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Abstract

Until recently it was beyond the capability of helicopter rotor models to predict correctly the
cross-coupling response. During the mid-nineties it became clear that wake distortion effects
are the main contributors to the cross-coupling response. Wake distortion effects can be
modeled by using detailed free or prescribed wake models. However, these models require
large computer resources and long computing times, thus they are not suitable for various
applications. In such cases dynami c-inflow model s can be corrected to account for the missing
effect, by using the wake distortion coefficient or an aerodynamic phase lag. Recently, a new
actuator disk model was developed where the wake distortion effect is obtained as an integral
part of the derivation. In the paper all the methods of considering the wake distortion effects
arereviewed and compared. The results of the various model s are also compared to flight test
results. Conclusions are drawn and further necessary research isidentified.

Nomenclature

Cr.CaCua = aerodynamic thrust, roll-moment,
and pitch-moment coefficients,
respectively

g‘amp (w, Kgor =expression describing the difference

3y in amplitude between TEMURA’S
results and the corrected dynamic-inflow
model, of thejth response variable,
at afrequency w

g‘Iohase (w, Kgor =expression describing the difference

v in phae angle between TEMURA'’S
results and the corrected dynamic-inflow
model, of thejth response variable,
at afrequency w

lus i = imaginary parts of the response
variables obtained by TEMURA and the
corrected dynamic-inflow model,
respectively

KR = wake distortion coefficient

Kq,Kp Krer = pitch and roll wake distortion

KRro coefficients, respectively, in forward
flight

[L 1 = aerodynamic matrix, Eq.(1)

[L ]'1,[L2] = Aerodynamic matrices, Egs. (3b,c)

an =roll moment derivative with respect
to pitch rate (N.m.sec/rad)

¢, 6 = aerodynamic coefficients, Eq.(3a)
lon = longitudinal stick command
lat = lateral stick command

[MI.IMY,[M?Z = aerodynamic "inertia" matrices,

Egs.(1), (3b), (3c)

MMy ="Lagged" aerodynamic pitch and roll
moments (N.m)

MM ="Unlagged" aerodynamic pitch and
roll moments (N.m)

M an = pitch moment derivative with respect
to pitch (N.m.sec/rad)

M, = an aerodynamic coefficient in Eq.(3a)

Pp = non-dimensiona roll rate of the disk

P = non-dimensiona fuselageroall rate

b = non-dimensional fuselage pitch rate
of the disk

Rus R =red parts of the response variables
obtained by TEMURA and the
corrected dynamic-in-flow model,
respectively

R = rotor radius (m)

r = non-dimensional radial coordinate

s = Laplace variable
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Wémp, Wéhase = weighting factors of the amplitude
and phase, respectively, of thejth
response variable, in the least-squares
procedure

W,0, W, W, = coefficients of the nondimensional
induced velocity, Eq.(4)

W, W, = Non-dimensiona induced velocity
components due to wake distortion effects

W = non-dimensional perturbation in the
downward velocity of the disk

By Bg Be = constant, sine and cosine components
of blade flapping

% = lock number

€ = non-dimensional offset

A = non-dimensional induced velocity
relative to an inertial reference system

Ay Ao A = non-dimensiona components of the
induced velocity through the disk,
Ea.(2)

Y = non-dimensional induced velocity
through the disk, relative to the disk
reference system

T, = atime constant (sec)

U] = Azimuth angle (sec)

W, = aerodynamic phase lag (rad)

W = phase lag due to unsteady aerodynamics,
including compressibility effects (rad)

Q = rotor angular speed (rad/sec)

W = frequency (rad/sec)

g = first nondimensional flapping frequency

Symbols

0 = differentiation with time

Introduction

The helicopter rotor is an unsymmetrical system be-
causeof itsrotation. Asaresult of thisasymmetry therotor
exhibits cross-coupling effects, namely: In addition to the
main on-axis response to control input or maneuver, there
is a secondary response in the opposite axis. Thus, for
example, when the pilot pushes the stick forward the
helicopter pitches nose down, but in addition it also rolls.
Elementary blade-element models predict this coupling
effect. Unfortunately, for many yearsthe predictions of all
the simulation models were opposite to flight test results
or wind tunnel measurements. Thus, whilethe predictions
of the off-axis response to the above push-over maneuver
were rolling to the right, flight test results showed a left
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roll. Prouty [1] indicated that he faced such a problemin
1987 when he compared Apache flight-test maneuvers
with computer predictions. No matter how the program
wasmodified, thedirectionscould not bereversed, and the
problem remained unsolved.

Probably there were others who faced the same prob-
lem, but it seemsthat for many years peopletried toignore
it. Only during the late 80’ s and beginning of the 90’ sdid
this problem start to attract increasing interest. Eshow et.
al [2] compared A109 simulation and flight test resultsand
indicated that while in the on-axis response close agree-
ment was obtained, the off-axis response exhibited in-
creasing discrepancies. Two yearslater, Harding and Bass
[3] presented a vaidation study of a flight simulation
model of the AH-64, by comparing itsresultsto flight-test
data. They indicated deficiencies in correlation for pitch
toroll androll to pitch cross-coupling. Similar conclusions
followed the validation of an UH-60 simulation model in
hovering flight [4] The authors concluded that, "The
accurate representation of al off-axis response charac-
teristics is beyond the capability of current-generation
(written in 90-91) real-time rotorcraft simulations. A real-
istic goal is to correctly model any cross-coupled re-
sponses that are of sufficient magnitude to affect pilot
reaction or workload, or that contributeto the cue environ-
ment of the pilot”.

The cross-coupling mystery [as it was named by
Prouty in Ref.1] continued to attract theinterest of various
researchers. Chaimovich et a. [5] presented correlations
between flight test results and numerical simulations for
an AH-64, showing the large discrepancies in the case of
the off-axisresponse. Curtiss[6] in asimilar study of both
the AH-64 and UH-60, concluded that the most difficult
difference to explain is the off-axis response, which in al
the cases that he considered resulted in theoretical predic-
tions that were basically opposite to experimental ones.
Fletcher [7] reached a similar conclusion when he inves-
tigated the flapping characteristics and angular response
of an UH-60.

While al the above-mentioned studies referred to
flight-test data, Tischler et al.[8] studied the dynamics of
a Sikorsky Bearingless Main Rotor (SBMR) from fre-
quency response wind tunnel test data. They showed that
adjustment of the swash plate control phasing was needed
in order to match simulation results and the wind tunnel
data
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The various studies, including different rotors at dif-
ferent operating conditions, indicated that acertain impor-
tant effectismissing in all the simulation models. Thisled
many researchers to look for physical effects that could
cause the cross-coupling mystery.

Various researchers studied the influence of blade
flexibility on the phenomenon. He and Lewis [9] used a
finite-state dynamic wake model, combined with an elas-
ticmodel of theblades. Although the on-axisresponsewas
improved in certain cases, they concluded that the corre-
lation of the off-axis response to the flight test was not as
good as the on-axis response. Sturisky and Schrage [10],
using a different model and a different approach, arrived
at asimilar conclusion. Turnour and Celi [11] developed
a flight dynamic simulation model that included rotor
blade flexibility. Their results indicated that refining the
main rotor model by including blade flexibility does not
improve the prediction of the off-axis response to pilot
inputs.

