to the order A‘l‘

Zr
C, ( )
!'l b'l'72 cT/2

P,
near .
~ sinX for r, * order 0(b_.) (5-19)
&p(m)z L r T T
Thus p c " yields
i
Cy ¢ )
P L 5727 c./2
comon . 1T T sinx (5-20)
do(R) T
Comparison of p with Pga, (eq. (5-17)) immediately shows that the terms in (5-17) with
sin my for m > o't 4 vanish, Since otherwise the condition
Peommon (Pfar)r,r + order O(cT) (5=21)

cannot be satisfied. -
With An - Aln the asymptotic expansion of Prar for L O(CT) up to the order A'l‘ yields:

Ptar sinx P1/2 { 2p 2} b 1 %
— 18 . 8lDA ) - ¢ ) E A P (5~22)
ip(m)2 T Tr b,r72 n=1 n 'n B2
for Tr “* order O(c.r)

e - e e ——— ——
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5.5 The complete asymptotic solution
By the matching condition:

(p ) ~ P

near ) (5-23)

common ™ (Pfar
t.r - 0(b,r) rT -+ O(CT)

the following relation between cl] and the coefficients An is obtained:

*r I L 1 5

“y G TN {' i b o A & -26)
The complete pressure field p, now follows from substitution of p (eq. (5-10) with (5-13)), p
(eq. (5-20)) and Pear into (5-18): near * ¥common

1 1
?, %, 2 . S G o2
- - sing o 1T T siny +
!p(ﬂR)z T coshn + cosp m
sin by 1 1
+ ——;x oE1 A, P, (cos8) Q (coshv) (5-25)

In the above expression, the liftcoefficient Cyp, is still indetermined. With the remaining boundary con-
dition (5-6) this indeterminatess can be removed. By substitution of

%% - - é-%;-(which follows from the linearized Euler equation) equation (5-6) yields

-1 9 3 2y W
;;25;;7 J GO P (x,y,z,t) Qdt = 2 (6(zp) +Ag—+ Yﬁil (5-26)

for a particle of air arriving at the midchordline of the tipvane at t = O,

Substitution of p, in (5-26) then yields the final boundary comdition. The evaluation of this final one
dimensional integral equation is done numerically, using a collocation-point method.

The method proceeds with the introduction of n_ basic pressure distributions and their corresponding
basic liftcoefficient distributions. The m'th {m = 1, .. n ) basic distribution is obtained from (5-25)
and (5-24) respectively by substitution of An =0n¢0 and A.In = 1.

5.6 Complications in oversynchronous operation of the tipvane

The stability of the numerically obtained sclution with respect to variation of number and position of the
collocation points and further p-rameters in the numerical procedure, appears to be quite satisfactory in
undersynchronous states of operation. The term undersynchronous is used when a tipvane is not yet situated
in the direct wake of the preceding one (fig. 9a).

However, the method developed as yet is not capable of dealing with oversynchronous situations (fig. 9b).
This is caused by the singular behaviour of the induced velocity field generated by the upstream tip of the
tipvane, which is felt by its successor. This gives rise to a special kind of singularity not met in or-
dinary aircraft aerodynamics. The source of the problems appeared to be of a rather fundamental character
(ref. 8). An explanation can be given when one considers the implicit assumptions made for the spanwise lift
distribution in the model.

In undersynchronous situations the tipvane is travelling through a regular velocity field and thus the tip-
vane lift distribution is also regular.

But in oversynchronous situations the tipvane experiences the singular tipvortex of the preceding ome, and
thus irregularities in the lift distribution are present at the point where the vortex hits the tipvane
(the point of overlap). In the original method only regular lift distributions are considered and therefore
the procedure breaks down in the oversynchronous situations.

A solution is found by involving also lift distributions having a kink at the point of overlap.

With such a kink in the spanwise lift distribution it is possible to generate a singular self induced velo-
city field.

Provided that the jump in the spanwise derivative has a correct magnitude the singularity in this self
induced velocity field exactly cancels the singularity in the induced velocity field of the preceding tip-
vane. Then the complete induced velocity field is not singular anymore at the tipvane, which is the only
acceptable solution from the physical point of view (fig. 10).

Consider the liftdistribution over the tipvane to be composed out of two parts. One part is ideatical to
the assumed liftcoefficient distribution of (5-24) and is directly correlated to the pressure field p, of
equation (5-25), This part indicates the spanwise liftdistribution over the complete tipvane. The second
part consists of an extra liftdistribution over the interfering part only (the part indicated by

b‘l‘ w bT
5 2 ﬂﬁ >z, > —7) of the same character as the first part (5-24):
0 2
c @)= —brc“ -2 % oae (@ (5-27)
zlcur bT n®l nn J
where
g = b, : (zI M g }and chur = bT -ar g :

Teur
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In order to obtain a non-singular velocity distribution over the tipvane, the kink in the liftcoefficient
distrébution obtained by addition of (5-24) and (5-27) at the point of overlap

zp = —g— - 2r %must have the correct value. This implies the following relation for the coefficients An
and Bn:

(-]
ok n(n+DA + | ngl n(n+l) B =0 (5~28)

as is derived in reference 8.

The extra liftcoefficient distribution (5-27) is of course correlated with an extra pressure field p_ .
This extra pressure field Pour should also satisfy, on account of the linearity of the problem the ea‘a“f
(5-2) through (5-6). Then a Pirat order solution P is found, completely analogous to (5-25).

The choice of the n_ basic pressure distributions, S8 thus liftcoefficientdistributions in the oversyn-

chronous situation is more arbitrary. Based upon the experience reported in reference 8 the following
selection has been made:

2z, Z
T T
PhagicXo¥ % Ee®)  ClEmm)  gipg Sz a2 .
&p(m)z m coshn + cosy n o

+ %EXP; (cos®) Q‘l‘ (coshv) +

5-29)
c (Z,n) . C (t,n) (
+ lcur "'nwcur + !'cut ¢ /2 Biﬂ +
L coshncur«rcoawcur L] Ty Xeur
- siny ;) 1
n(n+l) "A'l' PI (°°'°cu:) Ql (coshvcur)
with
Zz Z z
T I R %1 | S s | _

cl(b_TTf’n) {I (Wi) } P (gpf) (5-30)

and
t"rcux' 214 L1
€y (Z,m) = - n(u+l) i {I-C} P, @) b b (5-31)
cur T T ¥ I
2 Q' 2
And the basic liftcoefficientdistributions:
*r *r
c (—7—- n) =C (—7-2-,n) +C (Gyn) =
R'buic b'r 2 ¢ b'l‘ "cur
(5-32)

z z b
- {] - (b—,rrfz_)z}‘ r; (WTTE) ~ n{n+l) T::r {l - Cz}il’:(()l . b
T W T
ERY

Note that by the choice of (5-30) and (5-31), the condition (5-28) to be opposed upon the coefficients of
the liftcoefficientdistribution in oversynchronous situations already is satiafied.

5.7 Results

Typical results for a modelconfiguration frequently used are shown in fig. 1i1. Notice the steady increase
in total lift with decreasing lateral spacing of the tipvanes (increasing tipspeed ratio). Up to the syn-
chronous state (where the upstream tipvortex of the tipvane exactly hits the downstream tip of the
following vane) the character of the lift distribution does not change very drastically (fig. 1la). But
in oversynchronous conditions the character suddenly changes (fig. 11b). Notice the abrupt decrease of
lift at the spanwise location where the overlapping region starts. Here the counter vortex is generated
that annihilates the tipvortex from the preceding vane.

Once the synchronous tipspeedratio is exceeded the flow itself autosynchronizes the aerodynamically effec-
tive span, and the overlapping region becomes inefficient.

In fig. 12 the induced drag is depicted versus the amount of lateral space (tipspeed ratio).

It can be seen that when the overlapping has started, the induced drag b practically gzero.

Besides this result proves that in oversynchronous situations the vortex annihilation is almost perfect
(no induced drag!).

Thus according to theory it is sufficient to take into t only vi
when calculating the net power output for an optimal tipvane turbine.

drag effects of the tipvane(s)

6. Aerodynamic loads on the turbineblade

With the matched asymptotic expansion method based upon the acceleration method applied on the turbine
blade configuration, one assumes a finite number of blades throughout the whole analytical procedure. This
is in contrast to the classical methods where the momentum theory (infinite number of blades!) is within the
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procedure modified for a finite number of blades (tip correction factors).

Therefore the method described here yields a better description of the tipflow effects.

On the other hand it must be realised that application of the acceleration potential implies the assumption
of swall velocity perturbations.

In the linear theory as initiated by the eqs. (3-12) through (3-17) the pressure gradients are determined
that would have acted upon a particle of air if it was forced to follow a straight path with a ceanstant
velocity equal to the unperturbed velocity W. Then the assuuption is made that the particle following its
real perturbed (but a priori unknown) path feels the same pressure gradients.

When the method is now applied to the windturbine situation, yielding the integration of a pressure field
quite analogue to the eqs. (5-25) and (5-26) by means of a collocation point method for basic distribu-
tions it turns out to give incorrect results.

The reason for it is that windturbines operate in heavily loaded conditions and this implies significant
induced velocities near the discplane of the windturbine.

But with a partial delinearization in the method good results were obtained. This delinearization is
applied as follows.

In the linear method the position of a particle of air arriving at the time t = 0 at the turbineblade
location (xo,yo,zo) is assumed to be given by

X'KO,Y’YO,z-zO\\w: (6-1)

In the delinearized method the eqs. (6~1) are replaced by
X=X s Ymyos z=z (Wevlx,y,,2))t (6-2)

where v(x _,y ,z ) indicates the velocity at the point (x ,y ,z ) found in the linear method.

In this wgy 2he’method is iteratively delinearized such ®hat tBe deviations of the ausumed travelling
velocity, which is constant in time, from the velocities in the discplane of the rotor is small.
Physically the partial delinearization is explained as follows:

In the linearized method the wake is assumed to be rigid and non-diverging. With this delinearization an
axial deformation of the wake is allowed. It should be realized that this method does not lead to an
exact delinearization since the pressure field is still determined by the Laplace equation (5-2) which was
derived by linearization. It is rather more a convenient engineering procedure to deform the flowfield in
such a way that some of the most important effects can be included.

In the numerical evaluation of this procedure, only the particles arriving at t = 0 in the collocation-
points have to be considered.

Since these collocationpoints are assumed to be situated on the midchordline of the blade (cf boundary
condition (5-31)) and since at t = 0 the midchordline of the blade (y_ = 0) coincides with the y-axis
the equation (6-2) yield: r

x=0, y= ., ,z= zj(t) W+ vi,j-l)t (6-3)

Where r. denotes the radial position of the i'th collocationpoint and v
city in"the j-1'th iteration at the i'th collocation point.
In practical application only two iterations are necessary. Even one iteration is sufficient if one starts
with Vio* -0,333, the value obtained for the ideal windturbine operating in optimal conditions.

’

P the calculated induced velo-
i,j-1

In the present method the viscous effects are included by the implication of two-dimensional aerofoil charac-

teristics in the ultimate performance calculation. This is done in the following way. First an inviscid
liftcoefficient-distribution over the turbineblade is calculated by means of the predescribed method. Then
the corresponding angle of attack distribution is derived using the relationa= C,;/27, From this angle of
attack distribution a new liftcoefficientdistribution, as well as a dragcoefficientdistribution is formed,
using the two-dimensional aerofoil characteristics of the sections used.

As an example the performance of the rotor depicted in fig. 13 is calculated. This specific rotor has

been tested in the 2.2 m diameter open jet windtunnel of Delft University of Technology. Furthermore,
measurements were done at DUT on the curved plate "aerofoils" used in this rotor (ref. 9), so good com-
parison of theory with experiments was possible. Fig. 14 shows the result. A good agreement is established
between theory and measurements apart from the point at a tipspeedratio = 6.6. But at this point strong
vibrations were observed, which may be the explanation for the discrepancy. For this result 10 collocation
points were used, evenly distributed along the span of the rotorblade. Typical computing time for one
iterationstep and 10 collocation points is in the order of 10 to 15 seconds (Amdahl 470) for double pre-
cision calculations (16 decimal digits).

7. The interference between turbine blade and tipvane

7.1 The pressure field of a T-tail

The study of the interference effects (ref. 10) has started with the most simple configuration: two lif-
ting surfaces in a steady flow. The load distribution on each surface is again represented by a series of
basic load distributions. The interference effects are formulated as extra conditions to be satisfied by
the coefficients of the basic load distributions. Two steps appeared to be necessary in order to formu-
late the problem uniquely: the introduction of an extra basic lift distribution, having a non-zero jump

at the junction of the two surfaces (fig. 15) and the introduction of a "mirror-condition" stating that
the slope of the vertical surface lift distribution near the junction must be zero. Without this last con-
dition, a solution as shown in fig. 16 is, mathematically, a possible one.

The transport of loading from the vertical to the horizontal surface is something that must be established
explicitly, by formulating this mirror-condition: the upper part of the vertical surface feels the hori-
zontal surface as an end plate, and reflects itself. Thus a non-zero loading must be possible at the
junction, while the slope of the vertical surface lift distribution must be zero at that point.

m——— .
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7.1.1 The pressure field of the vertical surface

As the load distribution on the vertical surface is known to have the character as shown in fig. 15, it
is convenient to compose the loadddistribution of a triangle part, and the remaining part which makes the
definite shape. The particular solution of the Laplace equation for the far field, which represents the
triangle part is given by:

[~}

{pf“ . C siny, . smev

’ a-n
2 s
foU triangle s:.nh\)v . (cosh\,v - cosev)

A

This particular solution of the far field Laplace equation (cf. (5-14)) has also consequences for the
structure of the near and the common field. Apart from the general first order structure of the pressure
field of a lifting surface cf. (5-25) three extra terms must be included in order to represent the
triangle distribution or the vertical surface. When the matching procedure as worked out in chapter 5 is
applied correctly this leads to the following expression for the pressure field on the vertical surface:

@ an N ® n v
£ C ( ) . g€ ¢ )
P L el 2, bv72 sing, aml Yy bv72 c, /2 iy, +
4 pU2 m coshn v + cr.vx-mav L] T,
gin © \ 1
+— nz'l Cn | (cosev) Qn (coshvv) + (7-2)
Y, Y,
o v o v
Co, ® 72 sine, S, G T2 < 12 sin sind
- m coshr + cosg, * T T, sinx, _ 7 % sinhv_(coshv - cosB )
where
b /2 y } Y,
¢ = {1 - (r‘]’—z-)z} c, - "; (b—%) a=1,2,... (7-3)
v v v v
b /2 Y.
and ¢ =X __.2c 0+
lv <y o bvh

The carthesian coordinates systems used for the T-tail are depicted in fig. 17.

7.1.2 The pressure field of the horizontsl surface
The pressure fiald of the horizontal surface is constructed from the same components as the vertical sur-
face pressure field: a summation of basic loaddistributions, characterized by the Legendre functions P"l,
and triangle loaddistributions, which now are based on half the span, instead of the whole span as in

the previous gection. Therefore, the pressure fields, due to these triangle loaddistributions are written
in their own half span coordinate systems, see fig. 17.

Now in the first order approximation of the pressure field, the near field contribution is zero outside
the span, or, in other terms: this near field contribution is of a higher order. For example the near
field of the left triangle loaddistribution (z, > 0) has no contribution in the region z, < 0. However,
on physical grounds some trouble may be expected for z, + 0. Looking at the matching condition of (5-23),
it is justified to replace the complete pressure field of a lifting surface by the far field only, if the
distance to the mid-chord line is a chord length or more. So, if the region

z
|-Eh‘l| <] is excluded, the complete pressure field can be assumed to have the following form:

p. [ .E___-R } +{n + R }
q q near q far q common q far q far
basic loaddistributions left triangle right triangle
+ {2 - + R -k
q near @ common q near ¢ common (7-4)
left triangle right triangle
*n *h
o“"s-l;rz—‘l] [oﬁm )-l]

The complete expressions for the liftcoefficientdistribution and the pressure field can now be written
using eq. (7-4) and the analogous expressions of the vertical surface pressure field, whereby the triangle-
loaddistributions are assumed to be antisymmetric with respect to 2,

7.1.3 P eliuu field of the complete T-tail

The pr%uu field of the complete T-tail is just a summation of the expressions for the horizontal and the
vertical surface. However, some simplifications have to be made. The same problems with the near field terms
of the pressure field, as indicated in the previous section arise when the pressure is calculated in a point
|2y /b | >1. Then the first order vertical surface pressure field contributes to the pressure only by the

faf tleld terms because the near field terms are restricted to |2y /b | €1. Therefore the assumption is made
that a particle, which follows a path towards the horizontal wrh!u‘f sees the vertical surface as a
1ifting line. This is the same assumption as has been made for two triangle loaddistributions in the previous
secticn. It is consistent now, to represent the horizontal surface pressure field by a lifting line pressure
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field, if a particle follows a path towards the vertical surface. The result is that instead of ome
expression for the complete pressure field two approximate expressions will be used. For a particle tra-
velling to the horizontal surface the total pressure field experienced from the T-tail is thus given by

P P
!—lzh + (——l-,:-) and for a particle travelling to the vertical surface the total pressure field yields:
cu fpU” /far

Ply ( Plh )
—2 + -——2- .
ipU JpU” ‘far

Where
P sin [ 8iné
v Xy T i 1 v
v - - ; -5
(lpuz )far m [n-l Cn Pn (cosev) Qn (coshvv) Co smhvv (cosh\)v - cosev) =2
and
Pin sinxh © sin, 8in®
- I 1 1 hi hi
(!DUZ )far w =i o Pn (°°seh) % (c“h\’h) * 7 Do sinhvh (cosh\»hz + cog@hl) *
si.nxhl_ . sinehr 7-6)
+ T -
[ o sxnhvhr (coshvht + cosehr)
P P
It should be realised that the complete expression —l—}-‘-z + lv2 is completely equivalent to the expressions
foU®  dou
Pin Ply Pln Prv
2 T2 and 2 + T3
{pU $pU”  far 3pU° far = 4pU

for particles travelling to the horizontal (resp. vertical) lifting surface, as long as their distance to
the vertical (horizontal) surface is in the order of the span of the horizontal (vertical) wing (ecf the
matching condition (5-23)).

In fig. 15 a schematical representation of the loaddistribution is given, .Jor the case that the horizontal
tailplane has no angle of incidence. It is clear, that the whole vertical surface loading which is present
at the junction, must be carried over to the horizontal plane and is spread symmetrically. So the magnitude
of the discontinuity in the horizontal plane loading must be equal to the vertical surface loading at the
junction. This must of course also be true, when the horizontal plane has an angle of incidence, and
generates its own loaddistribution.

Strictly spoken this statement is anticipating the solution, so it is not a boundary condition. But as it
simplifies the calculation procedure, and is really evident, it will be treated as such:

{A(Cz . ch)h}z - {(cl - cv)v} , a-n
h v
From eq. (7-3) and the equivalent expression for Cz it follows:
h
n - -
{n‘glcl . e, } 2¢ b, (7-8)
v Yy
&z " !
n
{n:‘,cgh .oy }z . = 2D, b, (7-9)
h _"he _ -1
bh74 bh74
so with eq. (7-6 ) it follows
C, + b, =D b (7-10)

In the expressions for the pressure field there is now one extra indeterminateness left when compared to

the expression (5-30), in the unknown coefficient C .

By the above mentioned mirror-condition, this indet@rminateness can be removed. Y.

Tne mirror condition states that the very last part of the vertical surface (-b-!/2
v

horizontal plane as an infinite plane in which the aerodynamic loading must be reflected without any dis-
continuity. Thus this yield:

+ 1) "feels" the

6(01 'cv)v Yv
-ot‘orw-"l (7-10
é(yv ) v 2
5,77 -

Substituting (7-3) into (7-11) eventually leads to
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o n=l ‘na=1 ® (1-12)
The lift distributions of the horizontal and vertical surface are then determined by two integral equations
analogous to eq. (5-26), one for the particles arriving at the horizontal surface, and one for the vertical
surface.

Since in these equations the integrand contains the unknown liftdistributions of both the horizontal and the
vertical surface (explicitely or in the form of the coefficients (:n and Dn) they must be solved simultane-
ously.

Again this is done numerically using a similar method as described in chapter 5.

A result is shown in fig. 18, where the present method is compared with the results of ref. 1l. This is a i
lifting line method, restricted to arrangements with constant induced sidewash. The agreement between the
vertical surface load distributions is very good, which is not so on the horizontal surface. The latter is
due to the chord distribution of the horizontal surface (assumed in ref. 10). Near the junction the chords
are very large in order to get constant induced sidewash, but this violates the linearization assumption
in the acceleration potential method.

Fig. 19 shows a typical result of a situation with horizontal surface incidence: on one half of the hori-
zontal surface the load distribution has become very small, while on the other half, the interference
augments the load distribution.

7.2 The pressure field of the complete tipvame rotor

The difference between the pressure field expression for a T-tail and for a rotating tipvame rotor is small,
at least in undersynchronous situations. The only difference felt in the method is the path that the
particles follow with respect to the T-tail, or more precisely the continuously changing position of the
tipvane rotor with respect to the straight path of the particles of air. This induces the introduction

of many coordinate transformations but since they are not relevant now they will not be given. Further-
more the evaluation of the final boundary condition of (5-26) implies the partial differentiation of the
pressure field in the y-direction (fig. 3) for the tipvane, and in the z-direction for the turbineblade.
But within the local T-tail coordinate system. this means a differentiation in the -Yp plane and in

the z_ direction. This does not give any problem becausé the pressure field is not singular anywhere,
excep! at the lifting surface itself.

In the oversynchronous situations there are some changes in the st 'ucture of the complete pressure field.
Due to the effects mentioned in chapter 5 it is now necessary to modify the pressure field of the horizon-
tal surface, which now plays the tipvane role according to the expression (5-29). This means that

the pressure field of the tipvane is given by

Pir , Pitcur H ; Pit . . . ;
3 . Here the expression ——— is equivalent to the expression for the horizontal sur-
tp(aR) {p(QR) 1p(aR)

face. Only the dynamic pressure &DU2 has been replaced by ip(ﬂk)z si & the undisturbed flowvelocity felt
by the tipvane equals ((QR)Z + wz)i m (IR for large tipspeedratios A = 7 instead of U felt by the T-tail.

l’chur:

2
fp(QR)
nous state of operation of the isolated rotating tipvane.

The expression for is completely analogous to the one derived in chapter 5-2, for the oversynchro-

A typical result of the complete method in an oversynchronous situation is depicted in figure 20. In

this present calculation 9 collocation points were chosen on the tipvane, and also 9 collocation points
on the turbine blade. Notice the jump in the liftcoefficient distribution over the tipvane at the junction.
Also notice the peak in this distribution on the downstream side of the tipvane at 2z_/b,, = -0,70.

At this position the tipvane meets the trailing vortex tip emanated from the upstream tip of the previous
tipvane.

The present configuration is two-bladed. The expressions given in this paper described the one-bladed
configuration, But addition of extra blades is quite simple. Consider a particle of air travelling along
its assumed straight path towards the turbineblade or the tipvane. Then the experienced accelerations must
be integrated, but now not only those caused by the tipvane turbine blade on which it arrives at t = 0,
but also the accelerations caused by the presence of the other blades. The extension of the method from
one tipvane (turbineblade , tipvaneturbine blade ) to N tipvanes (turbine blades, tipvane turbine blades)
is simply done by s exttazﬁoordimte tr,#-fomtionn, which rotate the tipvane (turbineblade, tipvane-
turbine blade) over 5 2. o (N-1) ' radians with respect to the first tipvane.

The accelerations felt by the above mentioned particle from the situation with N tipvanes (turbine blades,
tipvane turbine blades) are then obtained from the addition of (N-1) pressure fields to the pressure field
of one tipvane (turbine blade, tipvane turbine blade). o 2m o

All these pressure fields are identical, but rotated over i 2 e o (N-1) ' with respect to the

field of the first tipvane (turbine blade, tipvane turbine blade).

Since the tipvane concept is simultaneously developed with the prediction methods no comparisons can be
made with other extensive prediction methods for the complete configuration. Comparison with time-averaged
momentum theories do give similar results, but these agreements do consider only global effects such as
average axial forces, average radial forces etc.

At the moment no models are available on which more detailed information, such as liftdistributions can
be obtained.

8. Conclusions

The analytical method, developed to calculate the flow field of a tipvane rotor, seems to give satis-
factory results. As far as comparisons with experiments and other analytical methods are available,

for conventional turbines and isolated tipvanes, they show reliable results. Particular difficulties, such
as the interference of tipvane and turbine blade, and the interaction of the tipvortices are taken into
account in & correct way,
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Fig. 16: Schematic load distribution on a

T-tail without "end plate" con-
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AERODYNAMIC LOAD CALCULATION ON
HORIZONTAL AXIS WIND TURBINE IN NON UNIFORM FLOW
by
Elio Lupo, Dr.Eng.