Grnhagen [12] extended the DLR helicopter simula
tion program to include effects of changes in the inflow
angular momentum due to downwash rotation, which he
called "virtua inertia effect”. After comparisons with
flight tests he concluded that including this effect signifi-
cantly improves the prediction capability of pitch-roll
cross-coupling.

All efforts to solve the cross-coupling mystery indi-
cated that the off-axis responseisvery sensitiveto various
effects, but an increasing number of researchers felt that
the main cause of the discrepancy between theoretical
modeling and flight test results is a missing aerodynamic
phenomenon.

Wake Distortion Effects-Vortex Modeling

Isser and Rosen [13] presented the derivation of anew
model of the unsteady aerodynamics of a hovering heli-
copter rotor. The model was called TEMURA - TEchnion
Modd of Unsteady Rotor Aerodynamics. Thisis a pre-
scribed wake model that includesthe bound vorticesalong
the blades, aswell astrailing and shed vortices. Harmonic
perturbations about hover are considered and the vari-
aions of the induced velocities and aerodynamic |oads
aong the bladesare cal culated. The new model wasinves-
tigated by comparing it to previous models [14]. It dso
exhibited good agreement with experimental results for
the flapping response of rotor blades to collective and
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cyclic pitch inputs [15], or the coupled free vibrations of
rotor flapping and body pitch and roll in hover [16].

A new phenomenon wasincluded in TEMURA that in
Ref. 13 was called geometric effects, and is now known
as wake distortion. As a result of spatial motions of the
blades, the path of vortex elements that leave the trailing
edgesof the blades and form thewake, differ from the path
of the vortex elements that leave the same cross-sections
during a steady hover. Thus the wake geometry of arotor
performing maneuversis different from the wake geome-
try of the same rotor during a steady hover, leading to
naming the phenomenon "wake distortion". Variationsin
the wake geometry result in variations in the induced
velocities aong the blades and as a result also variations
in the aerodynamic loads aong the blades.

In a prescribed wake model the wake geometry is
based on certain assumptions that determine the path of
vortex elements that leave the trailing edges of the blades
and float downstream. The wake distortion effects depend
on these assumptions. In TEMURA two options exist:

(& Itisassumed that each vortex element followsapath
identical to the path of a vortex element that leaves
the same cross-section during steady hover. Thispath
is measured relative to a rotor axis that is norma to
the disk at the moment when the vortex element
leavestheblade' strailing edge. Sincethedisk pitches
androlls, the direction of thisaxischangeswithtime.

(b) Itisassumed that each vortex element followsapath
identical to the path of avortex element, whichleaves
the same cross-section during steady hover. Thispath
is measured relative to the rotor axis in the steady
hover case. The difference between this case and a
steady hover isthat thereis, in general, a difference
in the inertial location of the point where the vortex
element leaves the blade' s trailing edge. Thisis due
to the disk motion and rotation.

In Fig.1 the distorted wake of a rotor during steady
pitch is shown, based on the above two assumptions. For
the sake of clarity contraction has been neglected and a
congtant axial velocity of al the vortex elements is as-
sumed. It is shown that according to assumption (a) a
curved vortex tube is obtained, where on one side the
vorticity density increases, whileit decreases on the other.
According to assumption (b) thevortex tubeisnot curved,
but thereis achangein the vorticity density on both sides
of the tube.
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It isreasonableto assumethat for the case of a" steady"
slow pitch or roll, assumption (a) should be adopted. This
is probably also the case at low frequencies of the pertur-
bations. Asthefrequency of the perturbationsincreases, it
is reasonable to assume that the actual situation is some-
where between assumptions (a) and (b). In most of the
previous investigations, which will be reviewed in what
follows, the case of a steady pitch or roll was analyzed,
and therefore most of them used assumption (a). It seems
that it isjustified to use assumption (a) in most analyzes,
sinceat high frequencies of the perturbationstheinfluence
of wake distortion becomes smaller and thusinaccuracies
in the assumption resultsin only asmall effect. Neverthe-
less a mechanism combining options (a) and (b) can be
used.

In Ref.[17] a rotor of a hovering helicopter, during
steady pitch or roll perturbations, was investigated. The
on-axis stability derivative, My, (pitch moment derivative
with respect to pitch rate), and of f-axis stability derivative,
Lgn (roll moment derivative with respect to pitch rate),
were calculated. It was shown that unsteady aerodynamic
effects (other than wake distortion) affect the on-axis
results and to a less extent the off-axis results. When it
comesto wake distortion (denoted geometric effectsin the
paper), its effect on the on-axis derivative is negligible,
while it has a significant influence on the off-axis deriva-
tive. Both, Mg, and L, were calculated as functions of
the nondimensional blade offset. It was shown that for the
AH-64 a change of signin L, is obtained as a result of
including wake distortion effects. Thus it was shown for
thefirst time that wake distortion could explain the cross-

coupling mystery.

To examinethe physical phenomenon, imaginearotor
in steady pitch motion (nose-up). As aresult of the wake
distortion shown in Fig.1 (either assumption (a) or (b))
there will be an increase in the induced velocity over the
rear part of the disk, and a decrease over the front part,
relative to the steady hover case. The maximum change
will bealong thelongitudinal axisand will decreaseasthe
distance from this axis increases. Due to the classical lag
of 90° of aflapping blade, thislongitudinal changein the
induced velocity istrandated into a contribution to aright
tilt of the disk, exactly what was observed in flight tests.

Inthecaseof arigid rotor, thelag of 90° doesnot exist.
Thus wake distortion will affect the on-axis response.
Takasawa[18,19] measured the pitch damping of models
of rigid helicopter rotors in hover. The results indicated
that the measured pitch-damping derivative was less than
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onethird of the classical theoretical value, when the rotor
rotational speed was small compared to the first natural
bending frequency of the blade. The results confirmed
previousobservationsby other researchers. After different
unsteady aerodynamic models could not solve the prob-
lem, Takasawa|18, 20] devel oped aquasi-steady three-di-
mensional aerodynamic model that included a trailing
vortex sheet of the returning wake and accounted for the
relative position between the blade and the trailing vor-
tices in the returning wake. Thus this model included
simple wake distortion elements. The new model showed
a decrease in the damping, but still predicted values that
were much higher than the measured values (overpredic-
tion between 20% and 150%). TEMURA was applied
[Ref.21] to the cases reported by Takasawa and showed
good agreement with the experimental results.

At the beginning TEMURA included only blade pitch
anglesasinput, and blade flapping, fuselage pitchand roll,
as output. During the years the code has been extended to
include fuselage yaw and lateral motions, aswell as addi-
tiona effects such as compressibility [Ref.22].

InFigs. 2a,btheresultsof TEMURA for thefrequency
response of a hovering UH-60 are compared with flight
test results. The results of three different simulation mod-
elsare presented.

» "Steady" aerodynamics - Perturbations in the induced
velocity due to perturbations in the wake vorticity
(including trailing and shed vortices) or wake geometry
(wake distortion) are not included.

* A mode that does not include wake distortion - All the
perturbationsin the induced velocity due to variations
intheintensity of thetrailing, shed and bound vortices,
areincluded, except for wake distortion effect.

* A complete model.

It is shown that the "steady" aerodynamic model ex-
hibits large deviations from the amplitude of the on-axis
flight-test results as the frequency is decreased. The off-
axisresults of model (a) exhibit large deviationsin ampli-
tude (especidly in the case of gg/lat) and significant
differences in phase, of the order of 180°, aong wide
ranges of frequencies.
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Adding variations in the induced velocity namely un-
steady aerodynamic effects, but still not including wake
distortion effects, has a similar effect to including a dy-
namic-inflow model. Except for very low frequencies,
there is a good agreement between the simulation and
flight test results of the on-axis response. There still exist
large deviations, in amplitude but especialy in phase, in
the case of the off-axis response.