Energy Sector
AERITALIA Soc.Aerospaziale Italiana p.Az.
Corso Marche, 41 - 10146 TORINO
ITALY

SUMMARY

The Energy Sector of AERITALIA S.A.I.p.A. has been working for
the past years in the field of horizontal axis wind generator.
During the preliminary design it is important to understand the
source of the aerodynamic loading which plays a critical role
in the design and it is necessary to have a rapid evaluation of
variable loads on the blades due to nonuniform flow.

In order to make the above calculations of blade loads an aero-~-
dynamic computer program, applicable to upwind rotors, has been
developed.

This program takes into account the atmospheric boundary layer
the variaticn in wind direction and tower reflection.

This program performes an aerodynamic analysis based on a combi
nation of momentum and blade element equations and calculates
the aerodynamic conditions and the airloads for 36 azimuth posi
tions of a rigid blade during its rotation.

The inputs of the program are the geometric characteristics of
the rotor and blades, the aerodaynamic characteristic of the
airfoil sections, the wind shear expression, the yaw and tilt
angle with wind direction and the rotor-tower diameter ratio for
cylindrical towers.

axial induction factor

tangential induction factor

empirical factor

number of blades

empirical factor

local chord of blade element (m)

D/(1/2 p UWR)=rotor drag coefficient

profile drag coefficient of blade element

drag coefficient for a cylindrical tower

lift coefficient of blade element

moment coefficient of blade element

N/(1/2 p UTR)=normal force coefficient of one blade
P/(1/2 ¢ uwR)=power coefficient

T/(1/2 § ywR)=tangential force coefficient of one blade
Distance between center of rotor and tower axis (m)
Rotor drag

tip loss factor

height above the ground (m)

hub height (m)

surface roughness length(m)

reference height for wind shear (m)

Normal force on one blade (N)

flatwise moment (Nm)
chordwise moment (Nm)
torsion moment (Nm)
tilting moment (Nm)
Yaw moment (Nm)
Power (Kw)
radius of rotor (m)

Tower radius

local radius of blade element (m)

Tangential force one blade (N)

wind velocity (m/sec)

components of wind velocity respect to x y z axis (m/sec)
reference wind velocity at Hpef (m/sec)

£f1r/Ulocal tip speed ratio

angle of attack of the blade element (degrees)

angle between rotor plane and relative velocity element (degrees)
tip speed ratiofQR/U 3

density of the air (kg/m~)

Bc/2wr local solidit’ ratio of the rotor

angular velocity of the rotor (rad/sec)

exponent of power law wind shear

rotor axis tilt angle (degrees)

yaw angle (degrees)

lateral force on the rotor

vertical force on the rotor
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1. INTRODUCTION

During the preliminary design of a wind turbine it is normal to determine performan
ce and static loads on the blades considering the rotor in a steady, homogenous and non-
turbulent wind stream. However, it is also necessary to know the unsteady load distribu-
tion. An actual wind turbine infact is operating in nonuniform flow (vertical increase
of the average wind velocity so called wind shear, fluctuations in space and time, chan-
ge on wind direction and tower interference).

This paper presents a study developed by AERITALIA Energy Sector on a horizontal
axis wind turbine in nonuniform flow. Turbolence is not taken into account because the
fluctuations in space and time depend strictly on the site where the wind turbine will
be installed and because the turbolence is considered in relation to the turbine control.

The paper is referred to an horizontal axis wind turbine with upwind rotor, two bla
des and cylindrical tower, which can be considered the best trade-off between different
configurations (up- or down -wind rotor, cylindrical or truss tower) considering cost of
design and construction, aerodynamic, structural and aercelastic problem.

2. THEQRY AND REMARKS

Fig.1 shows the reference axes, and Fig.2 "he sign convenction for Q1 (rotational
speed) and y blade azimuth position. For the blade a second system of axes is defined in
Fig.3 x'y'z', where the y'axis is directed along the blade axis on the 25% of chord.

The theory based on a combination of momentum and blade element eguations (ref.1-2)
has been applied for the present st:1y. We have selected these simple equations in order
to have a rapid ¢vi:luation of the bl.de loads for several different configurations and
because fnr the »reliminary design it is not necessary to apply a more complicated theo-
ry, ac free wake theory.

The mode’ for the rotor in nonuniform flow is derived from momentum theory and con-
sists in subdividing the blades in several elements (ref.3); for each element the indu-
ced velocities are calculated in the plane of the rotor, considering the element under
calculation equivalent to a blade element of a rotor in uniform flow. With this assump-
tion it is possible to apply the same relation derived for the rotor in uniform flow.

In crder to calculate these velocities the average values are estimated from momentum
considerations (ref.4). From the induced velocity relative to the blade element the angle
of attack and the effective velocity are calculated. The local lift and drag can be deri-
ved from the data on two-dimensional airfoil sections (CL vsd., Cg vsed). In order to
esti..ate the "tip-losses" the Prandtl correction (ref.S5) has been used

F = (2/w) arccos [exp-(B/Z)(1-r/R)/((r/R)sinOﬂ (2.1)

where B is the number of blades
r/R non dimensional station along the blade
R rotor radius
8 angle from relative velocity to plane of rotation

In operating conditions the momentum theory leads contradictory results when the in
duced velocities in the rotor plane become larger than one half of the wind velocity.
The increase of the induced velocities is coupled with an increase of the wake width be-
hind the rotor (continuity equation). At a certain moment the wake structure breaks down
into turbolence and it is not more possible to apply the momentum theory. In order to cal
culate the turbulent wake state some empirical relations between the axial force and the
average velocity through the rotor disk (ref.6 - ref.1) has been incorporated in the ma-
thematical model. By the momentum theory the relation between the induced axial velocity
at the rotor disk (aU) and the axial force of the rotor (D) can be written in non-dimen
sional form:

Cp = 4a (1-a) (2.2)

This parabolic relation is plotted in Fig.4, but for (1-a)<€ 0.5 it is not applicable.
Ref.6 proposes for (1-a)< 0.6 the empirical relation also plotted in fig.4 which can be
linearized by the following expression:

Cp = A-C (1-a) (2.3)
where
A=1,6 and C = 1.066

Assumed that (2.3) is also valid for each blade element, it has been introduced on the
relation Cp, versus 8 of the single element for (1-a) < 0.6.

The relation between Cj and ® is (momentum theory - ref.5)
o'Cp, cos & (Upe1/U)2=4F 8inBcos @ (sin J+XcosP ) (cos 8- Xsind) (2.4

which is plotted in fig.5 for one value of the local tip speed ratio X =Qr/R. Conside-
ring the simple theory the operating point of the blade element is determined by the in
tersection between this curve and the airfoil lift versus aerodynamic angle of the bla-
de element. If & is less than®q ((1-a)< 0.6) it is necessary to introduce the relation
derived from experimental data. For01 corresponding to (1-a)=0.6, Cr1 is calculated by
the equation (2.4). The second point Cr2 for & =0 is determined considering that the
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lift C;, has a non tangential component and that there is no tangential velocity (a'=0).
The linear expression for Cp, vs &is:

cL = (€, - [ew, - cun] 88, @.5)

At this point it is possible to calculate the operating point of the blade element in
the turbulent wake state.

The coefficients of the normal force, tangential force and power for the blade ele-
ment can be calculated from the following equations:

dCN = 1/wCp(c/R) cos 8 (sin 8 +Xcos 8)2 [1+(Cd/cL)tg 9]d(r/R) (2.6)
dCqp = 1/wCy,(c/R) sin 8 (sin & +Xcos 8)2 [1—(Cd/cL)cotg9] d(r/R) (2.7)
dCp = XdCrp (2.8)

considering the local tip speed ratio,which depends on the radial and azimuth position of
the blade element, derived from local wind and tip speed due to a nonuniform flow.

By performing int.yration along the blade, considering the local wind speed, the fol
lowing loads can be determined for the complete blade at y position: normal force N (x' —
axis), tangential force T (z'axis), flatwise moment Mg (z'axis), chordwise moment Mc
(x'axis) and torsion moment MT (y'axis). The integration of 2.8 along the blade provides
the power extraction from the wind for one blade at the w azimuth position. Considering
the different loads for each azimuth angle of the blade, the resultant force on the rotor
along the y and z axis and the tilting and lateral moment My, Mz can be calculated.

3. VERTICAL WIND SHEAR

The variation of the average wind velocity with height due to the ground friction is
known as the vertical wind shear and it is a typical example of wind nonuniformity
(ref.8). The exact variation with height depends upon the ground surface roughness cha-
racteristics. The vertical wind shear can be represented by two mathemutiical expressions:
a power law or a logarithmic law (ref.9).

In most cases it is possible to consider a more or less linear velocity increase
between the top and the bottom of the rotor, because the wind turbine is placed at some
height above the ground (fig.6). In this case the following comments can be made:

- The force along x axis or drag (D) and the torque are not affected by a linear shear
for rotors with two or more blades.

- The side force (y) and the tilting moment (My) vary as sinquin case of one or two bla-
des rotors; they have a constant non zero value for three or more bladed rotors and the
sign do not change during rotation.

- The vertical force (z) and the yawing moment (M2) vary as singcosy in case of one or
two bladed rotors and they are equal to zero for three of more bladed rotors.

To obtain a more valid result the wind speed variation can be expressed by one of the
two following mathematical expressions (3.1 e 3.2). One is the power law relationship:

U/Uref = (Hi/Href) § (3.1)

where the U ref. is the wind velocity at the reference height Href. and the exponent $
depends on the surface type:

ice 0.09
show 0.10
sea 0.11

Flat open country

Low roughness crops 0.14 =+ 0.18

{
i meadow 0.10
|
{

wooded 0.10
Rough city suburbs 0.28
Very rough urban center 0.24 + 0.35

The reference height is normally 10 meters. The relation 3.1 is very important in the per

formance analysis of the wind turbine rotor and it yields conservative results for the po
wer extraction.

For conservative results of the airioads on the blades it is better to use the second
mathematical expression based on a logarithmic law:

U/Uref = in (H/Ho) / 1n (Href/ﬂo) (3.2,

where Ho is the surface roughness length. For engineering applications, a value of Ho =0.2
meters is recommended for the surface roughness length.
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4. TOWER DISTURBANCE

The tower produces a disturbance in the wind flow of the rotor blades. In the case
of an upwind rotor (tower reflection) the disturbance velocities are due to the obstruc-
tion represented by the tower. These velocity variations can be calculated from the po-
tential flow theory employing polar coordinates with respect to the tower axis. It is
possible to calculate the effective wind velocity of the blade element for each azimuth
angle ¥ and for each position along the blade, considering the distance of the element
under calculation from the tower axis.

In the case of down-wind rotor the blade is subjected to aerodynamic shadow of the
tower. In this case it is difficult to represent the velocity distribution of tower wake
with a mathematical expression. During the preliminary design it is possible to compute
this wake as a function of the tower drag coefficient. For symmetrical bodies, such as
a cylindrical tower we can calculate the velocity distribution with the following rela-
tionship (ref.10):

Uy/U = 1-K1 e K2 (F/R sing)

(4.1)
where Kq and K3 are:

Ky = 4-107%cgpy - (RS (Rp/x) 5
6 (Rv) (R/RPZ - R/

where RN is the Reynolds number for the complete tower.

Ky = 2.5-10°

Taking into account the initial choise of an upwind configuration,the aerodynamic pro
gram for the airloads calculation considers only the case of tower reflection. The distur
bance is considered only when the blade passes near the tower for azimuthal positions
from 140° to 220°.

5. CROSS FLOW

In several operating conditions rotor is working in cross flow conditions, such as
in presence of sidegust or changes in wind direction not sufficient or rapid enough to be
compensated by rotation of the rotor axis. The lateral flow and the variations in wind di
rection produce rotor moments that are function of the inflow angle and wind lateral velo
city. In many cases the misalignment of the rotor axis with the wind speed vector is pre-
sent in normal operation, because in the design a tilt angle is introduced to move the
blade away from the tower (fig.7).

If the cross flow component is of the same order of magnitude as the axial component
it cannot be analysed by simple methods, but it requires complex free wake analyses. When
the rotor is operating under cross flow condition, it is subjected to conditions similar
to helicopter blades during forward flight: the experimental and theoretical results in-
dicate that the flow is highly nonuniform. The primary effect of cross flow is to genera-
te time varying loads on the rotor containing all harmonics of rotational speed, in parti
cular a first harmonic (once per revolution) component is important to consider for the
airloads.

During the preliminary design and in absence of an adequate experimental basis, for
estimating these blade loads, a reasonable first approximation may be made neglecting the
nonuniformity of the flow perpendicular to the rotor plane and considering only the ef-
fect of the cross flow velocity component in the plane of the rotor (ref.11). The blade
sees a time varying velocity during its rotation, the velocity component of the cross flow
in the rotor plane is added to the rotational velocity on one side of disc (advanced bla-
de) and subtracted on the other side (returned back blade). Two inflow angles are intro-
duced in the program to consider the cross flow. They describe the misalignment of the ro
tor axis with the wind direction: one in the vertical plane Yy (tilt angle) and the other
in the horizontal plane & (yaw angle); for the sign of the two angles see fig.6-7. Consi-
dering these angles we have two velocity components in the plane of the rotor disc: along
the y axis and z axis (yaw and tilt angles respectively)

Uy = Usin (%) Uz = Usin (f) (5.1)
The local tip speed of the element !s calculated by the relation:
V =8r - Uycosy - U,siny (5.2)
On the basis of this consideration it is possible to calculate flatwise and chord-

wise blade moments depending on the azimuth position of the blade. They cause a tilting
and lateral moment (MY, MZ) on the rotor.

6. PROGRAM DESCRIPTION

To determine the aerodynamic loads of the blades a computer program based on the theo
ry previously described has been developed. The wind turbine modelled in this program is
a two blade horizontal axis type with a central hub. The blades are assumed identical and
can present any given twist and chord distribution. The entire rotor assembly is assumed
to be rigid and turning at a constant angular velocity. Each blade is divided into 20
gspanwise sections, equal in length, between the tip and root sections; the region of the
rotor hub is modelled by a simple cut-out of each blade.
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By an interative procedure the program calculates the aerodynamic conditions of the
blade elements and the loads on the blade and on the rotor for 36 azimutal positions. All
calculations are made with non dimensional relations but the outputs are in dimensional
form because the rotor dia. and rotor speed are defined.

The program can make the required calculations for a defined wind speed range and
for various blade configuration angles; for example it is also possible to calculate the
blade loads in nonuniform flow for the tip controlled rotor. This control type is applied
in the large horizontal axis wind turbines, the portion of the blade with a variable pitch
is normally 35-30% of the radius at the blade tip.

The program calculates the rotor performance and characteristics according to the
following flow chart representation.

FLOW CHART

READ INPUT

| WRITE GEOMETRICAL DATA OF THE BLADE |

1
I START LOOP OF THE WIND VELOCITY]
1

START LOOP OF AZIMUTAL
POSITION 10%y<360°
T
START LOOP OF BLADE ELEMENT
ALONG THE BLADE RADIUS
|
CALCULATION OF WIND
VELOCITY RELATIVE TO THE ELEMENT
1

| SETTING ANGLE AND ELEMENT CHORD CALCULATION |

1
ITERATIVE PROCEDURE TO CALCULATE
THE INDUCED VELOCITY, & ,Cp,

1

[*AERODYNAMIC COEFFICIENT PROFILE CALCULATION 1

.
| END rLoOP OF THE ELEMENT |
1

CALCULATION OF THE POWER
EXTRACTION AT THIS Y ANGLE
1

| LoADS CALCULATION ALONG THE BLADE |
1
OUTPUT OF LOADS IN FLATWISE AND CHORDWISE
AND AERODYNAMIC CONDITION ALONG THE BLADE

1 —
TILTING AND LATERAL MOMENT
AND FORCE CALCULATION v, Z, MY, M2

B EN; LOOP OF ¢ |

POWER CALCULATION
CONSIDERING THE TWO BLADES AT EVERY ¥ POSITION
|

| AVERAGE CALCULATION FOR EACH LOADS |

I
[ END TOOP OF WIND VELOCITY |}
1

OUTPUT OF THE ROTOR PERFORMANCE,
BLADE LOADS AT THE ROOT, MOMENTS
AND FORCES RESPECT TO THE X y 2z

AXIS FOR EACH AZIMUTAL POSITION

AND FOR EACH WIND VELOCITY

1
| PLOTTING RESULTS |

The inputs data necessary to run the program may be subdivided in five sections:
Section 1 : dimensional data

~ Rotor diameter (m)
- Rotational speed R.P.M.
- Tip pitch angle of the blade tip section (degrees)

- Root pitch angle of the blade root section (only for a tip controlled rotor) (degrees)
- Tilt angle ¥ (degrees)
- Coning angle
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Section 2: geometrical data of blade and tower (non dimensionalized by the rotor radius)

Coefficients of the linear or parabolic expression of the taper ratio and blade twist
- Reference height Href/R

~ Hub height Ho/R

-~ Distance between center of rotor and tower axis dm/R

Section 3: wind characteristics

- Range of the wind speed under calculation (m/sec)
- Exponent of power law of wind shear or surface roughness length Hg
- Cross flow angle of the rotor axis & (yaw) (degrees)

Section 4: aerodynamic characteristics of the airfoil section along the blade
- Coefficients of the mathematical expressions of the Cp, Cd, Cm versus o
Section 5: flags for the control program option

- Wind shear with power or logarithmic law
- "long printout" or "short printout”
- no or yes results plotter.

7. RESULTS AND CONCLUSIONS

Using the program herein described we have investigated a wind turbine with the fol
lowing configuration:

N° of blades =2

Rotor Dia. =32 m
Rotational speed = 40.6 RPM
Tip chord =2.5m
Taper ratio = Linear
Twist angle = 6°©

Hub Dia. = 3.2 m
Coning angle = 4°

Hub height =26 m
Tower Dia. =1.6m
Rotor distance from tower axis = 3.5m
Rotor configuration = upwind
Tilt angle = 6°

Tip pitch angle for the whole blade = 1°
Airfoil section = NACA 44XxX

The wind turbine is evaluated for a nonuniform flow considering the logarithmic law
for the wind shear with Hy = 0.2 m, Href = 10 m, and a cross flow angle of 5°2. The wind
speeds evaluated at the hub height were 8-9-10 m/sec. These speeds correspond to the re-
ference height (10 m) respectively to 6.5 - 7.3 - 8.1 m/sec.

In this paper we have included only the graphic results of the load calculation
(fig.g8-14)but with the option of a "long printout" it is possible to have the loads and
the aerodynamic characteristics along the blade. From the diagrams it is clear that the
rotor loads (drag D, lateral moment MZ, tilting moment MY) and the power present a pe-
riod of twice per revolution while the first harmonic of the blade loads is one per re-
volution. In the diagrams of the blade loads at the root (MB, MC, MT) the influence of
the wind shear can be observed. At the bottom azimuth position (¥ = 180°), it is also pos
sible to see the influence of the tower reflection. In the present case the tower distur-
bance is not large because the turbine has an up-wind rotor and the distance between the
blade and the tower has been optimized. The average values of the moments at the blade
root are:

wind speed (m/sec) 8 9 10

MB (Nm) - 100424.0 -116704.0 -132130.0
MC (Nm) 10273.0 14452.0 19013.0
MT (Nm) 4596.0 5967.0 7413.0

The difference between the maximum and minimum value during the rotation in percent of
average value is:

wind speed (m/sec) 8 9 10
MB (%) 42 43 44
MC (%) 80 79 78
MT (%) 46 40 38

These variations are very important for the blade design considering the fatigue life.

To investigate the importance of each type of flow non uniformity it is possible to
use the program considering separately wind shear, cross flow and tower disturbance. For
example in the last diagram the lateral force Y due only to the tower reflection
is shown.

The results obtained from this theoretical analysis must be compared with the experi
mental data. Preliminary wind tunnel test results concerning the distribution of loads
along the blade will be available in the next future. Moreover we are waiting forthe ex-
perimental campaign with the actual wind turbine in order to have sufficlents available
data for a good comparison.
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PREDICTION ET VERIFICATION EXPERIMENTALE
DU CHAMP DES VITESSES D'UN ROTOR
EN VOL STATIONNAIRE

C. MARESCA, Maitre de Recherche au C.N.R.S.
M. NSI MBA, Attaché de Recherche a4 1'I.M.F.M.
D. FAVIER, Chargé de Recherche au C.N.R.S.

Institut de Mécanique des Fluides. LA 03 du C.N.R.S.
1, rue Honnorat, 13003 Marseille, FRANCE

SOMMAIRE

L'étude dont il est fait état ici a pour objet de tester les hypoth2ses et les limites de vali-
dité d'un code de calcul relatif aux performances d'un rotor d'hélicoptdre en vol stationnaire.

Ce calcul, mis au point A l'origine par la S.N.I.A.S. Marignane, est basé sur le principe de
mise en équilibre partielle d'un sillage initialement prescrit 2 partir de lois empiriques et permet de
déterminer le chawp de vitesses instantané et les performances associées. L'expérience a consisté en des
mesures des trois composantes du vecteur vitesse a 1'aide d'anémom2tres & fils chauds croisés et A laser
et en la détermination des lignes tourbillonnaires d'extrémité par visualisation et anémométrie a fils
chauds ‘croisés. Les efforts globaux (traction et couple) ont été de méme mesurés.

Les confrontations calcul-expérience ont été réalisées dans une grande gamme de variation des
paramdtres : nombre de pales, pas général, vrillage (linéaire et non linéaire), géométrie de l'extrémité.
Le résultat de ces confrontations montre que pour certaines configurations, le calcul est satisfaisant,
(quadripale, forte charge, vrillage linéaire, extrémités rectangulaires ou effilées). Par contre, il est 2a
revoir pour les autres configurations. La prise en compte d'un sillage lointain mieux modélisé et d'unme
structure évolutive du noyau tourbillonnaire mise en évidence par 1'expérience s'averent indispensables dans
le modéle de calcul.

NOTATIONS s s
T, conicité
b : nombre de pales
¢ : corde des profils (0,05 m)
C : couple du rotor
CQ : coefficient de puissance : 3C 3
pmR (V)
.. . e T

CT : coefficient de traction : 53

pm R Ve

2 : coefficient de portance des profils 6C
: coefficient moyen de traction : OT
i 022
F.M. : figure de mérite 33
Vz pTRT " CQ
0zZYZ : triddre défini dans la figure 5
r : abscisse radisle comptée 2 partir du moyeu
T, : rayon du noyau tourbillonnaire d'extrémité
R : rayon du rotor
t : temps
T : traction du rotor
u
v : composantes radiale, tangentielle et axiale : voir figure 5
w
v : vitesse en extrémité de pale (fR)
=€ . 200 Cy
4 : traction réduite : —
: b.c

o : plénitude du rotor : TR
90,75 : pas général
ev : vrillage
¥ : azimut ou phase (Qt)
Q : vitesse angulaire du rotor
p : masse volumique de l'air (1,225 kg/m3)
r : circulation

1. INTRODUCTION

Depuis plusieurs décades, les aérodynamiciens des rotors d'hélicopt2re développent des codes de
calcul de plus en plus sophistiqués afin de relever le défi lancé pour améliorer les performances de ces
rotors. En particulier, le cas du vol stationnaire, qui présente une étape importante vers 1'étude plus
smbitieusedu vol d'avancement, a retenu l'attention de nombreux chercheurs. L'effort déployé pour détermi-
ner les caractévistiques aérodynamiques liées 2 ce type de vol porte essentiellement sur la modélisation
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du sillage et principalement sur la détermination de la ligne tourbillonnaire d'extrémité de pale qui est
1'un des paramdtres fondamentaux dans les calculs entrepris.

Une premidre génération de ces calculsa consisté A introduire dans lescodesun sillage du rotor
"prescrit' préalablement par des fgru;ions empiriques tirées d'expériences effectuées sur de nombreux
rotors. Les travaux de Landgrebe( 1 ).ainsi que ceux présentés dans la référence 2 (voir par exemple
Cheney et al, Gray et al, etc...) donnent un vaste apergu de ce qui a été fait concernant cette premidre
génération. On citera de méme la référence !" qui concerne des rotors & faible paramétre d'avancement.

(3) Ces dernidres années, une seconde génération de calcul a été lancée aux Etats-Unis par Kocurek
et al ~’, Scully(“), Gohard(5), Summa et a1(6) et en France par Courjaret et a1 puis Pouradier et a1@),
La principale innovation consiste en ce que le sillage est assujetti 3 affecter une géométrie "libre" dé-
finie sous l'influence de 1'établissement des vitesses induites.

Ainsi la connaissance de mise en équilibre du sillage conduit 2 une détermination des charges
subies par les pales et par suite 2 une optimisation qui sont plus proches de la réalité.

9 . : .
Le code de calcul développé par la S.N.I.A.S.( ) avec l'appui expérimental de 1'O.N.E.R.A. a déja
donné lieu 2 une série de vérifications destinées 2 fixer les limites du calcul et éventuellement 2 le faire
évoluer.

Dans le méme esprit, 1'I.M.F.M., avec le soutien de la Direction des Recherches Etudes et Techni-
ques, a entrepris un vaste programme d'études destiné i tester le code de calcul existant relativement 3
divers paramdtres tels que : le nombre de pales, le pas général, le vrillage (linéaire et non linéaire),
la géométrie de l'extrémité. Le but du présent document est donc de montrer sur un tr2s grand nombre de cas,
les confrontations réalisées entre calcul et expérience et d'en dégager les enseignements.

Aprés avoir présenté dans le paragraphe 2 le calcul des vitesses induites dans le sillage en
faisant ressortir ses avantages et ses faiblesses, le paragraphe 3 fait é&tat du programme d'essais effec-
tué et des techniques de mesure mises en oeuvre : a) anémom2tres 2 fils chauds croisés et 2 laser utilisés
pour la détermination des lignes tourbillonmaires d'extrémité et des vitesses induites ; b) visualisations
pour la détermination des lignes tourbillonnaires tres prds du plan de rotation des pales, ainsi que pour
la détermination de la variation avec la phase du noyau tourbillonnaire. La comparaison entre le calcul et
1'expérience est effectuée sur différentes configurations de rotors dans le paragraphe 4. Les enseignements
qui en sont tirés, permettent de fixer les limites du calcul exploité et d'en présenter les modifications
futures 3 y apporter.

2. CALCUL

Les hypothéses faites et les méthodes de résolution de ce moddle de calcul sont développées en
détail dans les références (7) et (8). Nous nous contenterons ici d'en retracer les grandes ligmes.

La pale est assimilée 3 une ligne portante située au quart avant, et la distribution tourbillon-
naire suivant cette ligne est supposée continue.

Le programme de calcul consiste en une mise en équilibre partielle du sillage;la ligne tourbil-
lonnaire marginale peut &tre mise en équilibre depuis son départ de la pale émettrice jusqu'a son passage
sous la pale suivante correspondant 2 la phase | = 21/b ; au-deld, la ligne tourbillonnaire est supposée
descendre et se contracter selon les lois expérimentales définies dans les références (1) er ''0N), jusqu'a
la phase 87/b. Le reste du sillage est remplacé par un anneau tourbillonnaire de rayon 1,2 R p.. :é & une
distance axiale correspondant 3 87/b et dont 1l'intensité est quatre fois celle de la ligne d'émission d'ex-
trémité.

Les données d'entrée du calcul sont : la configuration géométrique du rotor, les polaires sta-
tionnaires des profils constituant la pale et le coefficient de tractionm.

Différentes étapes de la mise en équilibre :

lére étape

La ligne marginale de départ ou géométrie initiale du sillage est fixée en fonction du vrillage
et du coefficient de traction par application des lois de descente et de contraction de la nagpe tourbillon-
naire et de la ligne marginale ; ces lois ont été déterminées expérimentalement par Landgrebe 1), puis af-
finées par Kocurek et Tangler(10).

La distribution de circulation sur la pale est approximée par un développement en cosinus dont les
coefficients sont déduits A partir des polaires stationnaires et de la donnée des vitesses incidentes. Les
vitesses induites sont ensuite calculées en chacun des points de la ligne tourbillonnaire marginale par ap-
plication de la loi de Biot et Savart.

2%me étape

Une nouvelle géométrie du sillage est obtenue par l'intégration des vitesses induites suivant un
incrément de temps,ou encore suivant AY.
- Les étapes 1 et 2 sont répctées jusqu'd ce que la ligne tourbillonnaire marginale soit tangente en chacun
de ses points aux vitesees induites calculées sur ces points. On dit alors que le sillage s'est mis "libre-
ment" en équilibre sous 1'effet du champ de vitesses induites développé.

Jime étape

La mise en équilibre précédente conduit 2 la détermination de nouvelles vitesses incidentes sur
les différents profils de pale donc A une nouvelle distribution de circulation sur la pale donnée par la loi
de Kutta-Joukowski qui est compatible avec la nouvelle géométrie de sillage obtenue.

~ Les étapes 1 2 3 sont répétées jusqu'd ce que la circulation obtenue A 1'étape 3 soit compatible avec cel-
le donnée A 1'étape 1.

A chaque itération de la circulation, on change le pas général de manidre 3 conserver constant le
coefficient de traction fixé au départ. La figure 1 donne 1'organigramme du calcul précédemment décrit. Pour
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1'instant, il n'a pas été apporté de grandes modifications au mod2le exploité dans les références (7) et
(8) en raison du temps qu'as demandé la compargison calcul - expérience sur un nombre de cas qui s'est vou-
lu le plus grand possible afin de pouvoir tester le code sur une large gamme de paramdtres.

Faiblesses du calcul

Bien que la ligne tourbillonnaire se mette en équilibre sous 1'effet des vitesses induites, cet-
te mise en équili?f? s'effectue seulement entre Y = O et ¥ = 2n/b. Pour 2n/b < < 8n/b, on fait appel 2
une loi empirique''’. La géométrie du sillage lointain (¢ > 8m/b) n'est pas définie mais remplacée arti-
ficiellement par un anneau de recirculation.

- La structure des noyaux tourbillonnaires n'intervient pas dans le calcul. 11 est fait 1'hypo-
these que le rayon du tourbillon ry est constant tout au long de la ligne d'extrémité et égal arbitraire-
ment 2 5.1073R. La figure (2) représente 1'influence de la variation du rayon du noyau tourbillonnaire sur
les lignes marginales d'émission obtenues. Les courbes en pointillés donnent les variations avec la phase
de r/R et z/R pour 2 valeurs de r /R ¥ 5.1073 et 2,5.1073. On n'a décelé aucune différence dans les résul-
tats de calcul : les deux séries de courbes sont confondues. Par contre, lorsque le rayon rt/R est pris
égal 2 1072, on obtient les courbes en traits continus qui attestent une contraction des lignes marginales
plus grande que celle obtenue avec une valeur arbitraire de r /R = 5.107° (courbe 1) et une vitesse de
descente des tourbillons plus grande.

- En ce qui concerne la technique de calcul, le fait d'avoir modélisé la pale par une ligne por-
tante interdit, comme le montre Kocurek dans la référence (3), d'appliquer le calcul 2 des extrémités en
flaches,en raison des indéterminations de vitesse qui apparaissent aux points de calcul choisis sur la pale.

- Le calcul des vitesses induites par intégration numérique de la formule de Biot et Savart repo-
se sur la méthode de Gauss qui utilise un nombre fini de points de calcul le long de 1a pale et de la ligne
tourbillonnaire marginale. Un nombre de points de calcul égal 2 1] s'avdre suffisant dans le cas de rotors
quadripales. Une optimisation de ce nombre de points de calcul est actuellement en cours pour des rotors
tripales et bipales.

- Enfin, l'exploitation a &té jusqu'a présent effectuée au Centre de Calcul du Pharo de 1'Univer-
sité d'Aix-Marseille II, qui dispose d'un ordinateur IRIS 80.Les Universités du Sud-Est de la France ont,2
présent, la possibilité d'8tre reliées au Centre de Calcul de Montpellier (C.N.U.5.C.) qui dispose d'un
ordinateur nettement plus puissant (IBM.3033). A titre d'exemple, la mise en équilibre et le calcul des vi-
tesses induites dans un plan du sillage nécessite actuellement un temps de 20 mn C.P.U. dans les cas extré-
mes {convergence difficile). Ce temps sera ramené 3 1 mn C.P.U. sur 1'IBM de Montpellier.

3. EXPERIENCES
3.1. Le rotor

Le rotor de 1,5 m de diamdtre, articulé en battement et en trainée, est décrit en détail dans la
référence (11). La figure 3 montre des vues du montage réaglisé dans la veine de la soufflerie elliptique de
1'I1.M.F.M. Les essais présentés par la suite sont relatifs 3 des vitesses en bout de pales de 1'ordre de
107 m/s.

3.2. Jeux de pales utilisés

Les différents jeux de pales, en fibre de carbome et de fabrication S.N.I.A.5., sont répertoriés
sur la figure 4. Les rotors ont &té numérotés de 1 & 6 suivant les pales qui les équipent. La corde c est
égale a 0,05 m.

3.3. Techniques de mesure

- La mesure des efforts (traction et couple) s'effectue globalement 2 1'aide de jauges de con-
traintes disposées sur le tube de support du rotor.

- La détermination des vitesses induites est réalisée 2 l'aide d'une sonde 3 fils chauds croisés
dont le support est monté sur un chariot explorateur (voir figure 3) se déplagant en r et z. Le signal de
sortie, linéarisé avec la vitesse, est numérisé et exploité sur ordinateur HP 9345 B. Le vecteur vitesse
résultant en fonction du temps est déduit de deux positions de mesure successives de la sonde, comme indi-
qué sur 1a figure 5. Cette technique est utilisée pour la zone interne du sillage jusqu'a la fronmtidre af
finie par la nappe tourbillonnaire warginale. Au-deld de cette zone, la mesure des vitesses, notamment
celle des courants de retour, est effectuée 2 1'aide d'un vélocimdtre 3 laser bidimensionnel, fonctionnant
en rétrodiffusion et muni d'une cellule de Bragg. Les optiq:i s d'émissions ont des focales de 1000 mm et
1800 mm, permettant une exploration compldte du champ aérodynamique.

La figure 6 représente 1'implantation du vélocimdtre proprement dit dans la veine pour la photo
du haut, et le systdme d'acquisition et d'exploitation des données pour la photo du bas.

- La détermination des lignes marginales tourbillor.-aires a été effectuée & 1l'aide de la sonde a
fils chauds croisés dans les régions ol les risques de collission des pales avec la sonde n'est pas trop
grand (en général y > 70° ou 80°). La sonde est amenée dans un plan z du sillage et le voltage de sortie
de la sonde, proportionnel 3 la composante W, est envoyé sur un oscilloscope dont le balayage est synchro-
nisé sur la rotation de la pale (la phase y = O correspond au passage d'une pale au droit de la sonde). Il
est alors procé&dé 2 un déplacement radial du chariot depuis l'extrémité de la pale vers le moyeu. Durant
ce déplacement, 1'observation de la trace de l'oscilloscope ainsique celle du niveau de turbulence permet
de localiser le passage du tourbillon sur la sonde qui se manifeste par un niveau de turbulence maximum et
un pic de vitesse important. Le chsriot est alors arr@té et la variation de W au cours d'une période est
enregistrée, permettant ainsi de déterminer le déphasage du passage du tourbillon par rapport 2 la pale
qui 1'a largué. La ligne marginale est donc compl2tement déterminée par la mesure de r, z et V.

Afin de déterminer cette ligne dans des zones plus proches du plan de rotation, il a été fait
appel 2 une technique dv visualisation. La fumée blanche constituée par de 1'air chargé de chlorhydrate
d'ammonium est émise de manidre continue 2 1'aide d'un émetteur profilé placé en aval du plan de rotation
dans la zone de courants de retour.

Un gystedme vidéo (caméra~ moniteur - magnétoscope perwettant 1'arrdt sur image et par suite une
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photographie de 1'écran du moniteur) complété par un éclairage stroboscopique synchronisé sur la rotation
des pales est utilisé pour la mise en évidence des lignes d'émissions de 1'écoulement qui peut &tre réa-
lisée a toute phase Y. Les photographies de la figure 7 montrent un exemple de deux lignes d'émission
obtenues aux phases ¥ = 0° et 10°., Ces lignes visualisent parfaitement 1l'intersection des lignes tourbil-
lonnaires d'extrémité avec le plan diamétral dans lequel la fumée est émise. Il est alors aisé, 2 1'aide
des photographies prises a différentes phases entre 0° et 90° de mesurer la position du tourbillon en r et
z et donc de compléter les mesures faites 2 la sonde 3 fils chauds.

De plus, il est possible de mesurer le diam2tre du noyau tourbillonnaire et d'en donner son évo-
lution en fonction de la phase. A titre d'exemple, la figure 8 présente les variations avec la phase des
rayons r_mesurés suivant cette technique. Les résultatsreportés ici sont relatifs aux rotors 1,3,4,5 et
2 un pas général © = 10°. On constate que durant la fraction de temps séparant le largage du tourbil-
lon (P = 0°) et la prémidre interaction (Y = 90°), le rayon du tourbillon subit de fortes variations puis-
qu'il passe grosso-modo du simple au double. Ce résultat montre clairement que l'hypothese de calcul d'un
noyau de dimension constante durant la mise en équilibre est a améliorer.

3.4, Programme d'essais

Le programme d'essais a été résumé sur le tableau de la figure 9. Les résultats relatifs au ro-
tor n°6 n'ont pas encore é&té exploités. Lors de tous ces essais, la vitesse en bout de pale a été maintenue
constante a 107 m/s.

Les mesures de vitesses induites 3 1'anémomtre 3 fils ci.~uds croisés ou au laser ont concerné
généralement 2 2 3 plans dans le sillage correspondants aux phases ¥ = 4/3 n/b, 2n/b, 3n/b. En chacun de
ces plans, les variations de la vitesse avec le temps ont été enregis.rées pour une dizaine de valeurs de
la coordonnée radiale ; le pas entre ces mesures radiales a été resserré 3 l'approche de la position du
tourbillon marginal.

4. RESULTATS. COMPARAISON CALCUL-EXPERIENCE

Les résultats présentés ici testent le code de calcul sur cinqg rotors par confrontation 2 1'ex-
périence (voir tableau de la figure 9). Il est donc possible de juger de 1'influence des paramdtres sui-
vants : pas général, nombre de pales, vrillage, extrémités, dans la limite de variation de ces paramdtres.
Quand le calcul 1'a permis, la confrontation porte sur les performances (figures de mérite), les lignes
tourbillonnaires marginales, et les vitesses induites dans le sillage.

4.1. Figures de mérite

Les valeurs expérimentales des figures de mérite sont comparées dans le cas de rotors quadri-
pales (rotors 1,4 et 5)) sur la figure 10 en fonction de & ou C, , avec 10 < % < 20. (Le rotor 2 n'est pas
reporté ici, la valeur du couple n'ayant pas été mesurée). Avan%“de comparer le calcul A ces valeurs, on
remarquera 1'avantage de_l'extrémité en flache sur une_extrémité purement effilée pour E > 15 avec inver-
sion des tendances pour E < 15. Aux fortes valeurs de £ (E > 20), les pales A vrillage linéaire et 2
extrémité droite semblent plus performantes.

Evidemment le param2tre nombre de pales n'a pas été pris en compte ici, mais les essais actuel-
lement en cours 2 1'I.M.F.M. permettront de poursuivre 1'analyse faite & la lumi2re de ce nouveau para-
métre.

I1 est de plus A noter que pour des g < 16, les tendances dégagées ci-dessus sont en accord avec
les résultats présentés dans la référence (12) qui sont relatifs 2 des vitesses en bout de pale ae 196 m/s.
L'influence de ce paramdtre V_ne semble donc pas se manifester sur la répartition des figures de mérite
tout au moins tant que Z resté inférieur 2 16 (CzM < 0,5 ).

Les tableaux ci-dessous résument la confrontation effectuée sur les figures de mérite.

Rotor 1
: e0,75 : FM Ha e0,75 : FM :
essai f 10 f 0,74 Ef 8 f 0,629
N caleul 11,05 ' 0,705 °° 8,61 0,649
: Rotor 3
. : e0,75 : FM H e0,75 : FH :
= essai ' 10 Poo,7136 P 8 i 0,622
i : , — * -
caleul 12,45 0,789  ’convergence non obtenue
: ' ‘‘aprds 40 itérations '
Rotor 5
: e0L75 : FH HE e0,75 : FM HH e0.75 H FH :
, essai  ° 10 0,682 1 8 i o,5961 F 6 Poo,512
: : ] : t:iconvergence non obtenue :
calcul . 13,19 H 0,7619 ] 10, 60 : 0,573 ::aprads 40 itérations :
! On remarque que dans toutes les configurations de rotor étudiées, le calcul surestime les pas
généraux de 1'ordre de 10 X pour le rotor 1, de 24 ¥% pour le rotor 3 et de 32 X pour le rotor S.
4
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Pour le pas général de 10°, l'efficacité sustentatrice Fy est donc sous-estimée pour le rotor 1,
tandis que le calcul donfie un gain de cette efficacité de 11 X pour le rotor 3, et de 12 % pour le rotor
5. Par contre, pour le pas général de 8°, on a une sous-estimation de sustentation pour le rotor 5 de
1'ordre de 3 % tandis qu'un gain du méme ordre est observé pour le rotor 1.

4.2. Lignes tourbillonnaires marginales

La confrontation générale effectuée sur les lignes tourbillonnaires marginales et présentée sur
le tableau de la figure 9 permet de dégager quelques lois d'ensemble. Il ressort que pour des pas et un
nombre de pales relativement élevés (10° et 4 respectivement), 1'accord calcul-expérience est bon dans
tous les cas testés sauf pour le vrillage non linéaire (rotor 3). Nous reviendrons par la suite sur ce
point. .

Pour des pas plus faibles (8° et 6°) seuls les rotors 2 vrillage linéaire et extrémité rectangu-

laire (1 et 2) ont été étudiés pour l'instant. Le calcul donne des résultats acceptables 2 60 75 = 8°, et
mauvais a Y = 6°. ’
0,75
A titre d'exemple, sont présentés dans ce qui suit, quelques résultats obtenus sur les lignes
marginales dans le cas particulier 6 =10° et b =4 :

0,75
- Rotor n°l

La figure 11 donne, dans cette configuration de rotor, une comparaison du calcul avec 1'expé-
rience. On constatera d'une part que les résultats expérimentaux obtenus aux fils chauds croisés et par
visualisation se compl2tent et se recoupent parfaitement. D'autre part, 1'accord calcul-expérience, qui
est bon dans le proche sillage (0° < ¢ < 90°), se détdriore sensiblement dans le sillage lointain
W% > 150°).

- Rotor n° 3

Les résultats présentés sur la figure 12 attestent en premier lieu un mauvais recoupement
entre les expériences déduites des fils chauds et des visualisations. En effet, lors des essais effectués
sur les pales 2 vrillage non linéaire, il a été observé une instabilité spatiale et temporelle de la ligne
marginale, ce qui a rendu particulidrement difficile la détermination aux fils chauds des phases et de la
position des tourbillons. 11 g'est avéré nécessaire de moyenner sur 200 cycles les enregistrements d'os-
cilloscope. Il a par contre été plus aisé de choisir au cours du défilement de la bande enregistrée des
visualisations, le moment ol le tourbillon est parfaitement formé sur 1'écran, ce qui conduit 2 des
mesures de position du tourbillon plus fiables par ce dernier procédé.

En second lieu, les écarts observésentre calcul et expérience conduisent 2 revoir le calcul pour
ce type de rotor. Une amélioration peut 2tre apportée en tenant compte de la variation du noyau tourbil-
lonnaire dans la zone 0° < Y < 90°. Les variations expérimentales de r /R relatives au rotor n°3 ont é&té
reportées sur la figure 8 et montrent que par rapport au rayon constant r /R = 5.10"3 utilisé dans le
calcul, le rayon réel est inférieur 3 cette valeur jusqu'd P = 40° environ et supérieur ensuite. Si on
se reporte A présent A la figure 2, on constate qu'un rayon plus faible introduit dans le calcul ne change
pas le résultat déja obtenu (courbes en pointillés); par contre 1l'introduction d'un rayon plus fort dépla-
cera la ligne des z/R vers le bas et celle des r/R vers l'intérieur (courbes continues). Ces évolutions
reportées sur la figure 12 amélioreront donc notablement 1'accord calcul-~expérience en particulier dans
1la zone de forte variation de rayon T, du noyau tourbillomnaire ($ > 30°).

- Rotor n° &

Bien que le calcul gctuel ne soit pas opérationnel pour ce rotor, les résultats purement expé-
rimentaux ont été présentés sur la figure 13, afin de montrer 1l'allure des lignes tourbillonnaires margi-
nales dans le cas d'une extrémité en fl2che. On notera dans ce cas une contraction radiale du sillage
nettement plus faible que celle précédemment observée sur les rotors 1 et 3 (Figs. 11 et 12).

- Rotor n° 5

En ce qui concerne le rotor 2 extrémité effilée, la figure 14 donne la comparaison calcul -
expérience ; il semble que le sillage lointain soit bien modélisé. L'introduction de la variation du noysu
tourbillonnaire pour 0 < P < 90° devrait, comme dans le cas discuté sur le rotor 3, améliorer le résul-
tat du calcul.

4.3. Vitesses induites dans le sillage

La lecture du tableau de ls figure 9 permet de dégager une vue d'ensemble sur 1l'efficacité du
calcul. Remarquons qu'une bonne conf:ontation calcul-expérience gur les lignes tourbillonnaires d'extrémité
ne conduit pas toujours 2 une bonne concordance sur les vitesses (rotor 5, rotor 1 en tripale). Ce fait est
certainement dG 2 la nor efficaciié de la modélisation du sillage lointain (position et intensité de 1'an-
neau de recirculation) dans certaines configurations.

Les composantes du vecteur vitesse u,v,w ont été mesurées en différents plans de coupe z et
suivant différentes sections radiales r/R en fonction du temps, c'est-a-dire de la phase.

Il a semblé plus intéressent de comparer calcul et expérience A un z donné, et A une phase don-
né, la variation de la vitesse étant portée en fonction de 1'abscisse radiale r/R .

Les commentaires qui suivent concernent, A titre d'exemple, le rotor n°l en configuration qua-
dripale, 2 90 = 10°. Deux phases Y = 0° et 60° ont été sélectionnées pour caractériser les comparaisons
réalisées lur'lg composante axiale w. Les points expérimentaux qui découlent de mesures faites aux ané-
momdtres 2 fils chauds croisés et 2 laser sont comparés aux résultats du calcul sur les figures 15 et 16.
Deux types d'anémomdtres laser ont été utilisés durant ces essais : celui de 1'I.M.F.M. et celui de 1'Ins-
titut de Saint-Louis. On constatera le bon accord sur les niveaux de vitesse entre calcul et expérience.

Le léger décalage du pic de vitesse en r/R observé sur la courbe de la figure 16 entre calcul et expérience
était prévisible en raison des légers écarts observés & | = 60° sur la ligne tourbillonnaire d'extrémité de
la figure 11.

Une autre série de courbes relatives au rotor 5 (8 ~ 10°, b = 4) fait 1'objet des figures 17
2 19 pour les phases ¥ = 0°, 40° et 80°. L'allure des points &xpérimentaux (fils chauds seulement) et des
points de calculs sont en bon accord. Le tourbillon qui pour /R = - 0,0066 se situe A ¥ = 90° (ou 0°) et
3 r/R = 0,89 (voir figure 14), se matérialise par un pic de vitesse marqué sur la figure 17, A r/R = 0,89
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a2 la fois pour les courbes expérimentale et calculée.

On remarquera que 1l'approche du tourbillon 2 y = 80° (figure 19) donne lieu sur la courte expé-
rimentale & un profil caractéristique 2 double pics, alors que le calcul ne ~révoit pas cette allure.

On notera enfin que sur les trois figures présentées, il y a un décalage systématique du calcul
sur l'expérience, le calcul sous-estimant 1‘'expérience. Comme cela a déja été mentionné, la bonne déter-
mination de la ligne tourbillonnaire dans le sillage proche n'est pas suffisante pour conduire A des bon-
nes répartitions de vitesses induites ; cette insuffisance pouvant &tre attribuée 3 un mauvais moddle du
sillage lointain.

Les appréciations portées dans le tableau de la figure 9 sont également valables pour les com-
posantes tangentielle et radiale.

5. CONCLUSION

Un code de calcul des performances d'un rotor en vol stationnaire a pu étre testé par comparai-
son & des expériences relatives 2 la position des lignes tourbillonnaires marginales et aux vitesses indui-
tes dans le sillage. Le champ d'investigation, bien qu'encore limité, a toutefois permis de se faire une
premi2re idée de 1'influence de paramdtres tels que : nombre de pales, pas général, vrillage (linéaire et
non linéaire) forme .e l'extrémité.

Le calcul est tout 2 fait performant dans la mise en équilibre des lignes tourbillonnaires
marginales pour une phase comprise entre O et 2m/b dans le cas de rotors quadripales 3 pas général rela-
tivement élevé (O = 10°) et 2 vrillage linéaire. Dans le cas d'un vrillage non linéaire, il est montré
que 1'accord entre'’“calcul ct expérience est défectueux et que le calcul peut &tre amélioré em introdui-
sant la variation avec la phase du rayon du noyau tourbillonnaire qui pourrait &tre définie par une
formule empirique tirée d'expériences réalisées pour de nombreux rotors.