When thecomplete TEMURA model, that includesthe
wake distortion effects, isused, asignificant improvement
is seen. In the case of the on-axis response a very good
agreement in amplitude at low frequencies, is obtained at
the price of asomewhat increasing deviation of the phase
at that region. Concerning the off-axis response, thereisa
very good agreement in phase and the 180° deviation
disappears. The amplitude of (g/lat) shows agood agree-
ment. The amplitude of (ps/lon) displays trends similar to
the flight-test results, showing a minimum at 2-3 rad/sec,
but there are deviations in amplitude that increase at low
frequencies. Overadl TEMURA exhibits a very good
agreement with the flight test results.

Various researchers followed the approach of TE-
MURA and used prescribed wake model s to calcul ate the
wake distortion coefficient. These paperswill bereviewed
in section Actuator Disk Models.

Since the wake distortion effects are associated with
thewake geometry, itisclear that free wake anayses offer
astrong tool to investigate these effects. While prescribed
wake models are based on certain assumptions (concern-
ing thewake geometry) that may result in errorswhenthey
are inaccurate, the geometry of the wake of a free wake
analysisis obtained as aresult of basic physical laws.

Keler and Curtiss [23] used a free wake method to
investigate the induced vel ocity dueto pitch rate superim-
posed on abasic state of hover or forward flight. Prelimi-
nary results illustrated the wake geometry and induced
velocity variations, which occur whentherotor ispitching.
However, the authors al so reported numerical problemsin
the modeling procedure.

Bagai, L eishman and Park [ 24] presented afree-vortex
model of arotor undergoing steady maneuvers. The wake
model was based on afinite-difference approximation of
the vorticity transport equation. It was shown (as ex-
pected) that maneuvers are a source of additiona distor-
tion to the wake. This wake distortion can be sensitive to
the maneuvering rates. The authors found that the wake
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distortion manifests as a counter intuitive change in the
induced velocitiesover thedisk that becomesacontributor
to the"off-axis' response of therotor. Park and L eishman
[25] added to the model of Ref.24 a few models of un-
steady cross-sectiona aerodynamics. The results indi-
cated that the effects of unsteady aerodynamics on the
predictions of the rotor wake geometry and inflow are
relatively small, and are unlikely to be aprimary contribu-
tor to the off-axisresponse. L eishman, Bhagwat and Bagai
[26] presented further results of free-vortex filament meth-
odsappliedto analyzearotor at asteady pitchrate, at hover
and forward flight.

Theodore and Celi [27] used Bagai and Leishman’s
model in a code that describes coupled rotor-fuselage
flight dynamics. This aerodynamic model was coupled
with an elastic model of the blades. Good agreement
between the results of the modd and flight test results of
aBO-105 at 17 knots, were presented. It was shown that
wake distortion has asignificant influence on the off-axis
response, but in order to obtain good correlation, it isalso
important to include elastic torsion.

While most of the initia investigations concentrated
on steady maneuvers, Bhagwat and Leishman [28] pre-
sented an investigation of a time-accurate free-vortex
method to predict the evolution of the rotor wake aerody-
namics during transient, maneuvering flight conditions.
After verification of the methodology, it was applied to
study maneuvering flight problems consisting of both
sudden and steadily imposed angular pitch and roll rates.
It was shown that time-dependent effects associated with
maneuvers induced wake distortion, significantly influ-
ence rotor aerodynamics. Spatial and tempora lag was
found in the build-up of the rotor inflow because of the
dynamic growth and convection of vorticity in the rotor
wake. The magnitude of the maneuver induced wake
distortion effects was found to vary with rotor operating
conditionsaswell aswith rotor geometric parameterssuch
asthe blade flapping frequency. In alater work Ananthan
and Leishman [29] used the same model to predict the
evolution of the rotor wake and corresponding unsteady
blade loads in response to time-varying changes in blade
pitch. Both, steady and maneuvering flight conditions
were examined. Recently the same authors [Ref.30], in-
vestigated the wake dynamics of a helicopter undergoing
large amplitude, high rate maneuvering flight conditions.
Fivedifferent tactical maneuverswerestudied. Overall the
results demonstrated the large nonlinear wake dynamics
that would be produced during combat-like flight maneu-
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vers and the necessity of using a rotor wake model with
spatial and temporal resolution.

Another simplified free wake model was developed at
ONERA [Refs.31,32]. In this model the trailing vortices
produced during one rotor revolution, are represented by
agroup of concentric and coplanar vortex rings. Intheplan
of each group of vortex rings, radial segments are added
between two azimuth directions occupied by the blades,
in order to model shed vortices. Each vortex group is
convected away from the rotor by the resultant fluid ve-
locity across the rotor at the time of the vortex ring
emission.

Basset and Tchen-Fo [32] reported that during steady
pitch or roll the inflow gradients in the first harmonic
approximation were highly linear. So they used their
model to caculate the wake distortion coefficients in
section - actuator disk models. For modeling of the wake
distortion effects during time simulations the authors sug-
gested two methods. One, which is suitable for real time
application, uses the wake distortion coefficients and is
based on a wide database and a neural network scheme.
The other is based on a continuous closed-loop simulation
of the wake geometry.

Graham and Katz [33] presented another free wake
model that was used to study the wake distortion effect.

Actuator Disk Models

Free wake models or even prescribed wake models
requirevery largecomputer resourcesand long computing
times, thus they are not suitable for many purposes, like
for example flight mechanics simulations. Actuator disk
models on the other hand, are very useful for applications
where efficiency is required. Among the actuator disk
models, probably the most popular is the dynamic-inflow
model of Pitt and Peters [34]. It describes a three-state
unsteady rotor inflow distribution that is governed by the
rotor thrust, as well as the aerodynamic pitch and roll
moments. This model was later on extended to the Finite
State Unsteady Wake Modd [35], that includes higher
harmonic functions for azimuthal 1oad distribution (com-
pared to the three functions of the dynamic-inflow model),
as well as higher number of radial shape functions de-
scribed by Legendre polynomials. Originally the dy-
namic-inflow model did not include the effect of wake
distortion. After Rosen and Isser [17] pointed out the
important influence of this effect, Keller [36] added it to
the dynamic-inflow model by introducing the wake dis-
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tortion coefficient, Kg. In order to cal culate Kk the author
replaced the rotor with an infinite number of blades with
constant bound circulation, after neglecting wake contrac-
tion a vortex tube was obtained. For the cases of steady
pitch or roll rates in hover, this vortex tube is curved.
Keller replaced the tube with a series of vortex rings and
calculated the perturbation in theinduced vel ocity over the
disk, duetothe curvaturethat isdirectly related tothepitch
or roll rates. In an analog manner to the dynamic-inflow
model, he fitted this perturbation of the induced velocity
with linear sineand cosine distributions. It was found that
for small ratesthe coefficients of thelinear cosineand sine
distributions, are functions of the pitch and roll rates,
respectively, and are independent of the tip vortex
strength. The coefficient wasdenoted K g anditsvaluewas
calculated to be 1.5. By introducing this parameter into the
model, the off-axis results for a hovering UH-60 were
improved significantly, while theinfluence on the on-axis
response was negligible.

In another paper Arnold et a. [37] used a system
identification techniqueto determinethevalue of Kg from
flight data of an UH-60in hover. Theidentified valuewas
3, twice the theoretical value of 1.5 [Ref.36].

Following the results obtained by Keller [36] and
Arnold et al. [37] various researchers used different ap-
proaches to calculate Kg.

In [Ref.38] momentum theory was used to calculate
the coefficient. For a fast axid flight a value of one was
obtained, that reduces to 0.5 in the case of hover.

Most of the researchers used vortex models to obtain
the value of Kg. Barocela et al.[39] used a vortex lattice
model. For avertica climb (axia flight) they obtained a
value of Kg = 1, which agrees with the results of the
momentumtheory in Ref.[ 38]. For hover wakecontraction
was included in the vortex lattice modeling, using empiri-
cal models of wake geometry, obtained from theliterature.
They found that in hover the curved contracted wake
results in areduction of Kg (compared to axia flight) to
0.5, aresult that aso agrees with the momentum theory.
However, there is an effective doubling of the wake cur-
vature that offsets the reduction in Kg.

In Ref.[40] Krothapalli et a. derived a generdized
model for wake distortion in hover, using the exact results
of avortex tube theory. They obtained a value of Kg=1
and explained that the difference with Keller's value
(Kg = 1.5) isdueto the constant curvature assumption of
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Kdler. It wasalsoindicated in Ref.[40] that after using the
vortex lattice model of Ref.[39] for 3, 4 and 5 bladed
rotors, the average effective value for K wasfound to be
approximately 1.33. This value was determined by cal cu-
lating the effective moment on the rotor blade rather than
calculating the coefficient of the radial inflow distribu-
tion.

In Ref.[41] the authors continued to emphasize the
important influence of the wake contraction in hover on
the effective curvature of the distorted wake due to pitch
or roll rates. They used avalue of Kg = 1.33 and presented
aformulato introduce the effect of forward flight (skew
angle of the wake) on the wake distortion effect. The Kg
approach was combined with a generalized wake model
and the results of the extended model showed good agree-
ment with wind tunnel flapping results of the SBMR. The
studies aso showed that the inclusion of more than three
states in the model does not offer a significant improve-
ment. In Refs[42] and [43] Peters, Prasad and their stu-
dents presented reviews of their extensions, of the
dynamic-inflow model and the Finite State Dynamic
Wake Model, including the addition of wake distortion
effects. In Ref.[43] the interaction of hinge offset effect
and wake curvature effect on the off-axis response was
studied. The results suggested that as the hinge offset
increases, off-axis response magnitude increases while
wake curvature effects decrease.

Free wake analyses, which were mentioned above,
were also used to calculate Kg. Basset and Tchen-Fo [32]
presented calculated Kg values in hover, vertical climb
and forward flight. In forward flight the symmetry of axial
flow (hover or vertical climb) islost and thustwo different
coefficients are used for wake distortion effects due to
pitchorroll (Kgand K, respectively). Ingeneral, thewake
distortion effects decrease as the flight velocity increases.
The detailed investigation in Ref. [32] includes also stud-
ieson theinfluence of thrust coefficient, center of rotation
location and vertical speed component. For hover the
authors obtained avalue of 1.6 that isvery closetothe 1.5
reported by Keller. Park and Leishman [25], using their
free wake model, calculated Kg for hover and K in
forward flight. In their calculations they used a simple
linear representation of the inflow and compared it with a
higher harmonic representation. There were large differ-
ences between the two representations at low advance
ratios. Steady pitch was considered and at forward flight
thepitch rate direction exhibited asignificant influence on
thevalue of Kg. At hover an average value of Kg = 2 was
obtained, while the results were somewhat dependent on
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the pitch rate and blade lift distribution caused by blade
twist. Recently Bhagwat and Leishman [28], using their
free-vortex wake model, reported that the wake distortion
coefficient, in addition to variationswith rotor thrust, also
varies with other rotor parameters like the blade flapping
frequency (hinge offset). In forward flight the effects of
wakedistortion werefound to vary significantly with both,
the advance ratio and the imposed maneuver rate.

Using the K g coefficient to account for wakedistortion
effectsisvery convenient since many simulations already
include dynamic-inflow models. The extension of these
models to also include the K terms is straightforward.

Sincetherearedifferencesbetweenthewakedistortion
coefficient values reported by various researchers, inves-
tigations on the sensitivity of theresultsto thevalue of K
and efforts to find its optimal value were carried out.

Keller and Curtiss [44] used a rigid wake model to
calculate the induced velocity for a rotor undergoing
steady pitching motion. They found, in agreement withthe
results of Ref. [24], that in hover the induced velocity
variation dueto angular rateislinear and may be approxi-
mated by the simple dynamic-inflow expansion. Results
in forward flight, however, demonstrated amore compl ex
flow field that requires additiona inflow "modes" to cap-
ture the complete influence of angular rate. The authors
used a five-term expansion retaining inflow coefficients
tothe second harmonic. They aso obtained fivewake-dis-
tortion coefficients, associated with the inflow coeffi-
cients, and showed their magnitude as a function of
advance ratio. Except for an increase at very low advance
ratios, those coefficients decreased rapidly with advance
ratio.

Keller and Curtiss aso investigated the damping in
pitch of arigid rotor, the same case that was studied in
Refs.[18-21]. They found that avalue of Kg = 1.1 gavethe
best correlation with the test results. This value is lower
than the K = 1.5 obtained in their previous analyses.

Tischler [45] used thewind tunnel resultsof the SBMR
(Sikorsky Bearingless Main Rotor), at 40 knots and 100
knots, to identify the wake distortion coefficients. He
referred to K and K, instead of K, and K, respec-
tively. After using CIFER for identification, hefound that
Kgre Wasinsensitive and thusit was set to zero. Thisresult
was consistent with the computations of Ref. [44] that
indicated that the longitudina distortion effect is largely
washed-out beyond p = 0.06. At 40 knots the lateral
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distortion coefficient, Krs, was egual to 0.581, a signifi-
cant reduction from hover, which is consistent with wash-
out trends at increasing advance ratios as reported in Ref.
[44]. The wake distortion effect at 100 knots was negli-
gible.

Various groups of researchers and engineers extended
the dynamic-inflow models in their simulation codes, to
aso include wake distortion effects through the use of the
wake distortion coefficient. Hamers and von Grunhagen
[46] obtained good correlation between simulation and
flight test results of aBO-105, especidly for the off-axis
response, when avalue of Kg = 1.5 was chosen for hover
and decreased linearly to avalue of Ky = 1 at 80 knots. He
Chengjian et d. [47] extended the Peters-He Finite State
Dynamic Wake Model to include wake distortion effects
through the use of K. They used a vortex wake model to
calculateK g and obtained avalue of 1.2. Their simulations
showed that the inclusion of wake distortion effect cor-
rected the wrong trend of the off-axisresponse. The smu-
lationresults, however, still underestimated themagnitude
of the off-axis response.