Il est aussi montré que, méme lorsque le calcul prévoit de fagon satisfaisante le proche sillage,
comme c'est le cas des rotors 3 extrémités de pales effilées, le champ des vitesses induites n'est pas
prédit précisément par manque d'un modele de sillage lointain adéquat.

Les confrontations effectuées sur les rotors 2 vrillage linfaire et 3 extrémité rectangulaire
ont montré de plus, le peu d'efficacité du calcul 2 faible nombre de pales et a faible pas général.

Enfin, le calcul n'est pas opérationnel pour des extrémités en fldche et demanderait i &tre é&ten-
du 2 ce type de géométrie dont les expériences en cours a 1'I.M.F.M. pourraient fournir un support empiri-
que 2 de nouveaux mod2les de calcul par la position des lignes tourbillonnaires marginales et par la déter-
mination des dimensions des noyaux tourbillonnaires.
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SUMMARY

The distorted prescribed wake method has evolved in the United States as the
standard for rotary wing hover performance calculations as evidenced by its wide
acceptance not only for advanced design applications but also for routine analysis as
well. A review of the history and development of the method is provided as intro-
duction to velocity coupling, a new approach defining the key parameters of the wake
in hover and axial translation. This technique is formulated from the concept of
principal wake induced velocities vhich are calculated iteratively as simple functions
of loading and key geometric characteristics of the near wake tip vortex spirals.
This velocity coupled wake model is shown to predict the hovering rotor's wake geo-
metry in greater detail as compared to earlier methods. Also, correlation with a
rotor in axial climb demonstrates the successful application of the method to this
regime. These examples illustrate how the velocity formulation isolates the major
interactions of the wake elements, by not only clarifying experimentally observed
characteristics, but also providing a physical basis for systematic refinement of the
prescribed wake method.

1. INTRODUCTION

Recent progress in the area of rotor hovering wake analysis has matured a reli-
able, working methodology for aerodynamic design and performance prediction, as typi-
fied by the lifting surface method with distorted prescribed wake of Reference 1.
This technology foundation, with first level consistency throughout, affords research
opportunities to again focus on refinement of details which clarify modeling, extend
validity, aud allow new applications to be challenged. It is, therefore, appropriate

to again examine the central element of the performance analysis, the wake model
itself.

with the prescribed wake approach the complex distorteu wake geometry a. economi-
cally computed in terms of basic parameters which are themsclves iteratively coupled
to some primary variable of the analysis, such as thrust level, tip vortex strength,
or principal wake induced velocities as will be shown. These coupling relationlpipl
are derived from experimental measurements of wake geometry, or subsequent nunor;cal
experiments which identify relationships between geometry and variables more detailed
than thrust.

This paper focuses on the development of velocity coupling, a refinement in hover
prescribed wake modeling. The velocity coupling concept is a third generation pre-
scribed wake, but the first to rely entirely on fundamental wake physics as the basis
for developing the generalized expressions which describe the wake's bohavior. As
such, it lends considerable insight into experimentally observed wake characteristics.
Additionally, the formulation clearly demonstrates the interaction of the key wake
elements and thus systematic refinements can now be made to improve the analytical
model’'s faithfulness for modern blades which go beyond the experimental prescribed
wake data base (References 2, 3). Also, because of its velocity formulation, it is a
unified technique which permits a natural transition of the hovering wake analysis
into axial flight, from the low speed helicopter vertical climb regime through that of
cruising propellers. The method is alsc extendable in concept to vertical descent.

To preface the discussions on velocity coupling, this paper first highlights the
development progress of the distorted prescribed wake and its basic features. Follow-
ing this, the concept of principal wake induced velocities is introduced and used to
formulate velocity coupling. This new wake mudel is then demonstrated within the
methodology of Reference 1, which will be referred to throughout the paper as the
global analysis. Comparisons are made to earlier wake coupling methods, and the
extension of the hover wake to axial translation is developed with detailed results
shown for a rotor in climb. The paper is concluded with comments on this new tech-
nology and specific recommendations for research programs to further improve hover and
axial flow methodology.

2. THE EXPERIMENTALLY PRESCRIBED WAKE

The first generation distorted prescribed wakes were developed with guidance from
several benchmark experimental studies which focus on defining the important tip
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vortex trajectory in the near wake region. The basic structural features of these
wake models are still in current usage and follow those originally conceptualizad by
Gray (References 4 and 5) rom smoke studies of a 3iny.e-bladed rotor. Gray hy-
pothesized that the trailed vortex sheet from the rotor blade rapidly splits into
inboard and outboard poitions at the radia)l blade statinn assumed to coriespond to
maximum blade bound circulation. The inboard sheet then scttles axially as the out-
board sheet quickly rolls about the forming tip ortex to complete its developmsent.
This original concept is compar~d in Figure 1 to the computational model of Refs:isnce
1. Gray also developed expressions which describe the radial and axial coordinates of
the tip vortex trajectory in the wake. These trajectory expressions have since
evolved to simpler forms in terms of the now familiar parameters kl, kz, and Al, as

illnstrated in Figure 2, and as givan by

Z/R = k| ¥ 0swes2n/d (1)
z/R = k1(2n/b) + k2 (¢ - 2n/b) ¥ > 2n/b
I/R = A + (1-Aje ~M1¥ >0

As obgserved in Figure 2, from the time the tip vortex forms (¥=0) until the
followinj blade passage (¢=2n/b), it translates downward at the initial settling rate
kl. As the tip vortex passes beneath the first following blade, the impulse from that

blade and its trailing wake system increases the axial displacement to kz. The

initial radial ¢ ntraction of the tip vortex behaves exponenci:lly with increasing
wake azimuth. The contraction is described by the rate parameter ? 1 and an effective

minimum nondimensional radius A. The task in the prescribed wake method is thus *o
conveniently define these key parameters.

Based on observations of full-scale and model rotor wakes, Jenney, et al, (Ref-
erence 6) proposed that “he major inadequacy of classical methods was their discrepant
modeling of the wake trijectory details. This point was illustrated through calcu-
lations made using a lifting line analysis with prescribed wake which demonstrated the
high sensitivity of rotor performance to placemen®. of the tip vortices in the wake
model. This approach to wake modeling was ex’e:del and popularized ty .Landgrebe
{leference 3) who reported the first generalized a.alytical wmodel der:vei from ex-
engive experimental study of hovering rotor wake geometry behavior. Tw's data base
includes wake characteristics of model rotois with two through eight linearly twisted
blades of conatant chord and moderate to high aspect ratio. The prougression of metho-
dology through this period is narrated in detail with emphasis on the rctor wake in
the survey by Landgrebe and Cheney, (Reference 7).

The experimental data base was expanded and clarified by Kocurek and Tangler
using schlieren flow visualization, (Reference 2). This study documented wake shapes
for rotor configurations of from one through four blades of constant chord with twist
rates of up to 24 degrees. Because of the consideration of single-bladed rotors and
“ath high and low blade aspect ratios this work revealed wake sensitivity to thrust
coerficient, number of blades, and twist not previously identified and resulted in
improved generalizations for the trajectory parameters.

The experimental prescribed wake was thus accepted as a powerful and essential
addition to rotor aerodynamic analysis. However, further development of the wake
model was sought for several reasons beyond technical curiosity. First, confident
application of the method in the practical environment was limited (o the class of
rotors for which experimentali generalizations were available. Second, but of equal
importance, was that these purely empirical generalizations are based on measgsurable
and derived quantities. Although certainly relevant, these are not necessarily the
physical parameters governing the wake. For instance, with the class <f rotors de-
scribed above, the measured settling rates correlated well as functions of thrust
coefficient CT and linear twist rate el, but were easily observed to follow the tip

lo~.ding as noted in Reference 1. Observations of rotors with more complex configu-
ration, such as nonlinear twist and tapered planform, showed similar influences and
thus make the merits of attempting to further generalize the experimental wake highly
questionable.

3. SECOND GENERATION REFINEMENTS

Numerical experiments with prescribed wake analysis and analysis based on class-
ical momentum and vortex theories, as described in Referances 1 and 8, demonstrated
tiat tip vortex strength could be isolated as prominent.y governing the wake para-
meters. The second generation, circulation coupled wake models were derived from
these studies, and have since become the standard for hover performance analysis.

Since circulation coupling is derived from the experimental wake, it is still
entirely dependent upon the accuracy of that data base. Also, it is well to remember
that although definite trends can be identii.cd for certain configuration characte
istics, quantification of thi:se trends in the wake model can imply a level of accuracy
not achievable in the guidinj measurements. Nonetheless, the texture of the circu-
lation coupled model is consistent with available data, and the moces. offers the
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systematic trendin~ needed for evaluation of rotor aerodynamic performance. Bene-
ficial features of the approach include:

wWake gettling rate and contraction parameters become tunctions of the itera-
tively calculated tip vortex strength Tev rather tuun Cope

No explicit influence of blade configuration appears, and

The range of the experimentally documented wake data base i extended to
rotors beyond those tested, subject to the assumption that the wake is
solely dictated by rtv'

Th> importance of this first benefit is that the quality of predicted wake para-
meter correlation to CT then depends upon the correctness of all elements of the

global analysis which influen-e rtv' In fact, the effects of thess influences are

magnified. This consequence can be used, therefore, to identify sensitivity to such
elements as modeling of the tip vortex rollup process, or the far wake, which would be
masked if the wake were modeled based on C.r, an integrated pa .ameter.

4. IDENTIFICATION OF PRINCIPAL VELOCITIES

The initial concept for velocity coupling was disclosed in Reference 1, and
development progress was discussed in Reference 9. The work was motivated by the
insight into the wake'v. behavior gained during the development of circulation
coupling, and by the desire to extend that wake jiato axial flow. As described
earlier. the circulation ccupling relations give the wake parameters, whizh are
actually transport velocities, in terms of T4y through correlated proportionalities.

For k.‘. the proportionality is recognized as the momentum inducsd velocity associated
with a constant radial loading Tev: For kl and r the relationship to such a funda-

menta’ velocity is not clearly seen. But, the success and simplicity of the technique
suggested that principal velocities exist which, if identified, could form the basis
for an improved wake model vwhich meets the goal of being basc? directly on first level
considerations.

Several other researchers have also approached this prublem with notable results.
For their prediction of rotor performance in axial flight, Moffitt and Sheehy (Refer-
ence 10) developed a semiempirical wake model based on intuitive modifications of
experimentally determined hover wake geometries. To account adequat:ly for variations
in ):1 they found it necessary to relate k1 to the average induced velocity distri-

bution over the outer ten percent of rotor radius. Very recently, Miller (References
11 and 12) has demonstrated the feasibility of predicting hover wake geomtry with
very simple free wakes, one that is two-dimensional and one that uses ~voctex rings.
From these analytical solutions, Miller notes that geometry is influenced by two major
factors. The initial trajectory is determined primarily by the induced veloncity from
all vortices lying below and generated by preceding biade passages; that is, by the
tip vortex spirals and not the inboard wake. Then, as the following blade passes, the
higher downward rate is imparted by the newly formed vortex. This work further sup-
ports the concept of principal velocities.

The search for simple velocities which would describe the wake parameters
directly began by exercising the global analysis with circulation coupled wake. The
velocity field in the blade tip region was traced ultimately to two major components.
The first is that velocity induced by the radial load distribution acting through the
trailed near wake of the generating blade. The second velocity is that due to the
discrete tip vortices acting at key azimuths along their trajectory. These velocities
were examined for their relationship to the wake parameters. This approach yie.ded a
remarkably simple expression for the contraction parameter. For prediction of
settling rates this approach has resulted in a purely analytical scheme which in-
corporates the principal velocity concep:.

S. RADIAL CONTRACTION PARAMETER

The principal velocities are calculated from very simple idealizations of the
wake. To calculate that resulting from blade Y~ading, a flat fixed-wing type semi-
infinite trailed wake is assumed, as shown in Figure 3. Based on this wake and the
radial circulation distribution, the lateral loading velocity v, as used to determine

A is calculated at the prsition of fiist vortex passage, as shown in Figure 4. The

second voleocity is the mutual induction, or interference, of the discrete tip vorti-
ces. As also 1.iustrated in Figure 4 for » , a lateral velocity vy is calculated at

the same position as before, but now due to a straight line infinite vortex at the
position of next veitex passage. These velocities were calculated for several of the
model rotors from Reference 2, based on analysis with circulation coupled wake.
Standard linear regression techniques were then used to assess the relationship
between the velocities and “1' The excellent results are illustrated in Figures S

through 7. The first two of these show the calculated varjiation of the circulation
coupled Al, with the printipal lateral velocities. Figure 7 shows that A1 correlates
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to a linear combination of vy and v, thus indicating the simple balance mechanism in

the field. The correlation is itself linear and explicity independent of number of
blades.

Of the two terms, the dominant one is vi which contains the influence on con-

traction of all of the tip vortices beneath the calculation point. This term's domi-
nant effect is consistent with the observation that most of the wake's contraction
occurs at an early age. The loading component v, serves to appropriately balance the

contraction to zero in the coupling relationship given by

A= -6.4096 vz/QQR) - 18.7615 vi/QQR) (2)

Note that with velocity coupling the wake's outer boundary is no longer restricted to
being uncontracted in the limit of Tev 0.

6. SETTLING RATES

Equally interesting relationships were discovered between simple velocity calcu-
lations and settling rates. However, these led to an analytical model which ap-
proaches a free wake in nature, but considers only mean inflow and interference velo-
cities based solely on considerations of the tip vortices. This was possible since
tip vortex strength and position cause the variations in loading, and thus the vari-
ations in axial velocity due to loading which were found to be related to settling
rates.

6.1 Interference Component

The interference velocity w, is again the mutual induction of the discrete tip

vortices, taken in the axial sense, and calculated as illustrated in Figure 8. This
velocity represents the interaction in the initial wake between the newly formed tip
vortex and the adjacent spiral. This velocity is described by rtv and the charac-~

teristic spacing as shown, from the blade tip to the point of first vortex passage
(rl, zl) in the =0 reference plane of the wake, and as given by

_l - v/(QRZ) 1 (3)
QR 2n(r1/R-1) 1+ zl/R <
rl/R-l

The choice of this mutual induction as a principal velocity is substantiated in Figure
9 which shows the increment in settling rate from k to k2 to be acceptably linear
with w5 - This result again demonstrates the 1nf1uence of number of blades to be
implicit through the radial and axial spacing of the near wake vortices.

The concept is further developed by thinking of the tip vortex as settling at
some mean rate which is initially retarded by w; prior to first blade passage (the k
region), and then increased after first blade passage by vy to the final settling rate
(the k2 region), as sketched in Figure 10. This idea is placed in traditional per-
spective in Figure 11 which for constant chord, untwisted blades shows that k; is
linear with the simple difference between the momentum induced velocity (C,I./Z)‘/2 and
w;. For rotors with different planform or twist, this result will not hold as should

be expected from the experience with circulation coupling which showed the dependence
of settling rate on tip loading. However, combining this knowledge with the obser-
vation in Figure 11, a form for the initial settling rate is suggested as

kl = k' - ki (4)
where k. is that rate associated with the mean inflow, and with Eq. (3)
k; = w;/(aR) (5)

Combining this further with the rate increment from Figure 9, taken approximately as
kl - kz = -2ki (6)

then the secondary settling rate becomes the simple sum of the two principal axial
velocities,

k, =k, + Kk 7
6.2 Mean Inflow Component

The >roblem is now reduced to one of dofininQ‘k. from an iaealization basad on
first leve. physics which captures the variation of the tip region mean inflow with
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rtv’ and which permits straightforward calculation. It was shown for the special case

of Figure 11, that the mean settling rate is that due to the average momentum induced
velocity. This velocity can be derived equally as well from the classical vortex
theory which assumes an uncontracted wake cylinder. For the present application such
a cylinder must replace, on the average, the distorted tip vortex trajectory surface
of the actual wake. The distorted wake of the global analysis is modeled in near and
far wake regions as sketched in Figure 12. The near wake is the stable region from
generation to the point of maximum contraction, taken as the wake azimuth of 8a/b.
This approach is based on schlieren flow visualization which indicates that regardless
of the number of blades, generally four well defined tip vortex passages appear
beneath the reference blade prior to the onset of tip vortex instability and dif-
fusion. Beyond the near wake, the outer wake boundary is characterized by random
interaction and merging of adjacent tip vortices and by vortex diffusion. This far
wake region is modeled by a continuation of the near wake vortices on a nominal tra-
jectory, representing the shear layer which thickens radially with increasing axial
displacement much like an expanding free jet. Through extensive performance cor-
relation study it was found that this expanding wake model must be finite in effect to
produce the proper level of induced velocity at the disk. As also shown in Figure 12,
an effectively sized vortex cylinder could serve to model this complex geometry for
the purpose of calculating an average inflow.

Based on these observations, the mean inflow component of the axial settling
rates is derived from consideration of a vortex cylinder as illustrated in Figure 13.
The radius rl/R of the cylinder is assumed to represent the nominal radius of the tip

vortex trajectory surface of the actual wake. In addition, the idealized cylinder is
assumed to be of finite length zm/R.

Following Reference 13, the axial velocity L in the vicinity of the mouth of the
cylinder is

v, = 4_’1[ g_;[m(zm) - w(O)] (8)

where dr/dz is the strength of the vorticity and w(z) is the solid angle at a point in
the cylinder's mouth subtended by an element of the cylinder at z. For the infinite
length cylinder it can be shown that the radial distribution of induced velocity is

everyvhere uniform. For the finite cylinder it is assumed that the mean velocity is
adequately modeled by the velocity along the axis. Then as shown in Figure 14, the
solid angle is equal to the portion of the surface of a sphere of unit radius wh1ch 1s
cut out by the conical surface with vertex at the or1g1n and with bagse ac the peri-
meter of the cylinder’s far end. With this geometry in mind, then

\D(zm) = 2"[ [T(z—;%f]_]

(9)

w(0) = 2n
and
w 14dr “Zy/T) (10)
m o= 33 —
[1+ (zg/7)%]

The cyllnder strength is easily expressed in terms of the problam variables of
interest in defining the actual tip vortex spiral. The axial density dI/dz is equi-
valent to the rate dr/dt at which circulation is added to the wake, ratioed to the
rate of axial displacement dz/dt of the wake elements. For the rccor with finite
number of blades b and tip vortex strength rtv

br
dar ar _ tv
EE’E%‘(::: )n (11)
and
az _ 5 dz (12)
&~y
Since the greater portion of the tip vortex spiral settles at the secondary rate k, it
is assumed that this rate is satisfactory for the required displacement term. Thus,
ar _bro. (13)
dz iTﬁrz
And finally with the mean settling rate defined as
k, = ¥y/(AR) (14)
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br,/(QR?) [ -z, /1, ] (15)

k =
m 2n kz [1+ (z-/tl)z]vz
6.3 Determination of Cylinder Length

The nonlinear equation system now developed was studied as a function of rtv’
with A determined from circulation coupling. By comparing these calculations with
measured settling rates it was apparent that the vortex cylinder length z, was
systematically influential. The length parameter for calculation of kn was therefore
calibrated by sweeping values of 2y until satisfactory correlation with experimental
settling rates was achieved. These values of z, were then examined in relationship to

a number of problem variables in order to identify any functional behavior. The
result is given in Figure 15, and shows z, to vary as a function of (zl/R)/(rl/R-l),

the ratio of the translation component increments from vortex generation until blade
passage. The cylinder length required increases systematically until 2y **

asymptotically at (z,/R)/(r,/R-1) =1. Beyond that value the length remains infinite.

The data symbols shown in Figure 15 are those calculated as described, and indicate
the very close correspondence of zZn with (zl/R)/(tI/R-l). The functional variation 1is

approximated by the fairing as indicated and as given by

[ (zR)/(x R-1) ]2 04 (16)
zm/rl =-1.4913 T = (zl/R)/(rl/R-l)

This curious relationship suggests several physical interpretations, especially
in view of the asymptotic behavior. It is first noted that the induced velocity due
to a vortex ring in a plane parallel to the ring and displaced by z; has a maximum at

the point r, when zl/R = rl/R-l. Thus it can be argued that the ratio represents the

potential for maximum settling rate, and thus maximum wake extent, as a conseguence
just of the cylindrical wake structure. However, the asymptotic nature also implies
strongly that (zl/a)/(rl/k-l) is a measure of the stability, and thus, persistence of

the wake. That is, below the critical unity value of the ratio, the persistence is
influenced by the proximity of the first following blade and the abruptness by which
its additional downward induced velocity accelerates the tip vortex from the kl rate

to kz. These results and observations could also be the key to better understanding

and reducing the empiricism of the truncation of the far wake model of the global
analysis, and for sure merit further attention.

7. SOLUTION WITH VELOCITY COUPLED WAKE

At the stage in the iterative solution of the global analysis when the wake
geometry requires updating, Tev and the loading information for calculation of the

velocities which give Al are available from the most recent blade circulation solu-
tion. With Tev and Al, the settling rates Ky and k2 can be solved from the nonlinear

set of Egs. (5), (15), and (16) using standard numerical techniques. This updating
process is repeated until compatibility between loading and wake geometry is obtained,
and except for the intermediate iteration to obtain kl and kz, does not differ from

that when using either the experimentally prescribed or circulation coupled wake
models.

The velocity coupled wake does, however, show a greater level of detail in re-
sults than do the previous models. Before comparing to those methods, the cor-
respondence of km to the momentum induced velocity is reiterated in Figure 16. These

calculations are for constant chord, untwisted blades, and are made with the global
analysis. The important point for this special case is not the correspondence of the
magnitude of kn to the momentum level, for this is probably coincidence, although

noteworthy. Wwhat is significant beyond the intriguing relationship itself is that the
analysis with its comparatively greater complexity and higher degrees of freedom
relative to momentum concepts has reproduced this simple linear correlation. Vari-
ations in k, for twisted rotors show similar results, but with offsets in C; re-

flecting the radial shift in loading.
Attention is now focused on comparing wake parameter calculations using v~locity

coupling to those made with experimentally prescribed and circulation coupled wakes.
These comparisons are facilitated by viewing *he parameters as functions of I, to

place them on a common basis which highlights differences. Fig res 17, 18, and 19
show calculations of Al' kz, and kl respectively. The data symbols are those points

—
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calculated with the experimental generalizations of Reference 2. These are in fact
the calculations from which the circulation coupling of Reference 1 was developed, and
the dashed fairings depict those results. The solid fairings are the results of velo-
city coupling. It should be recalled that for the experimental wake, single fairings
were selected to represent the Al and kz parameters. This was dictated by the high
degree of scatter and difficulty in measurement of these terms, especially Al. In the
calculated variation of A; and kz with Ty, SOme variation with number of blades is
evident, but again single fairings were selected for the circulation coupled general-
izations. The calculations with the present method again show a trend with number of
blades which for k2 is consistent with the earlier calculation, and which therefore

implies that the trend is indeed a valid result. Excellent results are also obtained
from k, as seen in Figure 19 where the spread with number of blades is well dupli-

cated.

8. EXTENSION TO AXIAL TRANSLATION

Modification of the velocity coupled hover wake for application to rotors in
axial translation requires only the addition of the advance ratio in terms of the rate

ka = -Va/(QR) (17)

to the expression for mean settling rate ky- The axial tramnslation velocity Va is
taken positive in climb and modifies the mean settling rate to

b,/ (2R2) -z /x
- t 1 (18)
km = ka * k2 [ [ 1+ (z:/rl) ] 172 ]

All influences of translation on the wake parameters are implicit through the
additional displacement caused by ka' The advantage of the velocity basis for the

wake is thus clearly demonstrated in providing this unified model for the axial
regime. In climb, for example, ka directly increases the magnitudes of kl and k2

through its addition in km However, these increases are partially offset by the
feedback also through displacement, since the increase in kn is reduced through the
inverse proportionality to k2. Also in climb, the interference component ki is re-
duced through its dependence on displacement, with attendant effects on kl and kz.

Radial contraction is similarly modified by axial translation through its implicit
displacement influence. 1In the limit of large axial advance ratio such as that of a
propeller in cruise, it is easy to see that ki and the induced portion of km will tend

to zero such that k;, and k2 will approach k,. Also in that limit, the radial con-

traction will approach zero, leaving the wake geometry dependent as it should be only
on the kinematics of the problem. These trends are illustrated in Figure 20 which
shows ki, the induced portion of km, and )‘1 as functions of Va normalized by the

momentum induced velocity in hover at the thrust level indicated. The result from
momentum theory is also shown for reference. These calculations are based on a 0.25
scale model AH-1G helicopter tail rotor which was tested in the NASA Langley 30- by
60-foot wind tunnel as part of the program reported in Reference 14. Calculated
performance is compared to measurements from these tests in Figure 21. The velocity
coupled wake analysis shows very good agreement with slight but consistent optimism in
power. The influences of the wake are explored further by viewing the radial distri-
butions of axial induced velocity shown in Figure 22. As the rotor initially moves
from hover to increasing climb speeds, the decrease in the magnitude of induced velo-
city is most rapid. The relative upwash from the tip vortex spiral also diminishes as
the climb speed increases and the wake stretches out.