Theodore and Cdi [27] compared results obtained
using various values of Kg with flight test results of a
maneuver of a BO-105 near hover. While the on-axis
response was very little affected by Kg, the off-axis re-
sponse was significantly improved by introducing Kg. At
different stages of the maneuver different values of Kg
gave the best correlation with flight test results. The best
overall correlation among various values of Kg seemed to
occur for Kg= 1.5. The off-axis response is sensitive to
other effects [Ref.48] and the authors showed the interac-
tion between blade flexibility and the wake distortion
effects, but it was clear that the wake distortion effects
presented the mgjor influence. The authorsal so concluded
that the free wake model that they used, which was men-
tioned above, predicts the off-axis response more accu-
rately than the dynamic-inflow model with the wake
distortion coefficient.

In Ref. [49] acase of an isolated articulated rotor was
studied using a regular value of Kg and the results were
compared with wind tunnel results. The effect of wake
distortion was found to be small and the amount of cou-
pling was underestimated compared to what would be
needed to improve the correlation between the calcula
tions and wind tunnel results. On the other hand, at the
same conference, Hamers and Basset [50] presented com-
parisons between results of simulations and flight test
results of aBO-105 and aDauphin. Inthesimulationsthey
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used the Pitt and Peters' dynamic-inflow model and the
more complicated Finite State Unsteady Wake model. For
both models the wake distortion coefficient at hover was
taken equal to 1.5 and gave good results in comparison
with flight test results of a BO-105. For a BO-105 flying
a 100 knots and performing a longitudinal maneuver,
valuesof K, =K =0.5wereused. Thesecoefficientswere
higher than the theoretical values derived for that forward
speed (which are close to zero); however they allowed a
better off-axisprediction. For aDauphin flying at 90 knots
and performing a Dutch-roll, good agreement with the
off-axisflight test results was obtained with K, = 0.5 and
Kq=0.

Smith [51] used Kge and Kgs (Kq and Ky) in the
simulation of aS-76C. These coefficients, aswell as other
gains, were defined so that the characteristics of the simu-
lation will match those of areal flight.

Researchers from DLR and ONERA [Refs. 52, 53]
used advanced system identification methods to identify
Kp and K from flight test results of a BO-105. It is
interesting to note that even for hover, where both coeffi-
cients are expected to be equal, different values were
obtained, probably as a result of fuselage aerodynamic
characteristics. Whileacertain analysisresultin: K,=2.3
and K = 1.7, another anaysis gave K, = 2.5 and K =
1.6. The average value of both analyses is Kg = 2. In
forward flight (40 m/sec) values of K, = 1.1 and Kq = 1.6
were identified. It was shown that using these values in
various simulations, resulted in significant improvement
in the agreement between the calculated and measured
results.

Zhao, Prasad and Peters [Refs. 54-56] presented an
improved dynamic wake distortion model that included
the effects of: longitudinal and lateral wake curvature,
wake skew and wake spacing. Additional effects were
aso modeled. Simulations showed that the agreement
between the calculated results and flight test results, are
improved significantly as aresult of introducing the vari-
ous effects.

The common form of the dynamic-inflow eguations,
extended to include wake distortion effects, is:
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where the nondimensional induced velocity distribution
through the disk is

)\:)\o+)\srsian+}\crcoqu 2

[M] and [L]'1 are the regular matrices of Pitt and Peters
dynamic-inflow model. C;, C 4 and C,,, are the rotor
aerodynamic thrust, roll moment and pitch moment, coef-
ficients, respectively. B and B arethefirst sineand cosine
components of blade flapping, while p; and ¢ are the
fuselage (shaft) roll and pitch rates, respectively. Q isthe
rotor angular speed. Kp and Kq in Eqg. (1) are the wake
distortion coefficientsfor roll and pitch, respectively, that
become identical at hover and usualy denoted K. As
indicated above, in certain references Ko and Ky are
replaced by K and K, respectively.

The results of using Eg. (1) in a simulation of the
frequency response of an UH-60 in hover, are shown in
Figs. 3ab.

Figure 3a presents the on-axis response. Results for
five values of Ky (0, 1, 1.5, 2 and 3) are shown. K =0
represents the results of aregular dynamic-inflow model
without any wake distortion effects. It is shown that only
at low frequencies (usually lessthan 1 rad/sec) and at high
frequencies (greater than 10 rad/sec), Kg hasan influence
on the on-axisresponse. It isinteresting to note that at low
frequencies increasing values of Kg improve the agree-
ment of the simulation results with the amplitude of the
flight test results, but at the sametimeK g = 3 tendsto show
large deviations from the phase of the flight test results.

Figure 3b presents the of f-axis response. In the case of
pitch rate responseto lateral command (gs/lat), the results
of Kr=0show largedeviationsfromtheflight test results
in amplitude and phase (the well known 180° difference
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in phase). All the other cases where K = 1 exhibit the
correct phase. As Ky increases the agreement of the am-
plitude also improves. The Kg = 2-3 cases exhibit good
agreement in amplitude. The results for roll response to
longitudinal command (py/lon) show that the difference of
180° for frequencies|ower than 2 rad/sec disappear for Kg
> 1.5. The reader should not be misled by what seems to
be a bad agreement, between the phase as obtained by
simulation and flight test results, for frequencies larger
than 2.5 rad/sec. This difference is 360°. The phenome-
non, where the phase angle increasesinstead of decreases,
a the range of 1.5-2.5 rad/sec, was discussed by Mansur
and Tischler [57] and explained as an influence of a pair
of lightly damped complex zeros. By following the ap-
proach presented in Ref. [57] of correcting this zero from
minimum phase to non-minimum phase, a good correla
tion between the calculated and measured phase can be
achieved. Concerning the amplitude of (pg/lon), for fre-
guencies lower than 2 rad/sec, good agreement between
flight test and simulation results is obtained for Kg = 2
(this is aso true for the phase angle). For frequencies
higher than 3 rad/sec, as Kg is increased, the deviations
between themeasured and cal culated amplitudesincrease.

This dependency on frequency of the Kr value that
givesthe best agreement with flight test resultsisnot new.
Although the first versions of TEMURA included the
influence of frequency, most of the later investigations
assumed constant pitch or roll rates. Thus amost all the
calculations of K g were based on the assumption of steady
pitch or roll. Curtiss [58] pointed out the importance of
modeling the transient behavior of a rotor wake, but did
not present amodel that dealt with thisissue. Asindicated
above, Bhagwat and L eishman [28] pointed out, based on
using a free wake analysis, that time-dependent effects
associated with maneuver induced wake distortion, sig-
nificantly influence rotor aerodynamics. At the sametime
Prasad et a. [43], in order to incorporate the transient
dynamics of the wake curvature in their analysis, repre-
sented the variations of K, and K by afirst order ordinary
differential equation, which means two additiona states
(and equations) to the system of Eq. (1). After using afree
wake anaysis they obtained time constants associated
with the dynamics of K, and K, that are roughly three
times larger than the time constants of the regular inflow
dynamics.

Theresults of Figs. 3a,b clearly point out that the value
of Ky that gives the best correlation between theory and
flight test results, is frequency dependent. In order to find
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this value in a systematic manner, a numerical procedure
of optima matching, based on a least-squares procedure,
was developed and is described in Appendix-A. At each
frequency matching is performed on the four response
variables of interest: (gy/lat), (g¢/lon), (pe/lat), (pg/lon).
Since each response variable includes amplitude and
phase, there are eight equations and only one parameter,
Kg. This over determined problem is solved by a least-
squaresmethod. Theresult depends on theway of defining
the eight equations (see details in Appendix-A) and the
relative weight of each eguation.

In Fig. 4 results of the matching procedure are pre-
sented. Two weighting examples are considered: one in-
cludes equal weighting for al the eight equations and the
other includes zero weighting for the four equations asso-
ciated with the on-axis response, which means matching
only the off-axis response. The matching is done at 29
different frequencies ranging from 0.5 to 10.5 rad/sec,
using alogarithmic division of the range. The differences
between the two weighting cases (curves ¢ and d of Fig.
4) are apparent only at low and high frequencies (lower
than 1 rad/sec and higher than 7 rad/sec). A clear behavior
of Kg is noticed: at frequencies lower than 2 rad/sec the
optimal Kg obtain values between 2 and 3.5. Between 2
rad/sec and 6 rad/sec, the optimal Kg valueisaround 1. At
frequencies higher than 6 rad/sec, the optimal value of Kg
increases rapidly.

The least-squares code is al so capable of carrying out
asimultaneous | east-squares procedure for afew different
frequencies. A single least-squares procedure for all the
different 29 frequencies (finds the least squares solution
for 232 equations, simultaneously) was also performed,
for the two weighting examples. The following results
were obtained:

» For aleast-squares procedure that includes the off-axis
and on-axis responses, Kg = 1.96.

» For a least-sguares procedure that includes only the
off-axis responses, Kg = 1.55.

The last two results are also presented in Fig. 4 as
straight horizontal lineshaving aconstant valueof K over
the entire range (curves a and b). These results of a
simultaneous | east-squares procedure, present certain " av-
erages’ of curves b and ¢ of Fig. 4, and they also agree
with the trends of Fig. 3. It is interesting to note that
according to theliterature the values of K, that gave good
correlation between simulations and flight test resultsin
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hover, were Kg = 1.5-1.6. These values agree very well
with the present resullts.

The extended dynamic-inflow mode! that includes K
seems to improve the model significantly by adding to it
thewakedistortion effects. Y et theK g approach raisestwo
points of concern:

» Anaccurate solution of the equations that describe the
flow through the disk led to the dynamic-inflow equa
tions of Ref. 34. Why this accurate solution does not
result in a solution that includes wake distortion ef-
fects?

* The dynamic-inflow equations are obtained as a result
of solving the momentum equations of an incompress-
ible and inviscid flow. Ky is almost solely calculated
using a vortex model. Thus the final model presents a
somewhat artificial combination of two different ap-
proaches.

Recently, Rosen [Refs. 59-64] presented a new ap-
proximate actuator disk model that addresses the above
points. The new model was devel oped using two different
approaches:

« An approximate solution of the potential flow equa-
tions (incompressible and inviscid flow) through the
disk, which is presented in detail in Refs. [59-61].
Small perturbations about abasi c state of hover or axia
flow are considered. The induced velocity in the basic
state includes axia as well asradia components. The
equations are developed using a system of coordinates
that is attached to the disk. Since the perturbations
include axial accelerations as well as pitch and roll
rates, this system of coordinatesis not an inertia sys-
tem and the momentum equations should address this
fact. During the solution of the eguations, a few as-
sumptions and approximations are adopted. The final
form includes five equations that describe a linear
approximation of the flow through the disk, similar to
Eq. 2. These equations include wake distortion effects
that are a direct result of Coriolis effects due to the
radia induced flow in the basic steady state and the
dynamic perturbations (axial motion, pitchrateandroll
rate of the disk) about the basic steady state.

» Thesecond approach isbased on avortex theory [Refs.
62-64]. The blades are modeled as lifting lines and the
wake includestrailing and shed vortices. By assuming
an infinite number of blades, an actuator disk model is
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obtained. After adopting certain assumptions and ap-
proximations, a system of five ordinary differentia
equationsis obtained that describe alinear distribution
of the induced flow through the disk.

Detailed analyses are performed for two "extreme"
cases: Hover and afast axial flow. Inthecase of afast axial
flow the influence of wake distortion is negligible.

The results of the two approaches for hover, can be
described by the following system of equations:

1 . _
5mlwzo+ L, w, =AC, + 1wy (3a)

Ov. 0 0OAC 0O
1DBD 0O LAQ

L
E[M E,-VZ(E+[L

(30)
o ch EACMAD
—[|v|2] 0 PD . [sz 0 PD _1 HODD (30
Y

The perturbation of the axial nondimensional induced
velocity through thedisk, relativeto adisk attached system
of coordinates, (v, is:

V=W —-W
o D
+r Bﬂwzs+wp—pD) sny + (W, +w —qD)COSLIJD

(4)

W, is the disk nondimensional perturbation in the down-
ward velocity. p, and gy are the disk nondimensional
perturbationsin roll and pitch rates:

uy = w, - 0758 _/ Q (50)
Pp=P - B/Q (5b)
4 =G - B,/ Q (50)

w; isthe perturbation in the fuselage downward velocity.
B, is the rotor conning. my, ¢ and ¢, are in general
functlons of the frequency of the phenomenon aswdll as
thevelocny of thebasic flow. The matrices[M ] [LlH]
M ] and [L ] are aso functions of the basic flow and the
frequency of the perturbations. All the matrices are diago-
nal and of order 2, where the two terms on the diagonal
are identica (pitch and roll are symmetric in an axial
flow).
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Equation (3c) describeswake distortion effects due to
roll and pitch rates of the disk, that result in the induced
velocity components wy, and Wy, It is interesting to note
that Eq. (3a), for the uniform component of the perturba-
tion in the induced velocity, also includes a wake distor-
tion effect, given by the term ¢, wp. Equation (3b) is
equivaent tothe"classica" dynamic-inflow equationsfor
pitch and roll perturbations.

References [60-64] give the various terms for hover
and afast axia flow. Good agreement was shown between
the results of the new model and flight test or wind tunnel
results. An important point raised in Refs. [59-64] is the
fact that the induced velocity is calculated relative to a
system of coordinates which is attached to the disk. In
many simulation codes the induced velocity relative to an
inertial system, which at any moment coincides with the
moving system, is used. Then atransformation should be
applied where, if (istheinduced vel ocity through the disk
relative to aninertia reference system, then:

)\:v+wzo+r(stian+choqu) (6)

Aerodynamic Phase L ag

The approaches of modeling the cross-coupling phe-
nomenon described in the previous two sections, were
based on modeling of the physical phenomenon of wake
distortion. Another approach is to introduce a correction
that fixes the problem without being directly related to a
certain physical phenomenon.

The first successful attempt to correct the off-axis
prediction, using such an approach, was presented by
Tischler et d. [8]. An isolated rotor was tested in awind
tunnel and its responses were compared to a fixed-shaft
GenHel model. The presence of the off-axis discrepancy
proved that it was solely rotor-related. The discrepancy
was successfully corrected after the introduction of an
additional swashplate phase angle in GenHel. Tischler et
al.[8] summed up the effort by noting that: "the large
discrepancy in the coupling responses of GenHel, and the
large identified shift of the effective control phasing rela
tive to the actual geometric value used in the wind tunnel
test, suggests that a fundamentd or first-order phenome-
non hasbeen neglected in both theanalytical identification
structure and GenHel simulation model." Expanding on
the findings of Tischler et a., Takahashi et a. [65] and
Fletcher [66] implemented an azimuthal rotation in the
fixed frame rotor aerodynamics to eliminate the fixed-
shaft limitation of the increased swashplate phase angle
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approach. Thistechnique was dubbed aerodynamic phase
lag (Y5)- They showed significant improvement in off-axis
response agreement between flight test results and calcu-
lations of a UH-60.