9. CONCLUSIONS AND RECOMMENDATIONS

This paper has introduced a new and unified approach to prescribing the wake of a
helicopter rotor in vertical and hovering flight. Velocity coupling captures the
essence of a free wake analysis, and achieves this generality with minimum complexity.
By deriving the geometry of the wake from formulations in the velocity domain, this
method satisfies similar equilibrium criteria of the computationally demanding free
wake while retaining the simplicity of the prescribed wake. As an added benefit from
its velocity basis, the model is equally applicable not only to hover, but also to
axial flight as well. This consistency of theory is achieved through the implicit
effects of these flight variables on wake geometry. These influences act through the
changes in displacements of key wake elements which then effect changes in the charac-
teristic convective velocities.

As the result of the development of the velocity coupled wake, the following
observations are noted:

1. Radial contraction can be expressed in terms of principal lateral velo-
citiesaimd is a strong function of tip vortex strength with second order effect due
to loading.

i
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2. §e;tling rates can be expressed in terms of principal axial velocities which
are 1dent1§1ed with mean inflow and the mutual induction, or interference between
adjacent spirals of the near wake tip vortices.

. 3. The mean ipflow component of the settling rates can be modeled by a vortex
cylinder which is sized to approximate the real wake tip vortex trajectory surface.

4. The interference velocity can be described with a simple two-dimensional
approximation of the near wake tip vortex elements.

5. The details required in the vortex cylinder model used in the present study
are similar to observed far wake characteristics and strongly support the requirement
for analytical wake models with systematically varying truncation.

6. The formulation of velocity coupling allows a natural transition into axial
translation. As in hover, the wake geometry is implicitly modified through the feed-
back between the principal velocities and the displacements from which they are calcu-
lated.

7. Correct wake modeling only requires agreement between wake parameters and
blade loading. Correlation of wake parameters with rotor performance characteristics
then necessitates adequate representation of all aspects of the problem, including tip
vortex rollup process, tip vortex structure, and far wake influences.

Additional development of hover and axial flow methodology would be accelerated
by research focusing on poorly understood physical details, and increasing the amount
of benchmark experimental data available for correlation. Several specific technology
programs which would guide future development are:

1. Simultaneous measurements of wake geometry characteristics, blade 1load
distribution, rotor thrust, and rotor torque need to be made. This data is necessary
for complete assessment of the wake model and global analysis.

2. To improve understanding of its behavior and influence, the rotor far wake
should be investigated experimentally. The far wake has been shown to be an in-
fluential element which has not received adequate attention.

3. Performance and wake measurement of isolated rotors in axial translation
should be made. The importance of low speed axial climb characteristics on helicopter
performance assessment is in great contrast to the very limited amount of quality data
available for correlation of methodology.

4. The prescribed wake method should be extended to the descent regime. Wake
analyses are essential for investigation of this important regime such as experienced
by a tail rotor in sideward flight.

REFERENCES

1. Kocurek, J.D., Berkowitz, L.F., and Harris, F.D., "Hover Performance
Methodology at Bell Helicopter Textron," Presented at the 36th Annual National Forum
of The American Helicopter Society, Washington, D.C., May 1980.

2. Kocurek, J.D., and Tangler, J.L., "A Prescribed Wake Lifting Surface Hover
Performance Analysis," Presented at the 32nd Annual National Forum of the American
Helicopter Society, Washington, D.C., May 1976.

3. Landgrebe, A.J., "An Analytical and Experimental Investigation of Helicopter
Rotor Hover Performance and Wake Geometry Characteristics,' USAAMRDL Technical Report
71-24, Eustis Directorate, U.S. Army Air Mobility Research and Development Laboratory,
Fort Eustis, Virginia, June 1971. (Summarized in "The Wake of a Hovering Helicopter
Rotor and Its Influence on Hover Performance," Journal of the American Helicopter
Society, Vol. 17, No. 2, October 1972, p. 3).

4. Gray, R.B., "On the Motion of the Helical Vortex Shed From a Single-Bladed
Hovering Model Rotor and Its Application to the Calculation of the Spanwise Aero-
dynamic Loading," Princeton Aeronautical Engineering Department Report No. 313,
September 1955.

5. Gray, R.B., "An Aerodynamic Analysis of a Single-Bladed Rotor in Hovering
and Low Speed Forward Flight as Determined from the Smoke Studies of the Vorticity
Distribution in the Wake," Princeton Aeronautical Engineering Department Report No.
356, September 1956.

6. Jenney, D.S., Olson, J.R., and Landgrebe, A.J., "A Reassessment of Rotor
Hovering Performance Prediction Methods," Journal of the American Helicopter Society,
Vol. 13, No. 2, April 1968, p. 1.

7. Landgrebe, A.J., and Cheney, M.C., "Rotor Wakes-Key to Performance Pre-
diction," AGARD Conference Proceedings No. 111 on Aerodynamics of Rotary wings, Fluid
Dynamics Panel Specialists Meeting, September 1972.

-




8. Landgrebe, A.J., Moffitt, R.C., and Clark, D.R., “Aerodynamic Technology for
Advanced Rotorcraft - Part I," Journal of the American Helicopter Society, Vol. 22,
No. 2, April 1977.

9. Kocurek, J.D., '"Development of the Velocity Coupled Prescribed Wake,"
Presented to the Round Table on Helicopter Rotor Wakes, NASA Ames Research Center,
Moffett Field, California, November 1980.

10. Moffitt, R.C., Sheehy, T.W., "Prediction of Helicopter Rotor Performance in
Vertical Climb and Sideward Flight," Presented at the 33rd Annual National Forum of
the American Helicopter Society, Washington, D.C., May 1977.

11. Miller, R.H., "A Simplified Approach to the Free Wake Analysis of A Hovering
Rotor," Presented at the Seventh European Rotorcraft and Powered Lift Aircraft Forum,
Garmisch-Partenkirchen, Federal Republic of Germany, September 1981.

12. Miller, R.H., "Rotor Hovering Performance Prediction Using the Method of
Fast Free Wake Analysis," Presented at the AIAA 20th Aerospace Sciences Meeting,
Orlando, Florida, January 1982.

13. Knight, M., and Hefner, R.A., "Static Thrust Analysis of the Lifting Air-
screw," N.A.C.A. Technical Note No. 626, Washington, D.C., December 1937.

14. Yeager, W.T., Young, W.H., and Mantay, W.R., "A wind Tunnel Investigation of
Parameters Affecting Helicopter Directional Control in Low Speed Flight in Ground
Eficct,” NASA TN D-7694, November 1974.

LIFTING SURFACE
TIP VORTEX

—
INBOARD VORTEX _— —

SHEET~——=— _—
—_ R
~“v,’_/—'
N ——————————
GRAY'S WAKE, ADAPTED COMPUTATIONAL AERODYNAMICS
FROM REFERENCE 5 MODEL OF REFERENCE 1.

Figure 1. Rotor wake in hover as conceptualized by Gray (Reference
5), and as modeled in the methodology of Reference 1.
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STUDIES ON BLADE-TO-BLADE
AND ROTOR-FUSELAGE-TAIL INTERFERENCES

by
H. Huber
G. Polz

Messerschmitt-BSlkow-Blohm GmbH
Postfach 80 11 40
8000 Minchen 80, Germany

SUMMARY

With the increasing sophistication of modern helicopter designs the problems arising
from the interactional aerodynamic flow field around the helicopter has become more acute.
Interactional aerodynamics are, by origin, of utmost complexity, because many of the
interactions involve viscous processes, the flow usually is unsteady and the interactions
are strongly interdependent.

The paper focusses on some specific areas out of the many existingproblems. First
major problem is the blade-to-blade vortex interaction phenomenon, where the unsteady
pressure fluctuations, due to the vortices impact, result in highly impulsive blade
loadings, excessive dynamic hub forces/moments, and impulsive noise signatures. The paper
describes MBB's analytical modelling techniques, including prescribed-contracted-wake
analysis, and free-wake-models, and discusses results of analytical investigations.
Experimental results obtained from in-flight blade modal bending measurements are also
presented.

As a second category, the interactional aerodynamic flow from the fuselage to the rotor
blades is treated. Due to flow displacement effects around the fuselage contour, large up~
wash ana aownwash components can be produced, resulting in significant changes of the local
angle-~of-attack within the rotor disc plane. The paper describes analytical investigations
on this type of interference, using a singularity model for the flow calculation around
the fuselage body. Parametric influences of the rotor-fuselage separation distance are
shown.

As a third category, interference flow effects between the rotor head and fuselage to
the tail area are investigated. The wake pattern, particularly that of the upper com-
ponents results in a reduction of the steady flow pressure, and in reductions of the
vehicle stability characteristics. Significant unsteady components contained in the wake
flow may cause substantial structural loading, and severe aircraft vibrations. For the
analytical representation of the steady interference flow a model, containing separated
flow calculation, is used. Experimental results including steady pressure contours and
dynamic pressure and flow angle fluctuations at the empennage/tail rotor area will be
shown including Wr-model and full-scale flight test results.

1. INTRODUCTION

In recent years considerable attention has been devoted to and significant steps have
been accomplished in the aerodynamic design of helicopters. Advanced research and develop-
ment work on rotor blade airfoils allowed increasing the Figure of Merit and the maximum
lift-to-drag ratios at high speed significantly. Streamlining and other refinements of
fuselage contours were successful in reducing the parasite drag of helicopter substantially.
Increase of the engine air intake efficiency also contributed to better performance achieve-
ments.

With the increasing sophistication of modern helicopter designs, the interactional
aerodynamic phenomena between the various passive and active components have become more
and more acute. Many of the former and todays helicopter designs were or are suffering
from problems arising from some of the multifarious interactional events. The state of
the art in this field - relating both to the knowledge of the basic mechanisms, and to the
potentials of design improvements - seems to be not as far developed when comparing with
the field of the more classical aerodynamic problems.

Analytical methods for predicting the rotor inflow have been developed at various
levels of accuracy, and their potentials were demonstrated by many authors (References
1 to 7, for example). It seems, however, that the most powerful free-wake vortex models
in use today are not yet fully applied during practical vehicle design and development
programs. Until fairly recently, many of the problems of interactional aerodynamics were
not even fully recognized, although substantial problems and drawbacks resulting from
interactional flow anomalies were experienced by many helicopter designs.

Fundamental work on this area was contributed just a few years ago (Reference 8),
which systematically describes the scope of the interactional aercdynamic processes and
the various flow anomalies in the flow field of a helicopter.
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FIGURE | Helicopter Aerodynamic Interactions (Schematic)

Figure 1, taken from Reference 8 and slightly modified, presents a schematic overview
of the broad scope of aerodynamic interactions, The following work will focus on some of

the areas shown, and will contribute recent results obtained at MBB, from both anaiytical
work and from experiments.

These three areas are

- Blade-to-Blade Flow Interaction
- Fuselage~to-Rotor Interaction
- Rotor/Fuselage-to-Tail Area Interferences.

2. BLADE-VORTEX INTERACTIONAL AIRLOADS
2.1 ANALYTICAL MODELLING

The flow field around the helicopter rotor blades is significantly influenced by the
rotor wake, especially when flying in the near hovering and low to moderate flight speed
region. The accurate prediction of performances, and the reliable estimation of rotor
blade loading and fuselage vibratory excitation require a precise modelling and predic-
tion of the rotor wake structure.

The evolution of the analytical methods started from the quite simple Goldstein analysis,
followed by actuator disc and blade momentum theories. Emphasis was then placed on prescribed
wake theories, taking into account wake contraction effects. The mostly developed representa-
tion were then achieved by free-wake models.

Several methods of rotor downwash calculations are in use today at MBB (Reference 7).
In an experimental-prescribed contracted <ake model (Fiqure 2) the blade is represented

pc ROTOR  BLADE
.NEAR WANE "

_MID waKe”

ROTOR ANIS CIRCULATION

FIGURE 2 Wake Structure of the Prescribed-Contracted-wWake Model
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by a lifting line and the wake is divided into an inboard section and a tip vortex section.
In the near wake, the inboard root vortex is formed by meshes ~f trailed and shed vortices,
and the tip vortex is formed by a bundle of trailing vort ces. In the mid wake the shed
vortices are omitted and in the far wake section the wake is modelled by two sincle root
and tip vortices. The wake geometry is based on the experimental work done by Landgrebe,
Reference 5 . Although this wake geometry has initially bLeen evaluated for the hovering
condition, it was extended for forward flight by introducing the wake geometry according
to the free stream velocity.

A major advance in the wake modelling is achieved by the free-wake analytical represen-
tation, such as described by Reference 6 , and indicated in Figure 3. The near wake is
calculated by an array of discrete trailing, and shed vortices generated with vortex
strengths corresponding to radial and azimuthal blade circulations: the far wake is formed
by an arbitrary number of trailing vortices. The vortex elements a:e allowed to convect in
i the velocity field they create, until they take up positions which are consistent with the
i resultant free stream and vortex induced velocities.
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FIGURE 4 Range of !Intensive :lade-to-Blade Virtex Interactior

2.2 RESULTS OF ANALYTICAL INVESTIGATIONS

One of the primary practical applications of suich 1.,t>r wake models is t< calculate
harronic blade airloads, necessary for blade stren<** analyais and rotor hub forces/
«omants, for example. Thereby, a prime area of incerest,shc wing significant blade-blade
vortex intersctions, is the range of low-to-moderate fli,.: speeds, and, particularly,
the range of medium rates of descent (Figure 4).

An analytica) study was conducted invectigating flight speeds of 40 to 80 kts and
rates of descent between zero and 1200 ft/min, which corresponds *o glide slog:@ angles
of up to 9 degrees. Figure 5 shows calculated time histories cf the local thrust distribu-
tion at different blade spranwise stations. The abscissa axis reference is the azimuth angle
of the subject blade. Forvard flight speed is 60 kts. In the horizontal flight condition ,
left side of Figure 5, the local thrust variation at the several radial stations is
marked by only slight vortex interactions: One mild tip vortex interference is seen
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starting slightly before the 90 degrees azimuth position at the blade tip, and moving
inboard with the blade azimuthally progressing to the 180 degrees pcsition, and then moving
outward again, whan the blade is passing the 270° aziruth position. 1ln contrast to this
variation, the time trace for the flight case 60 kts, 700 ft/min desce..t rate, (Figure 5
right diagram) indicates scrong blade tip vortex interactions progressing from the tip to
the nboard .cationg and moving outboard again around the blade retreating position.

Fi, re 6 shows a comparison of iirload traces for different flight speeds at identical
glide lope angles (6°). The trend indicates that, as forward speed is increased, the
joci of maximum vortex interfevence effectively move inboard on the rotor disc.
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FIGURE 7 Calculated Harmonic Airloads at 85 8 of Radius, Flight Condition
60 kts/6°, and 80 kts/3°
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The loca. chrust distributions were frequency analyzed in terms of harmonics of the
rotor rotational frequency. Fiqure 7(a) shows local thrust amplitudes as a function of
the number of harmonics, for a radial station near the tip (0.85 R); a range of harmonics
of 12 to 15Q is covered. Flight condition is 60 kts, 700 ft/min rate of descent, corres-
ponding to the right picture of Figure 5 . The occurance of large high harmonic airloads
relative to the low frequency loads is evident. When describing the harmonic airloads
decay versus frequency by the exponential function

Lp =Ly n-k,

an exponent as low as 0,6 can be derived from this diagram. Figure 7(b) presents the
frequency spectrum for the 80 kts, 450 ft/min descending rate case, showing an exponent
of about 1.0U. In contrast, airload decay exponents in the magnitude of 2.0 to 2.5 are
obtained for <he horizontal flight conditions.

2.3 EXPERIMENTAL STUDIES

Theories and analytical methods available today can roughly cope with the principal
blade-vortex interactional problems, and are capable of indicating the main parametric
influences. Experimental work, however, is of utmost importance in order to support
existing theories,and to accomplish a more complete understanding in the required depth.

Experimental work at MBB was directed towards full-scale inflight testing on the BO 105
hingeless rotor. The approach taken was no direct airload measurement, but was concen-
trated on blade moment measurements, and subszjuent derivations of aerodynamic forces.

The area of investigations included horizontal flight speeds of 30 to 70 kts, climb and
descent rates equivalent to 30 to 50 percent torque setting, as well as transient flight
conditions during landing flares, see Figure 4.
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3rd FLAP BENDING MODE

(Nm)
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FIGURE 8 Simulation Model for Airloads Evaluation from Measured Bending
Moment Data

Blade bending moments were measured at seven stations over the blade radius (Figure 8),
and aerodynamic forces were determind by use of a simplified one-degree-of-freedom spring/
mass-damper model. Details of this modal approach have been described in References 9 and
10 and will not be covered in detail here.
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FIGURE 9 Harmonic Airloads for Different Horizontal Flight Speeds
(from Blade Bending Measurements)
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Discussion of Results: Figure 9 shows results of harmonic airloads as a function of
multiples of the rotating frequency for 30, 50, and 70 kts horizontal flight speeds. A
comparison of the results indicates a similar harmonic decay for the different airspeeds,
whereas the absolute magnitudes of amplitudes increase with lower flight speeds.

Figure 10 shows corresponding spectrographs for variations in the vertical speed com-
ponent , i.e. climb and descent at 30 kts airspeed. In climb the harmonic airloads show
a strong decay versus frequency, indicating that nearly no vortex-interactions occur. In
contrast to this favourable variation, the curve for the descent case is marked by large

amplitudes at high harmonics, indicating severe vortex interactions, which support the
flight wvibration observations quite well.

Further interesting results from the transient flight conditions are shown in Figure 11,
comparing the aerodynamic exciting forces during .a landing flare condition. Two things are
seen from the charts. First, the higher harmonic -amplitudes evident in the diagram are even
exceeding the 1Q and 2Q trim loads. Furthermore, it should be noted from these charts that

aerodynamic exciting forces do change quite rapidly within one second during this flight
condition.
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FIGURE 11 Harmonic Airloads during Landing Flare, Transiert [oundition
(From Blade Bending Measurements)
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3. FUSELAGE FLOW TO MAIN ROTOR INTERACTION

! The interaction of the fuselage flowfield with the flow in the rotor disc plane is
another important problem area, as indicated in the schematic diagram of Figure 1.

These matters and its consequences have received considerable attention during several
r2cent helicopter developments.
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FIGURE 12 Principle of Fuselage Flow Interaction into the Rotor Plane

Figure 12 gives the prinicpal geometric relationship of the fuselage flowfield and
the resultant normal velocity component in the rotor disc, shown for a high forward
speed flight condition. In principle, the flow around “he fuselage upper nose section
produces an upwash flow component in the front parts of the rotor disc, and the
\ flow around the aft section produces a downwash componerit at the rear parts of the rotor

disc. It is evident that due to the steeper nose shapes the upwash flow components in
the front parts usually are higher than the downwash components in the rear parts.

FLAPWISE BENDING MOMENT (Nm) HUBMOMENT (+m)
600 3000
i
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- -3000
W0 "0 w0 20 x0
. AZIMUTH ANGLE (Deg)
) FIGURE 13 Blade Root and Hub Bending Moment in Forward Flight
.. (BO 105, 100 kts)
v -
>

’ One reason for considering these aerodynamic effects is the potential direct effect
on blade loads and on airframe vibratory exciting forces. Figure 13 shows a time history
of the blade flapwise bending moment on one blade (left diagram) versus the rotor
azimuth angle. An impulsive bending mode exc.tation at a 135 degrees azimuth position is
evident in the trace, which damps out in the t-llowing half rotorrevolution. A correspon-
ding dip in the curve of the main rotor hub momunt (right part) is also observed. The
harmonic analysis shows that this higher harmonic content of the hub moment is one main
gsource of fuselage vibrations. As will be shown in the subsequent saction, the aerody-
namic mechanism certainly involves the flow distrrtion in the front part of the rotor
disc due to the fuselage upwash flow components.

In this respect, the trend to more compact helicopter designs, having lower clearance
between rotor and fuselage, certainly contributes to aggravating the interference inten-
sity. As modern helicopter designs, in addition, tend to more slender and longer fuselage
configurations, the displacement effect of the front part of the fuselage influences more
the outer parts of the rotor blade and, therefore, a region with higher dynamic pressure.

e et e o = e+
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Anothexr effect is the impact of the blade tip vortices on the airframe creating strong
impulsive pressure fluctuations, which can result in annoying vibrations and noise 1n the
cockpit region, as shown in References 8, 11. These effects become important especially
for the high speeds and higher blade loadings of modern helicopter concepts, as discussed
in Reference 12.

Analytical Studies: A prinicipal parametric study has been conducted at MBB, considering
a modern type of fuselage shape (Figure 12). A panel method was used for the calculatior
of the fuselage flowfield. Fig. 14 shows the representation of the body contcur by paenel

FIGURE 14 Panel Representation of the Fuselage Body

elements. The fuselage induced normal velocity component in the rotor plane is introduced
in a rotor program. The rotor model used for this study is based on the blade element
theory, simulating the induced downwash by a local momentum theory. Flow components from
the fuselage flowfield are iteratively combined with the rotor induced velocities;
reactions from the rotorflow components down to the fuselage flowfield are neglected.
Within the aerodynamic loads calculation procedure, blade deflections are taken into
consideration by a simplified method representing only the first flapwise bending mode.
For the subsequent calculation of blade structural loads, and of rotor hub excitation
forces and moments a separate coupled bending mode shape analysis is used.

In Figure 15, a typical influence of the rotor-fuselage clearance on the vertical flow
component distribution is shown for a high speed forward flight condition. Because of the
steeper inclination angle, the maximum fuselage induced upwash velocity on the front part
of the rotor disc is 2-3 times higher than the corresponding maximum downwash on the rea.
part. It is seen from the figures, that maximum vertical velocity components increase with
a decrease of the rotor-fuselage clearence, whereas the boundary bestween the upwash and
downwash areas remain nearly unchanged.

FIGURE 15 Fuselage induced Upwash/Downwash in the Rotor Plane as a
Function of Rotor-Fuselage Clearance (Calculated)
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In the real case the downwash on the rear part of the rotor disc is further reduced due to
the separated flow behind the fuselage and rotor shaft/hub area, which prevents the con-
fluence of the flow behind the fuselage body.

As a result from the change of normal flow component, the effective local angle of
attack is changed, especially at the front and aft positions of the rotor disc (Figure 16).
At the forward blade position (y = 180°), a substantial increase of local angles is seen,
with the maximum occuring at about 40% of blade radius. For the smallest rotor-fuselage
clearence the static stall boundary of the blade airfoil is nearly reached. At the outer
radius positions, the change of the angle of attack diminishes due to the higher inplane
velocity component. At the blade tip the angle is even reduced with increasing fuselage
influence, an effect resulting from the superposition of the vertical velocity component
of the blade’s flapping motion at the same aircraft trim condition.

Corresponding influences on the blade lift distribution over blade radius are seen from
Figure 17. Maximum load increase due to fuselage upwash occurs at about 50% of radius
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FIGURE 17 Effect of Fuselage Flow on Local Lift Distribution
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at the front rotor position, the loéal lift Veing twice the value of the isolated rotor
calculation without fuselage interfierencé. As fuselage induced velocities differ signifi-
cantly between the fore and aft rotor position, a slight influence on rotor torque is
also obtained by calculation, lower rotor positions being more favourable.

In Figure 18 the azimuthal variation of local thrust at a 40% radial position is shown,
and frequency analysis results are compared. The blade spanwise position of 40 to 50%
radjus is particularly important due to the fact, that this station usually corresponds with
the antinodes of oscillatiog of the 2nd and the 3rd natural flap bending mode shapes.
From the harmonic analysis results in Figure 18 a strong increase of the 2nd to 5th
harmonic local lift is evident.
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FIGURE 18 Effect of Fuselage on Blade Local Lift, Calculated for 150 kts

4. FUSELAGE/HUB~TAIL INTERFERENCE PROBLEMS
4.1 THE FLOW PROBLEM

A field of increasing importance is the interference problem between the fuselage/
pylon/hub area, and the tail area. Adverse interference effects result primarily in a
reduced efficiency of the tail surfaces and tail rotor and in severe dynamic structural
loadings, and aircraft vibrations (References 8, 13 to 17). They usually occur in horizon-
tal forward flight as well as in descent flight. Figure 19 illustrates the main interference
effects in forward flight. The fuselage wake hits mostly the horizontal tail, thereby reduc-
ing its efficiency due to the loss in dynamic pressure. The wake of the rotor hub/mast
affects the flow on the tail rotor and side fin, thereby impairing their effectiveness. Also
"tail shake" phenomena can be caused by this wake, especially when the fregquency content
coincides with a natural frequency of the tail surfaces or tail boom, as discussed later.

ROTORSHAFT/
HUB WAKE

WAKE FUUCTUATIONS

FIGURE 19 Main Interference Effects between Fuselage/Hub and Tajil Area

In Figure 10 an overview of the different interference sources and the resulting aero-
dynamic effects is given. Besides the steady pressure loss in the fuselage wake, large
unsteady flow components can occur due to periodic flow separation on the aftbody. In
addition, the high frequency turbulence in the wake can reduce the efficiency of the tail
surfaces due to the increased tendency toward flow separation, especially in the case of
a thick airfoil section. Furthermore, the upwash/downwash combined with the fuselage lift
reduces the lift curve slope of the horizontal tail and thus its effectiveness. In a
similar manner, the fuselage induced side wind changing with the yaw angle reduces the
efficiency of all vertical tail surfaces. In addition, a flow spillage on the engine in-
lets can cause flow separation on the outer surface of the cowling, and can therefore
intensify the wake. A strong wake, and therefore severe interference effect, is caused
by the main rotor hub/shaft region, which includes unfavourable aerodynamic shape compo-
nents. Improvements can be achieved by applying particular attention in the design and
by suitable modifications of the components. So, for example, amast fairing (pylon) can
diminish the wake of the rotor shaft significantly. With a suitable surfboard-shape of
the pylon roof top, a vortex pair is created, whose downwash deflects the wake in the tail
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FIGURE 20 Sources of Interferences and Main Aerodynamic Effects

area preventing this region from considerable pressure loss. A similar effect can be
achieved by the installation of a hub cap, which directs "fresh" air into the wake
immediately behind the rotor hub.

Theoretical methods can provide a basic knowledge of these interference effects, how-
ever wind tunnel investigations or flight tests are often required to supplement the
analytical studies.

4.2 ANALYTICAL AND EXPERIMENTAL RESULTS
STEADY FLOW EFFECTS

Several methods for the calculation of the fuselage flow have been developed in recent
years (References 18, 19 ). A model developed by MBB is based on a panel method for the
fugelage flow displacement effects and vortex distribution in the wake (Figure 21). In
this model the growth of the wake with increasing distance from the fuselage, as well as
the vortex system combined with the fuselage 1ift is taken into account. Figure 22 shows
the flow around the BK 117 fuselage together with the wake boundaries and the momentum
loss inside.

X STREAMLINE "‘"""’o’w

FIGURE 21 Analytical Model for Separated Fuselage Flow Calculation
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FIGURE 22 Calculated Flow Field on BK 117 Fuselage (a = -5 degrees)

An important aerodynamic effect results from the fuselage upwash or downwash assocliated
with the fuselage vertical force. In Figure 23 the velocity distribution (wind tunnel
measurement) over the tail section area of a specific helicopter fuselage shape and the
resulting upwash distribution over the span of the horizontal tail are shown for a fuse-
lage angle of attack of -5 degrees. The increase of the mean angle of attack at the hori-
zontal tail due to this upwash is about 4 degrees. Zero fuselage lift and, therefore,
zero upwash occurs at an angle of attack of +8 degrees; this means, that the 1lift curve
slope of the horizontal tail is reduced by about 30 % due to the fuselage upwash/downwash
effect.

v=t
HORZONTAL TAL POSITION
!
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CROSS FLOW VELOCHTY DISTRIBUTON
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K_—_—ﬁ— ) 30
?zo
S~—— 10
0
awl \\\”,_o
UPWASH  VELOCITY DISTRIBUTION
ON HORZONTAL TAR
FIGURE 23 Fuselage induced Upwash in the Tail Area, WT-Measurements
(@ = -5 degrees)

For the investigation of the main rotor hub wake, the pressure losses at the tail rotor
~ and tailplane positions have been measured during BK 117 model wind tunnel tests, Reference
: 20. To reduce the adverse effect of the hub wake on the tail fin, the aircraft has bkeen

fitted with a hub cap. In Figure 24 the improvement of the dynamic pressure on tie verti-
’ cal tail due to the bent down hub wake produced by the hub cap can be clearly seen.
—p= BASELINE
e WITH HUB -CAP

c
Py

ANGLE OF ATTACK

+40° +10°

FIGURE 24 Total Pressure Distribution

at Tail Area; Influence of Main
Rotor Hub (Wr-Test Results)
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FIGURE 25 In-Flight Pressure Measurement at Tail Area, V = 80 kts

Inflight measurements of the flow situation at the empennage and tail rotor area were
conducted on a BK 117 experimental aircraft, Reference 17. Fifteen pjtot-tubes were fitted
for dynamic pressure measurements, and flow angle indicators at 90 degrees to one another
were installed to sense the vertical and lateral flow angles at both sides of the horizon-
tal tail end-plates. Figure 25 shows dynamic pressure maps, for climbing, level flight and
descending flight condition as interpolated from the test points. The curves indicate a
large depression area, which obviously moves downward during climb rates, and moves upward
during descent rates. These results are in agreement with the findings in References 15.
The flow angle measurements further indicated, that a constant lateral flow angle of about
8 degrees, obviously resulting from the trim sideslip ancle, and from the tail rotor in-
duced lateral velocity component, occurs at the right endplate station.

UNSTEADY COMPONENTS

Interactional aerodynamics gets still more complex when taking into account the un-
steady flow phenomena, usually contained in the wake structure. Fluctuating flow components
can, in many cases, be more troublesome than steady flow distortions. At the downstream
positions of the rotor and of the fuselage usually rotor-harmonic contents, resulting from
the blade passage interaction, and also non-rotor harmonic components, resulting from
turbulent wake, are experienced. Especially the fluctuating flow elements can be the source
of severe structural loadings, and of excessive aircraft vibrations. The "tail-shake"
phenomenon encountered by many helicopters in early flight test programs (References 14
to 17), is one of the well-known rroblems in this area.

Theory is not capable up to now to account for dynamic wake phenomena, and today's work
is, therefore, mainly related to experimental investigations. Figure 26 shows results of
the above mentioned inflight measurements. Time histories of vertical and lateral flow
angles, and of the dynamic pressure at one horizontal tail station are shown. Very large
dynamic amplitudes are evident in these traces, and it is also seen that flow conditions
on both sides of the fin area differ significantly.
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FIGURE 26 Time Traces of Flow Angle Measurements at Tail Area;
V = 100 kts, right sideslip condition
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A frequency analysis, using the Fast Fourier Transform method, was used to obtain
spectrographs of the flow parameters. Typical examples are presented in Figure 27, show-
ing the frequency diagram of the vertical and lateral flow angles, and of the fluctuating
pressure signal for two different flight speed conditions. A frequency range of zero to
70 Hz is covered.Both blade passage frequency components (42, 87), and non-harmonic fre-
quency contents are evident from these frequency diagrams. The influence of airspeed is
clearly seen, indicating a substantial increase of the unsteady flow angle fluctuations
with higher speed. Usually the range of exciting frequencies coincides with some natural
frequencies of the tail boom and tail surfaces, so that strong amplifications in the
resulting airframe oscillations can occur.
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FIGURE 27 Frequency Spectra of Flow Angles and Dynamic Pressure for
60 and 100 kts Level Flight Speed

A summary of the prevailing frequencies of the flow angles and of the pressure signals
both from wind-tunnel and flight testing is given in Figure 28, Natural frequencies of
tail components and the lower rotor-harmonics are also indicated.The diagram shows a
fairly conclusive picture about the wake quality with variation of airspeed. Correlation
with Strouhal-Number relationship (f = S +« wvo/d) roughly indicates the components charac-
teristic dimensions responsible for the production of the wake.
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FIGURE 28 Prevailing Wake Frequency Content vs Air Speed

Flight tests have been undertaken to investigate various devices which could be of
benefitial influence on the wake impingement. The diagrams shown on Figure 29 demonstrate
the effect of a hub-cap installed on the main rotor hub, and the effect of removing a rear
fuselage spoiler, initially installed for directional stability improvement. The diagrams
show a comparison of the oscillating bending moments, which effectively proved to be a
direct measure for the vibrations felt in the cabin. Both small configuration changes
greatly improved the tall shake situation, both in level flight and, particularly, at
descent rates (right diagram of Figure 29).
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5. CONCLUSIONS

From the multifarious aerodynamic interactions of the helicopter three areas have
been investigated, and the following conclusions can be drawn:

- Blade-vortex interactional airloads are most severe in the flight conditions of low
to moderate flight speed, particularly under medium rates of descent. Existing rotor
wake models are capable of calculating the main features of vortex interactions, the
higher harmonic airloads show good correlation in the harmonic decay with experimen-
tal data.

- Interactions of the fuselage flowfield into the rotor disc plane are of substantial
impact on the rotor flow conditions. Combination of analytical fuselage flow models,
and rotor calculation models allows for determining the effects of fuselage flow
interaction on local inflow conditions, and higher harmonic airloads of the rotor.
It is shown that interference effects are generally reduced with an increase of
the rotor-airframe clearance.

- Flow interactional effects between the rotor hub and fuselage parts, and the tail
section are of great influence on aircraft behaviour. The steady pressure loss,
resulting ir a reduced effectiveness of the tail rotor and tail plane components
can be simulated by existing analytical methods if the separation phenomena are
included. Additionally, strong fluctuating components are observed in the wake flow
which can result in severe airframe oscillations. Theories for calculating the un-
steady flow phenomena are not available today, so that an understanding of the pheno-
mena and problem solutions are mainly based on experimental work.

Analytical resvlts presented in this paper were mostly obtained from special purpose
working models. As it seems, a combination of such models into a fully coupled model
will certainly improve the reliability of the results, and will provide a usefull tool
for practical design work.
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ROTOR-FUSELAGE INTERFERENCE ON ENGINE INTERNAL AERODYNAMICS IN
MANEUVERING HIGH-SPEED RO1ORCRAFT

by

Dino Dini
Istituto di Macchine, Universiti di Pisa
56100 Pisa, Italy

SUMMARY

Unsteady loads resulting from rotor blade vortex interactions and & rodynamic interfevence effects
with the fuselage in high flight speed rotorcraft are here considered from the puint of view of the influ-
ence on engine internal aerodynamics. Moreover, inertial forces and gyroscopi~ moments during rotorcraft
maneuvers, inducing cyclic bending of the rotating disks, blades and shafts of ‘he engines, are investi-
gated.

Engine damages or failures due to certain combinations of frequencies, very close to aerodynamics reso-
nance, cause rotorcraft accidents. In such cases, inputs are given by interference of aerodynamics loads.
This specific area requiring further effort is identified by the present paper.

Integration of transient aerodynamic phencmrna makes possible engine malfunctioning or flame out. Ways for
the solution, at the design stage, of such critical 1nterferences are here suggested.

The propulsion system is shown to be responsible to fail because of its original deficiency in satisfying
instantly excessive loading factors imposed on the cyclically variable rotor torque during the pilot
transitionzl inputs from a flight segment to another. Moreover, it is shown as limitations have to be im
posed up on the operations of rotorcraft as a result of the hieh aercelastic vibration levels encountered
in flight, and transmitted to the driving engines.

INTRODUCTINN
When the helicopter is in flight, the rotors, engine and drive shafts, - « ¢ vibrations which are
transmitted to the s*ructure. Each component has its own natural vibratia. !t . cv which is affected by

its mass, flexibility or rigidity, its shape, dimens’ons nd raterial used.

For the whole aircraft this results in complex vibrations which can =um up or subtract. When the natural

[ equency matches that of vibrations originating from the main rotor, at each blade rotation these vibra-
tions receive an ,ther reflected vulse. The vibration amplitude irncreases very rapidly. These divergent
vibrations and the rezulting oscillations can cause significant transient loadings f the engine structure
itself and may introduce alternating stresses and fatigue effects on the enpine components, t*.ough the
main gear box suspension unit and the main rotor head, figures 1 and 2.

Because of the rotor-fuselage integration, aeroelastic instabilities have to be predic'.:d for a re-
liable engine control design. Fatigue limits imposed on helicopter engines are mte severe than in other
av.. motive application, because of the -ibration level induced in the engine core. Periodic aerodynamic
and inertial blade !nadings may have serious c nsequences with respect to the shafts and the discs t
which these blades are attached. Flutter, with either random or uniform phasing between adjacent blades,
may cxert oscillatory root reactions that integrate for the entire disc and excite a shaft resonance.
Unsteady loads resulting from rotor blades vortex interactions and ¢erodynamic interference efiects with
the fuselage in high flight speed rotorcraft are here considered from the point of view of the infiuence
on engine int.rnal aerodynamics.

THE MECHANISM LIMITING HIGH - g MANEUVERS ’

Alverse flight characteristics are encounte-ed in certain high normal load factor maneuve::, su.p a3
transient engine torque pressure (changes during high roll rate manzuvers). Cyclic control forc. feeurack
at high load factors has to wern the pilot that the maneuver should be limited in severity.

Avoidable maneuver limitatior: include such problems as inadequate altitude margins to recover from high-g
turmms a. low airspeeds, figure 3.

The boundaries of the flight env~ ope .ve not defined by structural limitations, as other limits .vrc en-
countered first. Among these are the aerodynamic limit of the rotor.

In maneuvers, with mean normal load factore in excess of 1.3 g like bari-d turns at constant or varying
airspeed and altitude, as well as rolling or symmetric pullups, variables .ave to be chosen to describe
the aircraft trajectory and to indicate the loadi.p, power and vibration levels.

Helicopter maneuverability can be studied fiom the point of view of simulation on a computer. A series
of fixed= collective symmetric pullups have to be simulated to determine the thrust levels at which cer-
tain maneuver limiting phenomena occur. The pullups may be simulated at differer.* advance ratios, with
di(ferent maximum mean :ormal load factors achieved varying the rate at which the longitudinal «iclic stick
position is changed.

Operationl fixed- collective maneuvers are entered by div' ng from level flight cruise at a certain
power setting. The simulation of symmetric pullups determines: che value of (‘1./5 at which the onset of re-
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treating blade stall occurs as a function of advance ratio, the thrust levels at which the maximum contin-
uous engine norsepower and steady transmission torque rating in exceeded. The flapping stop and cyclic
force feedback limits are found. Finally, a confrol system fatigue limit (based on the oscillatory pitch
link axial force) and the absolut. aerodynamic limit are determined. An increase in required horsepower
and cscillatory pitch link axial force also cccurs at the onset of retreating blade stall, but at slightly
different valucs of Cy/o.

The maximum lift capability of the rotor establishes the absolute aerodynamic limit. This limit is deter-
mined by increasing the severity of the maneuver until no further gain in maximum mean normal load is
achieved.

The designer needs t. understand the phenomena occurring during high- g maneuvers so that ways may be

found to improve maneuverability.
Th. max:mum normal load factor achievable in a symmetric pullup can be influenced by the way the maneuver
i terminated. If the pu'lup ends with a pushover, the pilot will start recovery early. This avoids low-g

hover, with its loss of ¢~ “trol effectiveness. Higher normal load factors can be attained in the pullup
. it is endea by ~ right roli similar to a wing- over maneuver.
High cockpit vibration levels are an indication of stall. A strong correlation between oscillatory normal
load factor and chordwise bending moments are a good indication of stall. But, rotor stall is not the only
cause of high cockpit vibration. Vertical vibration and blade bending moments s“~w high frequency compo-
nents which are associated with the rotor intersecting its own wake. The occurrence of wake crossing, fig-
ure 4, is dependent on the airspeed and fuselage and rotor angular rates and is not entirely repeatable.
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Fig. 1 - Power transmission to main rotor.

This aerodynamic effect cannot be modified, but a vibration igsolation system can postpone the onset of cock-
pit vibration to higher normal load factors.

Transient engine torque pressure surges as large as 90 kFa may be encountered during maneuvers initi-
ated 4t high power settings. The engine torque pressure will tend to increase whenever: the rotor pitch
rate is negative, the rotor roll rate is negative, or the cyclic stick moves forward,

Engine torque pressure surge and the absolute aerodynamic limit are the only phenomena which limit the max~
imum normal load factor. Control force feedback has been designed into the aircraft to force the pilot to
iimit maneuvers to load levels that will not decrease the useful life of the vehicle. Cockpit vibration
has been found to restrict some maneuvers.

However, the load factor capability is most important in maneuverability. The limits are: engine power
in a steady turn, and rotor stall in a deceleration turn. For future helicopters, g levels over 3, up to
tigh speeds, will be required.

While the relationship between maneuverability and the functional mechanism is well understood, frequent
and abrupt changes in speed place severe stresses on the engines, gears, and all dynamic parts, which are
reflected in special engine requirements.

From positive acceleration, as large as + 2g, during pull up in a terrain avoidance compound maneuver,
the three dimensional mission is going on tirough negative acceleration (sometimes in between - 1g and
~ 0.5g in the push- over/rolling maneuver, figure 5.

Military helicopters require a maneuv . capability beyond a hover out - of - ground - effecL condition:
+ power/maneuver margin equivalent to a vertical rate of climb of 150 meters per minute. But, higher tur-
ulence levels are encountered with vertical component of 300 mpm, as in advanced attack helicopters.
The rapid ctange of load factor, roll and pitch sngles, rolling and pitching speeds, Raf. 1, up to their
extremas, will result in high losds. Ne~rly half of all accidents can be attributed to fectors related to
inadequate performance or control cepability.

Peak engine power is required to meke apid change: in flight path and altitude under the precise

l A — e ———————
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control of the pilot, as in hovering, icceleration and deceleration, and target acquisition.

fig. & - Main rotor.

A typical turn maneuver is described on figure
6.

The propulsion systems is often responsible to
fail because of its original deficiency in sat-
isfying instantly excessive loading factors im
posed on the cyclically variable rotor torque
during the pilot transitional inputs from a
flight segment to another. The computerized fuel
control is effectively inadequate to establish
continuous equilibrium between shaft drag torque
and delivered engine torque, in that resulting
excessive rpm inertial dissipation.

Moreover, limitations are imposed up as a result
of the high aeroelastic vibration levels encoun-
tered in flight, and transmitted to the driv-
ing engines. The associated periodic loads on
the engire rotating parts, particularly during
the so called transition flight regime between
hovering and forward flight and during high-
speed flight, are contributing substantially to
material fatigue and consequently high rate of
replacement and maintenance of component parts.
Extrime flight conditions are right and left
turns, rolling pull - vut-, longitudinal rever-
sal, cyclic and collect.ve pull - ups,slope land-
ings and starts.

Y

_ ~ PUSH OVER/ROLLING MANEUVER
ﬁ\ 1ses 08

.,

2774

4
¥

':8\ X/

[E2]

Fig. 5 = Typical terrain avoidance
compound maneuver,
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Fig. 3 - Helicopter terrain avoidance
maneuver.
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ENGINE RESPONSE DURING MANEUVERS

In maneuvering flight, where sharp turn and abrupt pull - ups may be required, severe blade stall can
be encountered, because of rotor rpmdecay or high load factors. Reduction of collective pitch and/or increas-
ing rotor and engine speed will help.

Engine output shaft rpm cannot generally vary more than 107, and gas turbine engine operation may become
critical at the minimum rpm values, with a consequential loss of rotor thrust.

Surge still exists in engines that have been abused. Repeated surging axd the accompanying transient tor-
sional loads from the engine can cause damage to the airframe components.

The interstage bleed system, automatically relieving the compressor of a small amount of air during the period
of the engine acceleration cycle, may encounter higher loss of power tham usually. The entire sequence opera-
tion could not be controlled by the fuel control sensing gas producer speed, fuel flow and pilot demand,
therefore not ensuring proper opening and closing of the interstage air-bleed. The fuel control is a hy-
dro-mechanical device, with fuel regulator and power turbine governor. The acceleration and deceleration
tuel flow control may be in excess of the engine's ability to immediately produce the desired power. The
amount of fuel added to the air in the combustor may be not exact at all times to get a good performances,
Ref. 4.

As a result, the engine should be brought through transitory condition as rapidly as possible, keeping the
rotorcraft out of dangerous mixtures. Boost pumps, check, metering, dump, pressurizing, and shutoff valves,
and pressure regulators, of the automatic fuel flow system, are a very complex matter, susceptible of pos-
sible malfunctioning failure during rapidly changing operation. The emergency fuel system must be operated
with some care to avoid engine damage. The transient air-bleed control on the compressor rotor of the gas
producer turbines is not able to operate correctly during power turbine rotor acceleratior Unsteady air-
loads on the helicopter main rotor might be so high to stop at all the combustion process.

At high speeds, the load factors in maneuvers with sharp edged gust impact are relatively hi_%“, and
the effect on the engines become critical. Significant transient loading of compressor structure wou.'
usually be associated with a gross change in the throughflow, that is either truly aperiodic. The problem
of sudden changes in througflow is closely related to the aeroelastic problem of a single airfoil passing
through a sharp-edge gust front in the atmosphere, such as might be produced by a remotely originated blast
wave, Ref. 3.

If the compressor is operating in a cyclic surging or stalling condition, the required number of cycles
for fatigue and consequent failure could be accumulated in a short period of time. Low cycle fatigue might
so be encountered in compressor rotor blades, nowadays subjected to exceedingly high centrifugal stresses.

Distorted flow into a helicopter gas turbine, as a consequence of turbulence in maneuvers, can trigger
engine instabilities. Among the propulsion system margins are buzz or inlet unstart, compressor stall,
turbine inlet temperature, and mixture ratio limits to maintain combustor flame stability, Ref. 3.
Indirect effects of severe inlet distortion are also producing potentially harmful aerodynamic envircnments
for blading at operating conditions. Examples of such indirect effects are the ones arising from the
thick annulus boundary layer and the degradation of flow quality. The first one may stall the compressor
rotor blade tips and give rise to a rotating stall pattern of limited radial extent, giving rise to peri-
odically reversing throughflow and surge (in the case of massflow reversal); the sudden forward travelling
of the compressor discharge pressure, coexisting with the flow reversal, implies a pressure wave, the so-
called hammershock, going through the compressor into the inlet. The second one may induce usually high
turbulence levels and thick wakes on the stator and rotor airfoils, producing negative incidence in some
stages of the axial compressor.

The degradation of flow in an axial turbomachine may lead to the onset of self excited blade vibration
(stall flutter) or self ~excited fluid oscillation (stall propagation).

High - performance gas turbine engines are sensitive to not only self - induced cyclically changing loads but
also to extremely induced loads which result from helicopter maneuvers. The engine is expected to operate
in a very hostile environment, being exposed to extremes of temperatures, pressure, vibration, and wechan-
ical forces within the engine. In addition, the engine is exposed to a variety of accelerations in all
directions, thus imposing large inertial and gyroscopic forces on an already complex loading environment.
The engine is expected to function under all conditions with small clearances between rapi-ily moving and
stationary parts and to exibit little degradation in performance after long period of operation.

An engine stall is expecially bad in a helicopter because of the rapid load reversal which occur in the
rotor dvive system. A stall is indicated by a sudden drop in compressor discharge pressure accompanied by
an increase in exhaust gas temperature.

The complex combination of external and internal operating forces and maneuver forces presents a big
obstacle to determining the distortions occurring in the engine during helicopter flight. Because of rotor
movement, case bending and ovalization, rotor shaft and blade bending, blade extensions, and thermal
stresses, it is difficult to predict the relative movement of engine components under all flight maneuvers.
Abnormal vibrations in an engine installation may be caused by malfunctioning engine - mounted airframe
accessories, engine mounts and other external connections, as well as by impulsive flow phenomena caused
by blade - vortex interaction on the advancing side of the rotor disk. External airloads may be so highly
unsteady to produce engine instabilities, going from the accompanying the distinctive "blade slap"acoustic
signature of some helicopter rotors to those determining engine fatigue, failures and stop.
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DESIGN CRITERIA FOR ENGINE/AIRFRAME COMPATIBILITY

airframe, drive train, and powerplant, Ref. 2.

Fig. 7 - AS 350 ~ power transmission to the
main rotor.
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The structural characteristics, the inertial characteristics, and the aeroelastic behaviour of the
rotary wing are involving the compatibility of the mijor multidegree - of - freedom systems: rotor, control,

Power transmission to main rotor, iieur~ 7, for the Aerospatiale AS 350 and figure 8 for the Agusta
A 129, is under conditions that the drive shaft transfers only engine torque to the main gear box, while
other loads are picked up by the housing and barrel junction assembly. The main rotor head absorbs the
forces induced by the rotation (centrifugal force, flapping and /lag loads).

Jixed ring gear

Planet gear

Planet gear spherical bearing
Thrust washer

Sun gear

0il jets

Power input casing

Bevel pinion

Taper roller thrust bearing
Cy'“ndrical roller bearing
0il lev  sight gauge
Magnetic drain plug

0il pump

Taper roller bearing

Lower casing

0il relief valve

Main casing, ribbed, double wall
Bevel ring gear

Vertical shaft

0il pump drive gear

Taper roller bearing

0il fuller plug

0il jet

Fig. 8 = A 129 - drive system schematic.
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Helicopter engine/drive system torsional instability can be prevented if care is taken for accurately re-
present both engine and rotor in the torsional analysis. Particular attention skould be paid to proper
lag damper representation, including hydraulic compressibility effects.