Mansur and Tischler [57] applied the aerodynamic
phase lag technique to asimulation of an AH-64. Results
indicated again that significant improvement in the off-
axis responses could be achieved in hover. In forward
flight, however, the best correl ation inthelongitudinal and
lateral off-axes responses required different values of the
phase lag for each axis. This fact is analogous to the
different wake distortion coefficientsin forward flight, K,
and K, as mentioned in the previous Section. However
the authors [Ref.57] showed that a compromise value
could be selected that result in a good overall improve-
ment.

Successful applications of the aerodynamic phase lag
to improve the off-axis response correlation were aso
reported by Fletcher and Tischler [67] while using the
measurementsof bladeflapping toimproveflight mechan-
ics models, and by Tischler [45] while simulating the
SBMR wind tunnel tests at 1 = 0.093 and 0.233, and by
Schulein [68].

Keller and Curtis [23] investigated the possible
sources of the model deficiencies that were addressed by
the aerodynamic phase lag correction. The study focused
on two aspects. the effect of compressibility on the un-
steady cross-sectional lift model and the effect of wake
distortion dueto pitch rate. They continued thisinvestiga-
tion also in Ref. [44] and presented the following relation
between the aerodynamic phase lag, ,, the wake distor-
tion coefficient, Kp,, and unsteady aerodynamics:

W, = tan (g, + VK / 16) @)

Wy, is the phase lag due to unsteady aerodynamics
alone, including compressibility effects. yistherotor Lock
number. It should be emphasized that Eq. (7) isbased on
various assumptions, including steady-pitch or roll.

Equation (7) clearly indicates that the aerodynamic
phase lag correction does not have a direct physica basis
as the wake distortion coefficient. Y, depends ony, which
isnot afunction of aerodynamic characteristics alone, but
presents a ratio between aerodynamic and inertial effects.
Thus the aerodynamic phase lag becomes also a function

CROSS COUPLING PROBLEM OF HELICOPTER ROTORS 125

of inertia effects. This aspect will be studied in Section -
Influence of the number of blades.

Probably the best way to look at Y, is as acorrection
that accounts for various effects that may include wake
distortion and unsteady cross-sectiona aerodynamics, but
may also account for: blade torsional and bending flexi-
bilities, fuselage aerodynamic interference effects, aswell
as other phenomenathat are not otherwise properly mod-
eled.

The resulting total aerodynamic phase lag is imple-
mented in time-history simulations via afirst-order filter,
applied to the rotating frame aerodynamic components:

1

F(s =
© T _s+1
S

)

where

T = étanlpa @)

Essentialy, theinstantaneous|ift and drag coefficients
for each blade-element, in the rotating frame, are proc-
essed through the first-order lag of Eq. (8) beforethey are
used to calculate the elemental forces and moments.

Numerical perturbation models are treated differently
than time-history models. If the aerodynamic phase lag
filter of Eq. (8) was applied at the rotating frame blade
element leve, it would essentially add one state for each
aerodynamic load component at every blade element and
the resulting model would have far too many states. A
much simpler but sufficiently accurate aternative ap-
proach was adopted and validated in which the aerody-
namic lag was applied to the summed first harmonic
components of the six aerodynamic forces and moments
in the fixed frame, thus adding only six aerodynamic
states. For example, the equations for the "lagged” aero-
dynamic pitch and roll moments (M, M;g) in terms of
the unlagged moments (M, M,g), are given by [Ref. 23]:

TaMIc' = _TaQMIs' B Iv'lc' + IVIIc

TaMIs' = _TaQMIC' B Mls' + Mls (10)

This calculation is made at each azimuth in the lineariza-
tion scheme. The approximation introduced by applying
the phase lag correction at the fixed-frame level, as com-
pared to the blade-element level, was found to be very
accurate.
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Research carried out at Ames Research Center has
identified optimal aerodynamic phase lag values for vari-
ous helicopter models. Collecting this information isim-
portant if aerodynamic phaselagisto be usedin situations
where flight data is unavailable. A "carpet plot" of Y, as
afunction of key configuration parameters will allow the
method to be used for simulations of new helicopter de-
signs, and in other situations where identifying aerody-
namic phaselag fromflight dataisimpossible. A summary
of findingsis presented in Table-1.

In a later investigation Schulein et a. [69] used a
specia code to investigate the trends of at three forward
airspeeds. The results are shown in Fig. 5.

In Figs. 6a,b the frequency response of a hovering
UH-60 using five different values of the aerodynamic
phase lag, are presented: 0° (no correction), 35°, 40°, 45°
and 50°. Figure 3a shows that, similar to the case of Kg,
the influence of the phase lag on the on-axis response is
mainly limited to low and high frequencies. At low fre-
quenciesthereisin general an improvement in the agree-
ment, with flight test results, of amplitudeand phase, when
the aerodynamic phase lag is applied. There is also an
improvement in the agreement of amplitude and phase of
(g/lon) at high frequencies. A significant improvement is
shown in the off-axis response in Fig. 6b. The difference
of 360° in phase of (py/lon), for frequencies higher than 3
rad/sec, was discussed in relation to Fig. 3b. Overdl an
aerodynamic phase lag of 45° gives a good agreement
between the simulation results and flight test results for
hover. This value agrees very well with the results of
Table-1.

Similar to the case of the K correction in the previous
Section, also here aleast-squares procedureisused to find
the optimal aerodynamic phase lag for the four cases
shown in Fig.4. Theresults are shownin Fig.7.

The results in Fig.7 are very similar in nature to the
results of Fig. 4. In the case of applying a single least-
squares procedure at each frequency; values of phase lag
over 47° are obtai ned for frequencieslower than 2 rad/sec.
As in Fig. 4 the analysis that includes also the on-axis
response equations, gives|ower values. For frequenciesin
the range 2-6 rad/sec, lower values of the phaselag, in the
vicinity of 20°, are obtained. For frequencies higher than
6 rad/sec the phase lag values increase, but there is a
difference between the behavior in Figs. 4 and 7 in this
region. If a simultaneous least-sguares procedure is per-
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formed, for dl the 29 frequencies in the entire range,
practically identical valuesare obtained for both examples
(curvesaand b), giving avalue of 45.4°.

Discussion
Summary of the Previous Results

Figures 8a,b present a summary of the results for the
frequency response of aUH-60in hover. In additionto the
flight test results the following simulation results are
shown:

« A complete model of TEMURA.

* A dynamic-inflow model with a Kg correction, where
Kgr = 1.96 (the result of a simultaneous least-squares
procedure in Section - Actuator Disk Models).

¢ A dynamic-inflow model with an aerodynamic phase
lag of Y, = 45.4° (the result of a simultaneous least-
squares procedure in Section - Aerodynamic Phase
Lag).

» Results of the new actuator disk model of Refs. 59-64.

In general theresults of al the simulations are similar.

In the case of the on-axisresponse, Fig. 88, TEMURA
gives avery good agreement with the amplitude through-
out the entire range of frequencies. The other models
predict somewhat higher amplitudes at low frequencies.
Concerning the phase angle of the on-axis response, TE-
MURA predicts somewhat higher angles (+25°) at low
frequencies, while the corrections, including Kg and g,
exhibit better agreement with theflight test results. At high
frequencies TEMURA and the yJ, correction give higher
phase angles, while the correction and the new model
show nice agreement with the flight test results.