When considering a helicopter under th~ aspect of dynamics, it consists of a complex system of anelas—
tic fuselage and the rotating rotor. They represent an oscillating system which can be subjected to self -
excited oscillations under certain circumstances. They can occur either on ground or in the air and are
called the classical ground and air resonance.

Up to the present time, the frequency difference between rotor blade motions and fuselage oscillations has
been sufficiently great to allow then to be considered separately. But, recent studies have indicated that,
because of the increased coupling between blades and fuselage as a result of increased hinge stiffness,
this is no longer the case.

It is therefore evident that it is not always possible to establish cause and effect relationships for
the prediction of engine/drive/ariframe compatibility. However, through a combination nf analysis and test-
ing, proper compatibility is usually achieved. Analysis and rotor/drive/engine system integration testing
is required to establish optimum operation procedures, expecially in maneuvering. Airframe panel excita-
tion due to fluctuating aerodynamic pressures at rotor sequencies should be evaluated with a finite - ele-
ment model of the entire airframe structure in order to establish the resonant frequencies and the forced- i
response stresses. Helicopter engine/drive system torsional instability can be prevented if care is taken
to accurately represent both engine and rotor/systems in the torsional analysis. Particular attention
should be paid to proper lag damper representation, including hydraulic compressibility effects.
Self - excited vibrations of transmission - mounted components can be minimized by using finite - element
analytical methods in the design stage and by test verification of the initially received hardware. Anal-
sys and testing should not be limited to rotor, but should include gear tooth mesh frequency excitation as
well. .

Structural analysis, based upon finite element model calculations, is employed for stress and vibra-
tion evaluations of structural components. It essentially consists in substituting the actual structure
with an equivalent assembly set up in a series of simple solid and elastic elements for vibration anal-
sys. The method of structural analysis, applied to complex configuration mechanical pieces, permits to
obtain an excellent approximation of the real strain and stress distribution. Applied to a structure, it
permits, through the solution of dynamic equations, the establishment of matural modes and frequency of
the fuselage and the rotor coupling.

Methods of analysis of helicopter blade flutter for both hinged and hingeless blades are formulated.

The instability associated with the stall flutter is due to the adverse time phasing of the aerodynamic
torsional moment resulting from the loss of blade bound vorticity during torsional motion at high angle of
attack. The complex nature of the phenomena precludes an analytical representation of the unsteady air-
loads at the present time, but the prediction of regions of instability is made possible by the applica-
tion of experimental data. The high pitch- link loads which occur in stall flutter may be a serious obsta-
cle to increased flight speeds. The most profitable way of reducing these loads is to use aerfoil sections,
which have high dynamic - stall angles, so that they can operate in the retreating blade region below the
stall angle as much as possible.

Vibration in helicopters may lead to excessive levels of fatigue. It is common practice to design, as
far as it is possible, the fuselage such that the natural frequencies of the major normal modes are well
separated from the rotor forcing frequency. The analysis may be applied to the problem od determining which
part of the fuselage structure of a particular helicopter is most effective in reducing the roto induced
vibrational response in the region of the pilot's seat. The vibration levels are kept to a minimum by in-
troducing vibration absorbers and also modification of the fuselage structure, or by designing the gearbox
and engine mountiu,s so that the transmission of oscillatory forces is suppressed.

Accurate finite - element method analyses and/or shake testing of all engine installations, whether
hard - mounted, detuned, or isolated, are required to determine potential vibration and stress problem
areas. It is desirable to formulate engine/airframe manufacturer interface agreement during the early de-
sign stages in order to obtain a timely resolution of the potential interface dynamic problems.

The realistic rotary - wing aeroelastic problem is obviously the interblade mechanical coupling, or
the coupling between rotor and the fuselage, or the coupling between the rotor/fus~iage and the control
system.

Prediction methods for estimating total aircraft dynamic stability and response characteristics have been
developed by starting with a minimum number of degrees of freedom to describe the system.

Airloads in forward flight or in maneuver are considered as result of an erpirically modified uniform in-
flow which is dependent from the rotor ratio and shaft movement and from the unsteady blade aerodynamics
due to angle of attack cyclically variable, flight Mach number and blade shape.

The analysis becomes the simulation of a complete rotorcraft which involves a detailed dynamic descrip-~
tion of the rotor and control system, as well as conventional six degrees of freedom body dynamic descrip-
tion which operates both in a prescribed flight condition and in transient loads imposed by pilot inputs.
In the first case, the aircraft is constrained to uriform flight, while the controls are engaged toobtain
a force and moment equilibrium of the vehicle at that static condition, operating directly on main collec-
tive and cyclic,pitch, tail rotor and aircraft attitude. In the second case, rotor, control and airframe,
are free to respond dynamically to extrrnal inputs.

The rotorcraft may be simulated dynamically in thirty coupled degrees of freedom: six for the body, four
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for the hub (pitch, roll, height displacement for deformation, and rotational speed), four for the combination
of the control gyro/swash- plate. Motion of each of the four main rotor blades are simulated by two flap-
wise and one inplane modes and a pitch horn bending degree of freedom which couples blade feathering to
the control gyro. In addition to these thirty degrees of freedom, it may be considered a first torsion
mode for each blade. Since the frequency of this mode is usually over 4 Q, quite higher in comparison to
the other dynamic mode of interest, a dynamic representation of this mode increases the computation com
plexity. This mode is included as a massless elastic response to blade torsion moments with a first order
lag.

The model with thirty degrees of freedom may be written in matrix form, and can handle hover, forward
flight, and maneuver flight conditions, Ref. 2.

Efficient design practice for rorocraft, which includes appropriate vibration analysis, requires: an
estimation of rotor loads on the fuselage structure based on fully aeroelastic analysis; an adequate know-
ledge of the structural characteristics to determine coupled natural frequencies and mode shapes; an eval-
vation of inflight vibration and fuselage response.

This work takes a very high, long and expensive,work, for instance at the IBM 370/168 - type, computer time.
In such a way, the hub supporting structure can be properly designed to minimize the transfer of high peri-
odic forces and moments, into the basic rotorcraft structures, imposed particularly during the so-called
rransition flight regime between hovering and forward flight and high- speed flight.

Inclusion of the lay damper mathematical model (with hydraulic spring effect) into the torsional
stability computer simulation of the rotor/engine control accurately reproduce the torque oscillation with
the original fuel controls. Frequency of oscillation, phasing, and magnitude of damper force, shaft torque
oscillation, and fuel flow fluctuations, are simulated accurately.

EFFECTS ON THE ENGINE OF ROTOR/FUSELAGE TRANSIENT AERODYNAMICS

Unsteady loads resulting from rotor blade vortex interactions and aerodynamic interference effects
with the fuselage in high speed rotorcraft are influencing the engine internal aerodynamics. As a limit,
if the engine is overloaded, the maximum power will drop with decreasing rpm. Since overload conditions
are accompanied by speed decreases, a sufficient margin to the "surge line" has to be maintained and the
engine output will be automatically limited. In this operating range, free power turbine engines, figure
9, are less critical than single shaft eagines. In a free - turbine engine, however, changes in engine
performance because of load changes will also require changes of the gas generator rpm. Due to the inertia
of the gas generator rotor, these changes in power will require a longer period as compared to a single -
shaft engine, in which only the relatively quick - acting fuel valve is to be adjusted and no rotor masses
must be accelerated. This difference will result in larger rpm variations under changing loads in a free -
turbine engine as compared to a single - shaft engine.

Fig. 9 - Engine concept improvement.

In the case of moderate helicopter advance ratio (forward speed/blade tip speed = Vcosa/QR ) and of
local incidences lower than that of profile stall, the azimuthal evolution of the blade local loads are
presented on figure 10 for different blade sections (at radius r in respect to tip radius R). The maximum
level flight speed is limited by power availability, stall, compressibility, and aerocelastic stability
effects.

Accuracy in calculations of engine - rotor performance in calculations of engine - rotor performance is
required because the engine could be not able to support instabilities due to unsteady sirloads on the
helicopter rotor.

With the development of helicopters capable of higher flight speeds, the problem of blade stall flutter
has become one of major importance for the engine operation. Classical flutter involves coupling between
two, or more, natural modes of vibration. In stall flutter, the flutter frequency tends to become equal to
the natural torsional frequency. This implies that in this case the torsional motion predominates.

Large high~- frequency oscillations in torsional moment (TM),lift and aerodynamic moment coefficients, on
the retreating side, were detected in flight - test data taken from a rotor blade during a maneuver, as
shown in the plot of figure 11, This response was the result of dynamic stall induced by previously
formed tip vortices, which, under that particular maneuver flight conditions, pass under the blade at the
azimuth positions indicated in figure 11. High vibration levels are established by aerodynamic loading,
and aeroelasticity of the rotor blades, and resonance of the structure. Increased periodic forces are
occurring when the rotor thrust is increased, during transition from hovering to forward flight, and at
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higher tip - speed ratios. The harmonics above the fourth are generally below 20 percent of the principal
harmonic force. In turn, the magnitude of the harmonic forces other than the n- th one for n-blade rotor
is generally below 50 percent of the principal n- th harmonic.
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Fig. 11 - Measured time history of section
loading and moment coefficient
M | i I and blade torsional response.
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icl_lsz The analysis of blade torque moments indicates the magnitude of
01— the harmonic components to be about 4 + 5 percent, respectively,
of the steady components of the moments.
| f " imath But, still now, rotorcraft are operated at reduced speeds, as
n—#‘—‘&l!ﬂ"—ﬂ'—lﬂ much as 207 below the forward velocity that they might otherwise

LT T L achieve, because of vibratory environments. However, the under-
standing the sources of vibration is more and more required for
Fig. 10 - Blade local load for reaching forward speed as high as 370 kw/h.

a rigid three blade

rotor. Adimensional amplitude AQ/Q and angular velocity ﬂ/ﬁav

cyclic variations of the rotor torque may be, near the maximum
acceptable flight speed, respectively, of the order of 0.1 and 0.05, as compared with the measured value of
ACp/Cp av? ACy/Cyp 4, and ACm/Clu ay (respectively related to the lift, thrust and moment coefficients), as
in figures 10 and 11.

The flow disturbances due to the fuselage affect the loads and motion experienced by the rotor. Hub
forces and moments are important from the vibration point of view, and figure 12 gives the predicted azi-
muthal variation of pitching moment, axial force and in-plane force for rotor alone and with fuselage effects.
The amplitude of the fore and aft in- plane force is doubled by the presence of the fuselage, whereas the
pitching moment and axial force amplitudes are slightly decreased. Calculations indicate that fuselage up-
wash can provide a perturbation to aerodynamic forces ~hich leads to a significant blade and hub response
in a form depending upon the stiffnesses of the rotor blades, even when blade stcll is not precipitated.
In transition flight regimes and extreme flight maneuvers, as in the acceleration maneuver time history on
figure 13, the rotor drag torque Q is varying abruptly during each revolution, because of: sudden airloads
overimposed to the cyclic pitch control of the rotor thrust; vibration and blade flexibility effects,over-
imposed to stall flutter and flap- lag- torsional blade aeroelasticity; effects on the engine of the stron-
gly aeroelastic system corresponding to the rotor- fuselage integrationm.

Such cyclically variable main rotor drag and induced torque Q is reduced in amplitude and disunifor-
mity to the shaft ot the iree (power) turbine. The speed reduction ratio between engine and main rotor is
ranging, for the present rotorcraft, from 70 to 80 : 1 and will be increased in the foreseable future.
About in the same ratio, the main rotor torque and frequency disuniformities are reduced to the gas turbine
engine shaft. Fortunately, the rotor unsteadiness during a single revolution is spread in 70 ¢ 80 engine
shaft revolutions!

The damping action of the transmission layout, from the main and tail rotors to the gas turbine en-
gine, is necessary for a reliable continuous power availability. From the other hand, the 1lifed items in a
rotorcraft transmission system, for example as complex as in figure 8, must be replaced, due to possible
fatigue damage after expiry of a fixed flying time, typically a few thousands hours.

The reduction of gas turbine powerplant weight, in comparison to previous reciprocating engines, has made
possible to instal. enough power for good performance. Unfortunately, the same kind of revolution has not
taken place in the jower transmission, where some components are operating at very high angular velocity
and acceleration. Since both gas turbine and helicopet. rotors operate at a tip speed based on Mach number,
the rotational speed of the engines will increase with advanced technology engines, where the turbine in-
let temperatures will increase appreciably. The speed reduction ratio will also increase.

The gas turbine engines that have been designed for present helicopter use, such as the General Electric
T-58 on the Agusta Bell 204AS, the Lycoming T-53 and the Allison T-63, were required to have an integral
gear-box to reduce the output speeds to approximately 6 500 rpm, because it was believed this was as high
a speed as could be conveniently handled by rotorcraft,

—M
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Inertia loadings of gears, sha,and bearings, of the ‘transmission system may be serious consequences
with respect to the attached gas turbinegengine. A rich variety of vibration phenomena gives rise to dis-
torted throughflow in tfe engine. Mechanical and aeromechanical excitations exert, in such a way, danger-
ous oscilla.tory rootpsreactions on thevblades, Ref. 5.

LIPS

With rotor torque Q reduced about 70 ¢ 80 times to the free (power) turbine shaft, its‘:etiodic
diguniiormity, created by moderate speed forward flight at limited vibrational and aeroelastic effects, is
practically absorbed through the engine gear box (between power shaft and drive shaft) and the planetary
gear unit (between drive shaft and rotor shaft), with passive heat production, Ref. 6.

~~ But, when the forward speed is so high to start blade stall vibration and large amplitude aeroelastic ef-

fects, the engine is quite largely influenced and cannot compensate the required power fluctuations through
the automatic fuel control action. We may expect in this case considerable compressor - turbine and free
(power) turbine vibration and engine flow distortion. In absence of a self acting automatic comtrol, to

“ avoid high flight speeds and too abrupt maneuvers, or in the case of pilot error, engine failures and/or
flame - outs could be involved.
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Fig. 12 - Predict hub moment and forces with Fig. 13 - A deceleration maneuver

and without fuselage flow effects,
as a multiple of mean value for
rotor alone.

time history.

With Q, and we corresponding to instantaneous values of the power turbine shaft torque and the shaft
angular velocity, and n and 0, respectively, to the mechanical efficiency due to power dissipation
through the reduction gears, and to the main rotor angular velocity, the corresponding engine torque (con-
sidering the average torque Q,, for such flight condition)

Q -Q- Q/we ¢n = (Qav + AQ)Q/Ne’ﬂ (1)

is cyclically variable, depending upon the rotor torque and the changing mechanical behavior (expressed by
the value of n).

At constant forward flight speed, the control fuel setting is such to deliver, with a fuel flow G, (N/s),
at net heat value K, (J/N), a fuel power GK, (W), corresponding to the following mechanical balance

G-K-(Qav'ﬂav+QC'wec)Int-nm'n 2)

where Q. , Wae N¢ @&nd ng , are torque and angular velocity of the compressor turbine, and thermal and
mechanical efficiencies.

Now, the periodically variable power turbine rotational acceleration duw,/dt is depending upon the inabil-
ity of the fuel control system to vary instantaneously the delivered power, and it may be expressed

t do fdt = 8Q +Qfu (I, + T 43y + 0y + ) 3

where: J, is the power turbine rotor system moment of inertia, and J,, J,, J,, Jys are the moments of in-
ertia reduced (through the square rotation speed ratios (ﬂ/me)z) to the power turbine shaft, respectively,
of engine box gear, drive shaft, plametary unit gear, and rotorcraft main rotor. (In a complete drive sy-

stem, it has to be taken into account the tail rotor torque disuniformity and the reduced moment of inertia
of the relative drive components).
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The rotational acceleration is cyclically variable according the expression of AQ and Q. Practically,

such acceleration is also influencing the gas producer turbine speed, introducing flow distortions and aer-
omechanical effects on all the engine.

A problem of first priority is to determine the natural frequencies and mode shapes of all the modes
that have potential resonances over the engine operating range. Aerodynamic and mechanical resonance vi-
brations are typified by frequencies that, when in proximity to peak resonance response, will be exact
multiples of rotor speed and "track" with slight rotor variations. A mechanism of separation and re - at-
tachment of flow, referred to as 'separated- flow vibration", characterized by non- periodic amplitude
modulation in the fundamental modes at their natural frequencies, independent of rotor speed, increases
both amplitude and amplitude modulation until the cascade develops a rotating stall and propagates surge.
Turboblading response to surge is of special importance since the mechanism results in brief but damagingly
high overstress ratios.
But, the most destructive type of vibration encountered is the self excited (flutter) vibration, charac-
terized by subtle indications of onset and explosive amplitude build - up to levels that can approach 2 - 3
times endurance limits. Frequencies correspond to the natural frequency at onset and are independent of
rotor speed.

Flight in turbulence and abrupt maneuvers might induce distorted inlet flows and engine performance
degradations. The combination of these phenomena to high amplitude (and/or frequency) rotor torque fluc-—
tuations may have serious consequence on the engine operation.

The collapse of axialsimmetry of the flow in the compressor, at rotational speed lower than the nom
minal speed, causes rotating stall. Although this phenomenon is confined only to a part of the compressor
at a given moment, as in a abrupt maneuver in air turbulence, and does not severely affect the perform
ance map of the compressor, it is more dangerous than other unsteady phenomena to the survival of the com
pressor. In fact, the rotating stall is comprised of a wide range of exciting frequencies which can in-
clude self frequency of one of the blade rows. The rotating stall usually occurs close to the compressor
surge line, where the blade boundary layers are thick. In this region, a wall stall or surge configuration
usually appears before the rotating stall can stabilize.

Blade stalls and rotor- induced surges are then occurring when the distortion intensity is such that steady
or surge pressure ratio limits are reached.

During engine surge, dynamics loads stress fixed and moving blades and components.

Compression and expansion wave over and under - pressure relative to pre - surge steady levels occur as a
consequence of flow breakdown within the compressor of the gas producer.

Possible indirect effect are the beam- like vibrations of the shaft, and the flexural modes of forced vi-
brations of the discs. These disc modes, or blade and disc modes of blade disc assemblies, consist of alter-
nating patterns of axial displacements with increasing numbers of diametral modal lines and circular modal
lines for higher natural frequencies. Failure prediction can then be conducted by comparing with the re-
sults of rotating disc fatigue, testing under controlled conditions of energy input.

The transmission,(from the main rotor to the engine) damping, is an important means of reducing blade am-~
plitudes. The phenomenon implies the dissipation of energy and the reduction of wear of a critical part
in the case of structural damping or the generation and propagation of cracks along the internal grain
boundaries of metallic alloys. The axial machines have to be designed to withstand more severe vibration
environments by using composite materials.

Engine new technology is developing dynamic components (which have greater efficiency, reliability
and ease of maintenance), advanced materials (metals and composites), and advanced lubrication concepts,
Ref. 6.

High dynamic rotor loads in turbulence limit the high speed and maneuverability capabilities of helicop-
ters. Dynamic loads influence the reliability and maintainability characteristics of a rotorcraft and,
hence, its life- cycle cost. The goal of the techonology program is therefore to predict engine dynamic
performance capabilities during high speed forward flight and transient maneuvers.

The main rotor incremental torque AQ, in respect to the average torque Q,,, is determining the
torque Q, and the rotational acceleration dwe/dt of power turbine shaft approximately according eqs.
(1) and (3), for each azimuthal angle of the main rotor.

Even thou,h only experimental data and directly measured values could help to solve the problem,analytical
approximate procedures may be as it follows.

Rotor torque in forward flight

With the blade assumed as a rigid beam with a flapping hinge, figure 14, the total induced air veloc-
ity W relative to a blade element distant r from the no-feathering axis (as resultant of the induced
airspeed, the forward velocity V of the rotorcraft, and the rotational velocity Q +r) has a chordwise
component Uy (comprehensive of R+ r)

UT--Vcosalinw-n-r--Q-r(x+usimh) %)

(with: advance ratio u = V cosa/Q ¢ R, and x = r/R) and a component Up perpendicular to the chord, hav-
ing ignored the spanwise component). '
In the region of the advancing blade (0 < y <180°), the relative chordwise wind due to rotational speed
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is increased by a component of V; in the region of the retreating blade (180° < ¢ < 360°), the component
of V reduces the relative wind. The wind is blowing from the trailing edge to the leading edge in the
part of the retreating blade, where the forward speed component is greater than that due to the rotational

speed, eq. (4). This happens, Ref. 2 and eq. (4), in a circular "reversed flow" region whose diameter is
u R, figure 14,

0= -~

10cusp-dlsing

{dLcasp + 10 slng)sing

REVERSED
FLOW REGION

sepro o ANGLE OF ATTACK

Fig. 14 - Vibration of blade torque with azimuthal angle i
in forward flight.

The contribution from this region is usually very small; for p= 0.3, the area of the reversed- flow re-

gion is only 2.5 per cent of the total rotor area (with very small velocities). But, when u = 0.6 and

more (well above the top speeds of present - day helicopters), the reversed- flow region begins to assume
importance.

The torque dQ on a blade element (c ¢ dr) is, figure 14, as function of the lift dL and the drag dD
dQ = r(dD * cosp - dL * sing) (5)

It is, with W? = U_"I’. + U% = U% » €08 =1, sin = Up/Up , C; and C, corresponding to drag and lift
coefficients

- - 2
. dq = r(cy - ¢ uP/UT) io U 6)

where, the first term denotes the blade element torque dQq due to profile drag, and the second term cor-
. responds to the blade element torque dQ;j due to rotor induced lift.

Eq. (6) becomes, in respect to the azimuthal angle ¢ and the dimensional ratio x = r/R

V34

x3R* Q2 p ¢ . .2
dq de in 2 (x + u siny) (CD CL UP/UT) dx (€))

The rotor thrust dS on a blade element (¢ ¢ dr) is, figure 14,

x2 R3a2p ¢ . 2
5 UT (x + u sniy) CL v, dx (8)

dS = (dL cosg + dD sing) cos3 = dL =

The values of the lift and drag coefficients in eqs. (7) and (8) may be deduced, with simple ideas of
induced velocity calculated on the assumption of the rotor regarded as a lifting surface, in function of
‘, the local angle of attack a = 8 +9. The angles 8 and ¢, for each blade azimuth ¢, are depending upon
the blade pitch "collective and cyclic" control (pitch control by feathering, figure 14, contemporarely all
. the blades and individually each blade) and the amplitude of the total induced velocity W (see the induced
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velocity distribution according to Mangler's theory, Ref. 4).

For instance, figure 15 shows that the rotor blade of a particular helicopter in forward flight, V = 260
km/h, at advance ratio u = 0.33 operate at angles of attack which vary periodically each revolution. On
the advancing side, the angles of attack are small, while, on the retreating side they are large and, for
the greater part, correspond to angles well above static stall angle of a typical blade section. As a given
blade advances, the tip vortex from the preceding blade may pass closely underneath it, as indicated in
figure 4 for p = 0.2, and the point of intersection moves inward along the biade as the azimuthal angle

¢ increases.

It is so possible, at the cruise forward speed of a rotorcraft requiring a total rotor thrust § for

supporting its weight and air drag, to evaluate appropriate values of Cp, Cp, Up and Urp as necessary for apply-
ing eq. (7). *
For each azimuthal angle y (referred to a blade of the rotor) and for all the blade elements, and the b
blades of the rotor, we may get the total torque I dQ required to overcome the induced drag and the pro-
file drag. Adding to such a total torque that one necessary to turn the tail rotor, the value of (Qav + AQ) in
eq. (1) is obtained. The periodic distribution of the rotor torque is shown on figure 16.

FORWARD FLIGHTA
v

=]

Fig. 15 - Angle of attack distribution with Fig. 16 - Variation of blade loading
no uniform downwash for u = 0.33. with azimuthal angle.

The average torque Qq av for b constant chord blades, due to profile drag, is

R i
= 2, . . . . =
Qy 4y = (B2 [ j to UZ»Cpreer-dredy
> o
1 27
= (b/4n)o c Q2 R* f CD(x +psing)2ex o dx o dy = 9)
o o

=pebeces02Rt e (1 + p2)/8
D av

assuming an average value Cp ,, of the drag coefficient.

The average torque Q; ,, for b constant chord blades, due to rotor induced drag, is

R 2
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where it has been considered Cp = a(@ +9), with a constant slope lift a.
To solve eq. (10), it is necessary to introduce the rotor thrust dS on each blade element as expressed by
eq. (8), the force component dH perpendicular to the no- feathering axis, i.e.

dH = (dD cosg - dL sing) siny - (dL cosg + dD sin@) » sinB + cosy (11)

and the air induced velocity profile.

The average torque Q,,, as in eq. (1), is obtained adding the required tail rotor torque to the values
carried out with eqs. (9) and (10).

Finally, for each azimuthal angle ¢, the values of + AQ and +4AQ- Q/w, as in eq. (1) and figure 16, and
* dwg/dt, as in eq. (3), are obtained .for the engine (and the transmissions) transient response.

Rotor torque in "over—speed" forward flight and in transient maneuvers

During "over - speed" forward flight and in transient maneuvers, vortex wakes spring from the individual
tlades and form a complicated downwash pattern, as the vortex elements spiral downwards below the rotor
plane because of high Mach number and changing incidences. Moreover, effects of flexibility may determine
complex blade bendings and coincidence bctween the frequencies of the blade motion with the frequencies of
forced motion or the natural frequencies of other parts of the rotorcraft.

The periodically varying aerodynamic loads along the rotor blades transmit vibrations to the hub. Aero-
elastic coupling of rotor blades determines flap- lag instability, pitch- lag instability, pitch- flap flut~
ter, blade weaving, and stall flutter.

Large high- frequency oscillations in pressure, torsional moment, lift and aerodynamic moment on the
retreating side, are detected during a maneuver. This response is the result of dynamic stall induced,
figure 4, by the previously formed tip vortices, which, under the maneuver flight condition, pass under
the blades at the azimuthal positions over there indicated.

Rotor aerodynamics simulation programs are under development for a broad range of high speed and

transmission flight conditions. From them, it will be possible to perform detailed analysis of rotor

' torque variation, more critical than that on figure 16. Such aeroelastic rotor analysis contains the fol-
lowing items: accurate representation of the rotor dynamics, including the effects of the centrifugal force
field, blade twist, mass distribution, stiffness distribution, and the coupling effects between in=- plane,
out ~ of plane, and torsion displacement of the blades; the blade element aerodynamic coefficients C, and
Cp for stalled and unstalled conditions; the rotorcraft's response to pilot control inputs, gust and other
externally applied forces.

However, prediction of the rotor torque Q azimuthal signature for "over - speed" forward flight and
transient maaeuvers is a complex task involving a high degree of idealization and many assumptions. When
the rotor system concerned is hingeless, or semi- rigid, the complexity of this task is amplified by a
strengthening of the inter- relationships that exist between the three fundamental loading actions of over—
all aircraft trim balance, rotor system oscillatory loading and vibratory forcing of the airframe.

From the other hand, the rotor torque, Q and Qg , azimuthal signatures, as in eqs. (1) and (4), may
be directly measured in flight. The collected data can be used to analyze the engine component behaviour
and the aerodynamic load distribution in "over - speed" forward flight and transient maneuvers.

According test flights, limitations are established for each type of helicopter. For instance, in any
kind of maneuver, the flight speed must never overcome the maximum focrward speed in the same conditionm.

Quite high inertial loads derive, in military helicopters, from maneuvers like the ones shown on fig-
ure 3, 5 and 6. With load factorc as high as 3.5 g, sometimes istantaneously higher up to 10 g, serious me-
chanical damages and failure on engines may be involved, With negative load factors, as the ones on fig-

' gure 4, the distorted inlet flow may cause induced engine instability.

Large gyroscopic moments a.e created when a spinning body such as the turbo- engine rotates about some
axis oti than its spin axis. The size of these moments is a function of the body spin speed, mass and
distributica of mass of the spinning parts about their spin axes (as transmission systems with roller gear
reduction unit), and the rcrorcraft pitch/yaw rate. The resultant forces cause damaging cyclic bending of
the rotating disks, blades and shafts., Gyroscopic moments of military helicopters may be of the order of
270 m~ kN. It should be noted that gyroscopic forces are generated not only by helicopter maneuvers but
can also be induced on engine. With the per cent occurrence of the standard maneuvers loads spectrum, the
calculated lifetimes may be more than 5 000 hours for the rotor shaft, 11 000 hours for the rotor hub and
22 000 hours for the blades, and much less for the gas turbine engine.

LIST OF SYMBOLS

Vv = forward speed

W = total induced velocity
Q = torque

T,L,D = thrust, 1ift, drag
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@ = rotor angular velocity
w = turbine angular velocity
J = mass moment of inertia

n = efficiency

a = angle of attack

Cp = thrust coefficient

5 = solidity

n = number of g

av = average

other symbols clearly explained in the test.
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COMMENTARY FOR SESSION II

WAKE AND AERODYNAMIC INTERFERENCE EFFECTS
OF ROTORCRAFT AND WIND TURBINES

By
Anton J. Landgrebe
Manager, Aeromechanics Research
United Technologies Resea:r h “enter
East Hartford, CT 06108
usa

The techrnuingy pertairing to wakes and aerodynamic interference effects is furdamental
tu the prediction of the aerodynamic loads of rotorcraft and wind turbines. Significant

advarces tnis techrology have been made in recent years as exemplified by the six
papers i ..ted at t1s session. The following commentary contains a summary of the key
fedat ales cacn repcoted study, brief comments on the technical approach and results, and
recommere sns for future activity. The order of presentation herein is consistent with
the .rder v the papers in this AGARD Conference Proceedings.

Aerodynamic Hesearcs of Tipvane Wind Turbines
. J. W, van Bussel, Th. van Holten, G. A. M. van Kuik)

An 1nteresting concept for improving the performance of wind turbines is presented
with emphasis on the analytical method used to represent the complex aerodynamics of the
tipvane turbine. Key features of the method are listed below.

Key features:

*Acceleration potential, asympotic expansion
approach

*Predicts airload distribution on "T-tail" tipvane
configuration

‘Complex aerodynamics of interfacing surfaces require
houndary condition assumptions

Accounts for oversynchronous and undersynchronous
operation

*Predicts vortex annihilation for oversynchronous
operation resulting in nv induced drag

The accurate analytical modeling of oversynchronous as well as undersynchronous
operation 1s a primary requirement of the method, for thz principal performance benefit
of the tipvane concept is dependent on achieving oversynchronous operation where the
tipvane of eac:. blade is situated in the wake of the previous blade's tipvane. A movie
shown during the session, clearly indicated the interaction of the vortex from the
upstream 2dge «f a tipvane with the vortex from the downstream edge of the following
tipvane. The twn vortices were synchronized by tip speed ratio to place them in the
immediate proximity of one another and thereby produce a mutual diffusion process
influenced by their opposing rotational sense. It is stated in the paper that "in
oversynchronous situations the vortex annihilation is almost perfect (no induced drag!l)."
It was stated during the presentation that power coefficieni s above 1.0 are hopefully
anticipated. Considering, a typical peak powercoefficient of conventional wind turbines
near 0.5, tniswould be a significa.t accomplishment. The degree of achievement of the
high power coefficient remains to be demonstrated by test. Also, the sensitivity of the
power coefficient to off-design tip speed ratios (nonoptimum synchronization) should also
be determined by test. It was mentioned that the viscous drag can be high due to tipvane
flow separation if the tipvane is not tilted properly. Thus, experimental determination
of the sensitivity of power coefficient to off-design tip spu. ' ratios for a fixed tilt
angle is also recommended.

Overall, the complex aerodynamics of the tipvane concept, resulting from interfacing
surface (blade/vane) interacting vortices, and predominant viscous drag contributions,
present a formidable challenge to the accuracy cf the acceleration potential, asymptotic
expansion approach which assumes small disturbance, potential flow behavior coupled with
the applicability of two-dimensional airfoil characteristics to include viscous effects.
The need for a test rogram is recognized by the authors.




Recommendation:

«Conduct a systematic experiment with power, flow
visualization and airload distribution measurements

to provide validation data for each component of analysis
and check boundary condition assumptions.

Aerodynamic Load Calculation on Horizontal Axis Wind Turbine in Nonuniform Flow
(E. Lupo)

The classical blade-rlement momentum approach for predicting the performance
characteristics of horizontal axis wind turbines is extended to include the contributors
to nonuniform flow. Empirical relations are included where momentum theory is inapplicable
Key features of the method are listed below.

Key features:
*Blade-element momentum theory
*Predicts rotor loads, moments, performance

*Nonuniform flow due to yaw, tilt, atmospheric boundary
layer, tower reflection

*Upwind rotor

The accuracy of the method presented cannot be assessed from the contents of the
paper due to the lack of comparison of the theoretical predictions with experimental data.
Also, the presented results are limited to a small vaw angle of 5 degrees. Blade root
bending and torsion moments are aerodynamic moments and do not include the blade
aaroelastic contributions (a rigid blade is assumed).

The power variation of wind turbines with changing yaw angle has been expressed in
several wind turbine references as proportional to cos De, where € is tte yaw angle
and the exponent has been assumed or determined empirically. However, due to limited
test results and/or design differences, values of n have been inconsistent. An assessment
of this method by comparing th= predicted power versus yaw variation with reliable test
data would be of interest. Coasidering the assumptions made in the momentum theory, and
the neglect of flow nonuniformity perpendicular to the rotor disk, it is likely to be
found that this method is restricted to small cross flows and yaw angles.

The above comments lead to the following recommendations.
Recommendations:
Experimental validation required

-Include aercelastic blade representation for blade
bending and torsion moments

-Demonstrate analysis at more severe yaw angles where
nonuniform flow is more significant

*Calculate power variation with yaw angle and compare with
available data and cos D¢ relationship

Prediction and Experimental Verification of the Resultant Induced Velocity
Eield of a Hovering Rotor

(C. Maresca, M. Nsi Mba, D. Favier)

Experimental studies of the hover performance and wake an . airflow characteristics
of model rotors with tip design variarions are presented, and the results are compared
with wake analysis predictions. Key features of the study are listed below.

Key features:
Combined free wake and prescribed wake analysis
*Experimental performance, wake geometry, core size, flow

velocities (flow visualization, laser anemometer, hot film
anemometer)
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Tip shape and twist variations
*Correlation ranges from good to poor

The results indicate how experimental and theoretical techniques are being applied
and expanded in France to acquire a better understanding of hovering rotor aerodynamics
for improved predictive capability. An interesting result of the application of smoke
flow visualization techniques is the determination of the variation of tip vortex core
size with tip design and tip vortex age. Specifically, core size was shown to increase
with vortex age and be consistently smaller for the three designs representing tip and
nonlinear twist variations from the conventional rectangular tip blade. Comparisons of
measured figure of merit for three rotors indicate a change from performance benefit to
performance decrement as thrust is increased for a rotor with a tapered tip design.
Comparisons of tip vortex geometry predictions from a combined near free wake/prescribed
far wake method with test data indicate good to poor correlation. The poorest correlation
was for a rotor with nonlinear twist blades. Continued model rotor testing, as planned,
to provide correlation data and empirical models for wake geometry and vortex character-
istics will be valuable.

In order to further assess the analytical method, the following is suggested.
Recommendations:

*Use prescribed experimental wake to check analysis
for performance and flow velocity prediction

*Compare blade loading for nonlinear twist rotor with that
of a circulation coupled analysis

*Compare predicted blade loading with available test
results

*Test is required for combined performance, blade loading, wake
geometry and flow velocity measurements for theory validation

VYelocjity Coupling - A New concept { I and Axial Flow Wake Analysis si
(J. D. Kocurev I F. Berkowitz)

A velocity coupled wake model is described which defines the key wake parameters
that are required to predict induced velocities, blade spanwise airloading, and rotor
performance for hover and axial translation flight. The key features of the velocity
coupling technique are listed below. e

Key features:

‘Generalized wake geometry parameters described in
terms of principal velocities calculated from simplified
wake representations

*Calculates hover and axial climb performance and wake
features

*Provides additional insight for physical mechanisms of
hovering wake and flow velocities

The velocity coupling approach is an alternative to the prescribed wake and circu-
lation coupled approaches now in use. Similar to the other approaches, a key objective
is to provide wake geometry. It is not necessarily more accurate than the other methods,
but it can provide fundamental insight for the hovering rotor wake and flow field. The
insight provided by the method may identify improved wake modeling procedures through a
better understanding of the flow field characteristics. An interesting example is the
results of Fig. 16 where it is shown that the mean settling rate in the wake, (k; + kp)/2,
is simply the momentum induced velocity which is independent of number of blades.

The accuracy of the velocity potential approach remains to be demonstrated through a
more extensive correlation study than the one model tail rotor application reported in
the paper. Several hover performance methods have demonstrated acceptable performance
correlation for classical blade designs. The current need is for a hover method that can
accurately predict blade airloading and performance for blades with advanced tip designs.
It is not apparent at this time that the velocity coupled approach will offer an improvememnt
over other methods regarding this objective.
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Recommendations:

+Validation study of wake geometry, blade
loading and performance for a wide range of
rotors

-Current hover methods have been demonstrated as
sufficient for conventional rotor designs. Demon-
stration of degree of applicability to advanced
designs is required (particularly tip shape).

Studies on Blade-to-Blade and Rotor-Fuselage-Tail Interferences
(H. Huber, G. Polz)

A comprehensive description of MBB experimental and analytical activities in the
area of helicopter aerodynamic interaction is presented. Results are presented €or three
categories: blade-to-blade vortex interaction, fuselage interference at the main rotor,
and fuselage/hub interference at tail surfaces. The results show the value of conducting
and relating analytical and experimental programs to gain an understanding of the aero-
dynamic mechanisms involved in helicopter interactional effects. It is also demonstrated
that current wake modeling technology can be used to predict many aerodynamic interaction
characteristics. Key features of the paper are presented below.

Key features:

*Blade-Vortex Interactional Airloads - - Wake analysis

can predict the harmonic decay of higher harmonic airloads
similar to test data for flight conditions with blade-vortex
interaction. Harmonic amplitudes are large for such conditions.

Fuselage to Main Rotor Interaction - - Analytical prediction of
aerodynamic interference of fuselage at rotor for varying rotor
height is demonstrated.

*Fuselage/Hub - Tail Interference - - Sources of steady and
unsteady interference are identified. 1In-flight pressure
measurements, model wind tunnel measurements, and an analytical
fuselage panel method with fuselage/hub/shaft wake representation
indicate significant steady tail interference effects. Flight
test results indicate large n/rev tail interaction due to main
rotor wake and the feasibility to relieve tail shake with
airframe configuration changes such as hub cap and spoiler.

The analytical results presented, based on current wake methodology, are encouraging.
However, considerable fundamental wake modeling research and methodology development
remains to be done before comprehensive, accurate interactional aerodynamic methods are
available for routine use in helicopter design. For example, the high sensitivity of the
amplitude of blade and fixed lifting surface airloads to vortex distance and analytical
vortex representation, for close vortex interaction, must be addressed through fundamental
experiments and improved vortex interaction modeling. Also, wake geometry prediction
methods must be very accurate for close vortex interaction calculations.

The fuselage to main rotor interaction results of Figures 15 to 17 are similar to
é those presented in Reference 1*, The influence of wake distortion and the fully coupled
solution for the fuselage/rotor interaction remains to be studied.

It is mentioned in the tail interference section of the paper that "theory is not
capable up to now to account for dynamic wake phenomena" and "theories for calculating
the unsteady flow phenomena are not available today"”. A method was recently developed
at the United Technologies Research Center for predicting rotor wake induced empennage

!

*Reference 1:

Landgrebe, A. J., R. C. Moffitt, and D. R. Clark: Aerodynamic Technology
for Advanced Rotorcraft. Journal of the American Helicopter Society, Vol.
22, Nos., 2 and 3, April and July 1977 - - Parts I and II. Also, Proceedings
of the National Symposium on Rotor Technology, American Heliccepter Society,
Mideast Region. August, 1976.
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airloads contributing to tail shake, as reported in Reference 2*. 1In this method the
UTRC Rotorcraft Wake Analysis was combined with a local vortex interaction model and
lifting surface representation of the empennage to predict both the unsteady induced
velocities at the tail due to the passage of the main rotor tip vortices and the resulting
unsteady airloads. Reasonable theory-test correlation of the 6 per rev unsteady airloads
for the 6-blade CH-53A helicopter was demonstrated. Additional test results, such as the
MBB unsteady tail flow angle and dynamic pressure data, presented in Fig. 27, confirm the
n/rev airload amplification and are required for continued theory validation.

Recommendations:

*Continue simulataneous theory development, model test, and flight
test to provide a fully-coupled helicopter aerodynamic interaction
prediction method and validation data.

-Fundamental experiments are needed to guide the analytical modeling
of close blade-vortex interaction, fuselage and tail-vortex interaction
and the unsteady fuselage wake.

Rotor-Fuselage Interference on Engine Internal Aerodynamics in Maneuvering High-Speed
Rotorcraft
(D. Dini)

This paper provides « description of the sources of engine damage and failure related
to the unsteady loads resulting from rotor blade vortex interactions, aerodynamic inter-
ference effects with the fuselage, and other mechanisms. The influence on both the engine
internal aerodynamics, the unsteady torque transmitted to the engine shaft, and the
vibratory excitation of the engine are considered in the discussion. Unlike the previous
papers, new methodology or experimental results are not presented. Instead, several
topics are discussed which provide a qualitative understanding of the external mechanisms
which limit engine performance and stru~tural life.

It is described that blade-vortex interaction effects, particularly in high speed
maneuvers, can influence all three cf the above-mentioned factors. Nonuniformity of
the engine inlet flow produced by wake induced effects, turbulence, and maneuvering flight
flow conditions can result in compressor rotating stall. Also, unsteady cyclic rotor
torque variations can be produced which can be transmitted to the engine. When the
forward speed is high enough to produce blade stall and large amplitude aeroelastic
effects, the torque fluctuations can be transmitted through the gear box to the engine
resulting in compressor and free turbine vibration.

A primary implication of the paper appears to be that many of the same concerns
for rotor and fuselage vibratory loads and unsteady airflow that are of interest in the
helicopter design process are also of significance for engine considerations, and similar
methodology is required to predict the engine inlet flow and vibratory excitation. For
example, a combined rotor dynamics and wake analysis applicable to high speed maneuvers is
needed to predict the vibratory excitation from the rotor shaft, the cyclic shaft torque,
and the wake-induced component of +the engine inle: distortion. A method accounting for
the rotor-fuselage aerodynamic interaction is needed to predict the engine vibratory ex-
citations transmitted from the rotor and fuselage.

*Reference 2:

Gangwani, S, T., Determination of Rotor Wake Induced Empennage Airloads,
Proceedings of the American Heiicopter Society National Specialists'
Meeting on Helicopter Vibration, Hartford, CT, Nov. 1981.
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PREDICTION OF AERODYNAMIC LOADS ON ROTORCRAFT
COMMENTARY ON SESSION T1:*

“Wakes and Aerodynamic Interference Effects of Rotorcraft and Wind Turbines”

by
B. Maskew
Vice President, Research
Analytical Methods, Inc.
Redmond, Washinaton 98052
U.S.A.

1. INTRODUCTION

First, et me acknowledge the valuable contributions given to this commentary by two of my colleagues
at Analytical methods, Inc.; namely, David Clark and Mick Summa, both of whom had the opportunity to read
most of the preprints for this session.

Predicting the effects of wakes and aerodynamic interference on rotorcraft and wind turbines is, of
course, a difficult non-linear problem. For the purpose of the commentary on the papers of this session,
I have considered tne problem in four main elements shown in Figure 1: rotor blade model; tip-edge vortex;
wake model; and rotor/wake/surface interaction.

2. ROTOR BLADE MODEL

The shape of the rotor blade, of course, largely determines the way the wake is formed in the first
place--this in turn affects the way the wake develops, how it interacts with the blade, especially at first
blade passage, and how it interacts with other surfaces on the rotorcraft or support structure. The way
the blade is represented in a theoretical model, therefore, strongly influences how well we can predict
the detailed effects of wake and aerodynamic interference. Certainly, if we are attempting to predict the
detailed performance changes of the various advanced blade shapes--of which we have seen several examples
in both Session I and the present Session covering swept, tapered and parabolic tips, non-Tinear twist and
a]sg tip vane devices--then the blade geometry must be modelled in close detail, especially in the tip
region.

In the first paber of this session we saw the benefits of tip vanes on wind turbine performance. The
model used for this analvsis was based on the acceleration potential formulation. The authors were careful
to point out the small perturbatfon assumption of this approach, and yet, in the optimum synchronous state,
when the interaction between the edge vortex system and the downstream vane is at its peak, the velocity
perturbations are 1ikely to be high. If further development of the tip vane concept is to be pursued analy-
tically, e.q., to optimise shape, orientation, etc., then a lifting-surface model at least should be con-
sidered.

1f we wish to predict in detail the performance (i.e., distributions of pressure, thrust and torque as
well as the integrated force and moment) of blades having advanced features, then the blade geometry must be
adequately represented in the methematical model. In this respect, 1ifting-1ine models cannot be expected
to treat the complicated three-dimensional flow fields present in the tip region and during a vortex/surface
encounter. I think Dr. Maresca's paper demonstrated that. Inadequate blade modelling probably contributed
to the substantial differences between measured and calculated collective pitch, although the far-wake model
was almost certainly the major culprit.

A 1ifting-surface model is a minimum requirement for treating advanced features of planform and twist
and offers direct coupling between the wake and the blade loading. Modern airfoils with reflex camber,
Jocal tabs, etc., require even more detailed modelling. At AMI we find a surface sinqularity panel method
offers a very practical aoproach giving complete pressure distributions--albeit with 1imitation regarding
transonic effects. It also leads to practical treatment of viscous effects via boundary layer methods and
this qives predicted edge sevaration 1ines for tip-edge vortex modelling, Figure 2.

3. TIP-EDGE VORTEX

The way the loading is shed near the rotor tip strongly affects the tip vortex Tocation and character;
i.e., whether 1t 1s intense or diffuse. This has a major impact on rotor performance, noise and behavior
at first blade passage. Adequate treatment of this effect again requires detailed mode11ing of the blade
in the tip region. The benefits of the tip-vane model in the first paper of this session are directly tied
to the interaction between the tip vortex system and the following vare.

* Presented at AGARD Fiftfeth Fluid Dynamics Panel Specialist Meeting on Prediction of Aerodynamic
Loads on Rotorcraft; May 17-18, 1982; London, United Kingdom.
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4. WAKE MODEL

As hypothesized by Gray and demonstrated practically by Landgrebe, the hovering rotor wake quickly
separates into two major parts: an inboard sheet of weak vorticity and an outer tip sheet that rapidly
rolls up to form a strong tip vortex. This had lead to the use of simplified "prescribed wake" models
summarised and extended here in Dr. Kocurek's paper. Prescribed wake models are in wide use for practical
calculations and are also used for setting up initial wakes for subsequent free-wake analyses--Dr. Maresca
used such an aoproach in his paper and this is also done in AMI's hover analysis programs, except we favor
a semi-infinite wake mode!l representing a set of concentric cylinders of uniform vorticity. This far-wake
model has proven to be very effective tn giving accurate performance predictions with considerably reduced
computing effort. It is not arqued that the wake does not eventually dissipate, only the details far down-
stream are not of general interest. The far-wake model is merely a convenient and adequate representation
of the actual wake. It is felt that the added parameter of wake length in Dr. Kocurek's method offers a
means of compensating for deficiencies between the prescribed wake model and the actual wake; e.g., as re-
gards inflow and loading shape and wake geometry.

One of the conclusions in Dr. Kocurek's paper should be emphasized; namely, the need for a wider data
base. The prescribed wake models are clearly very effective within the range of the experimental data base,
but we should exercise caution when going outside this data base--as we saw in Dr. Maresca's paper. To
demonstrate this further, Mick Summa has provided some calculated results. Figure 3 compares the calculated
circulation distribution for three rotor geometries at approximately the same thrust coefficient. Simple
element momentum and prescribed wake (circulation-coupled) methods predict a Targe performance gain going
from the rectanqular to the tapered case. These gains do not materialize when proper account is taken of
the free-wake and 1ifting-surface effects. The tip vortex strength is reduced but the vortex actually
moves closer to the blade, Figure 4 (for the same thrust coefficient); consequently, the induced power re-
duction does not appear.

In addition to this, whereas AMI free-wake calculations (with semi-infinite wake model) on standard
rectanqular blades agree very well with prescribed wake analyses, Figure 5, large differences occur for
tapered blades. First, the load distribution, Figure 6, relates to a non-linear inner sheet, Figure 7, and
the weakened tip vortex moves closer to the blade than the prescribed wake locations shown in Fiqure 8.
These movements are well within the scatter of experimental measurements.

5. ROTOR/WAKE/SURFACE INTERACTION

The fifth paper of this session examined the more general problem of the interaction between a rotor, its
wake and confiquration surfaces. The interference of the fuselage acting on the rotor is calculated using
a source panel method: this only represents the displacement effect. A panel method based on source and
doublet sinqularities is recommended for this task: this represents the effects of circulation as well
as displacement and is more amenable for modelling the separation zones using free vortex sheets.

It is evident that the fuselage can have a strong effect on rotor loading distribution, but the paper
only discusses a one-way interaction; i.e., first-order effects. The mutual interactions of the rotor,
wake and fuselaae need to be represented as these lead to important higher-harmonic effects.

6. CONCLUSIONS

Prediction methods are advancing and are providing a means for more detailed modelling of rotor, wake
and configuration. However, experimental data will continue to play a large part in the application of
these methods. In this respect, there is a need for more data on general blade configurations,