Concerning the phase angle of the off-axis response,
Fig. 8b, in genera the agreement of al the simulations
with the flight test results is good. In the case of (py/lon)
the K and i, corrections exhibit a different trend in the
region 1-3 rad/sec, that was discussed in relation to Fig.
3b, while TEMURA and the new model exhibit the same
trend as shown by theflight test results. A similar problem
is also shown in the results of the 4 correction in the
region 6-8 rad/sec.

The amplitudes of the simulations of (g/lat) exhibit
certain differences at frequencies lower than 1 rad/sec. In
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the range 1-5 rad/sec there is a fairly good agreement
between the different simulationsand flight test results. At
higher frequencies differences appear again.

In the case of the amplitude of (ps/lon), all simulations
predict the minimum at 2-2.3 rad/sec, but the amplitude of
this minimum varies. There are also other differencesin
the amplitudes between the simulations, at different fre-
guencies: The new model shows good agreement with
TEMURA, theK and 4 corrections exhibit better agree-
ment with the flight test results at low frequencies, and
worse agreement (than TEMURA) at high frequencies.

It can be concluded at this point, based on the compari-
sons between the simulation results and the flight test
results, that TEMURA and the correction methods using
Kgr or Y, that have been obtained by a least-squares
procedure of matching to the results of TEMURA, have
been verified.

As dready indicated above, various researchers
pointed out, that the values of the corrections, either Kg or
W, may depend on: flight speed, blade flapping frequency
(otherwise offset) and thrust. These issues will be studied
in what follows. In al the cases the UH-60 in hover (and
itsrotor) will be used to study theinfluence of the various
effects.

Investigation of Eq.(7)

As indicated above, the wake distortion coefficient,
Kg, and the aerodynamic phase lag, Y, present two dif-
ferent approaches of correcting the dynamic-inflow model
for missing effects, mainly the wake distortion effect.
Equation (7) connectsK g and Yi,. Thisequation, presented
in Ref. [23], which is based on certain assumptions and
simplifications, will be investigated in the same section.

TEMURA includes adetailed model of the cross-sec-
tiona unsteady aerodynamics, including compressibility
effects. Although compressibility may have a significant
influence in certain cases [see Ref. 22], especidly prob-
lems of rotor dynamics and aeroelagticity, studies using
TEMURA have shown that compressibility influences on
flight mechanics are small and may be neglected. These
results agree with those of other researchers [for example
Refs.25 or 47] that concluded that the influence of un-
steady (cross-sectional) aerodynamic effects on flight me-
chanicsisvery small. Thus,,in Eq. (7) will beneglected.
Then Eq. (7) reduces to:
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-1
L|Ja =tg " (Y KR/ 16) (11
For the UH-60 one obtains:
-1
Y, =19 (Ky/2) (12)

Asindicated above, whilediscussing Fig.4, at frequen-
cies lower than 2 rad/sec Ky varies between 2 and 3.5.
According to Eq. (12) this means y, values between 45°
and 60°. InFig. 7, Y, for frequencies|ower than 2 rad/sec,
varies between 47° and 67°. In the medium range of
frequencies, 2-6 rad/sec, Ky is close to 1. This value
corresponds, according to Eq. (12), to Y, = 26°. In Fig. 7
thevaluesof Y,inthisregionareusualy slightly over 20°.
At high frequencies, over 6 rad/sec, the behavior of Kg
and Y, vary significantly (although on the average they
both exhibit an increase in their values). As indicated
above Eq. (7) isbased on the assumption of a steady pitch
or roll, and thus there may be problems in applying it at
high frequencies.

The above results indicate that EQ. (7) may be correct
for low frequencies, but it ceases to hold at high frequen-
cies.

When it comes to finding average representative val-
ues of Kg and (,, for the entire range of frequencies
(0.5-10.5 rad/sec), by using a simultaneous least-squares
procedure, then using Eq. (12) seems more problematic.
Thevauesof Kg = 1.54 and K = 1.96 give values of i,
= 37.6° and Y, = 44.4°, respectively, compared to the
value of Y, = 45.4° for both cases, as presented in Fig. 7.
This problem may result from the influence of high fre-
quencies, which, as indicated above, exhibit significant
differences between both cases. The results in the next
sub-sections will further show that there are basic differ-
ences between Kg and i, corrections and thus it seems
problematic to try and use simple relations between these
two different approaches.

Influence of Flapping Frequency

The nondimensional basic flapping frequency (the di-
mensional frequency isdivided by (Q), wg, of aUH-60, is
1.036. This frequency was varied by changing the offset
of the blade (the original offset, divided by radius, is
0.047). At each offset, the optimal values of Kg and i,
were caculated by applying the simultaneous |east-
sguares procedure on 29 frequencies in the range 1-10
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rad/sec. Thisistherange of frequencieswhichisimportant
for flight mechanics and handling-qualities applications.
In al the cases the four response variables (two on-axis
and two off-axis) havethe sasmeweighting. In addition the
weighting between amplitude and phase angles is chosen
as 7.57 degree/dB. This ratio is universaly used in the
handling-qualities system identification community.

In Fig. 9 the optimal values of Kg are presented. It is
clearly shown that Kg increases with the flapping fre-
quency, from avaueof slightly lessthan 1.5for wyg = 1.0,
to avalue slightly over 2.0 for wyg = 1.1. The increase is
sharper at low flapping frequencies, while at higher flap-
ping frequencies the value is practically constant.

InFig.10theoptimal aerodynamic phaselag angle, W,
isshown. Thisangledecreaseswith theflapping frequency
from avalue of 50° for an articulated rotor, to a value of
40° for a "rigid" rotor. Similar to the case of, Kg, the
decrease is sharper at low flapping frequencies, while at
high frequenciesthe valueis practically constant. Thereis
arelatively large decrease at value of wg = 1.05-1.06.

Influence of Thrust Coefficient

The thrust coefficient of the "nominal” UH-60 is
0.00536. The thrust coefficient was varied in the range
0.00058-0.0133, and at different values of the thrust coef-
ficient the optimal Kg and Y, values, were calculated
(range of frequencies 1-10 rad/sec, 29 different values).

The results for Kg are shown in Fig.11. The values
vary between Kg = 1.5 and Kg = 2.3. Thus taking a
representative value of Kg = 1.9 seems appropriate. This
value, again, agreeswith the valuesthat have been usedin
the literature in successful simulations.

The optimal valuesfor Y, are shown in Fig.12. At the
lowest C, P4 = 40°. It increases to 45.4° at the nominal
Cy value, and approaches a value of 50° for high thrust
coefficients.

Influence of the Number of Blades

Thenumber of bladeswasvaried between 1 and 6. The
chord was also varied such that the solidity remained
constant and equal to the nominal value. Also the thrust
coefficient remained unchanged.
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Kr and y, were calculated in the same manner asin
the previous figures.

Figure 13 showsthat K drops from avalue of 2.3 for
two blades, to avalue of 1.8 for six blades.

The optimal Y, values are shown in Fig.14. The aero-

dynamic phase lag drops from 50° for two blades to 44°
for six blades.

Conclusions on the Variations of Kr and a

For all the cases that were considered, Ky, varies be-
tween 1.5 and 2.2. The aerodynamic phase lag changesin
therange 40°-50°. Values of Kg = 2 and 5 = 45° seem to
be representative of typical rotors at hover.

Conclusions

Until recently the prediction of the cross-coupling
(off-axis) behavior of helicopters and helicopter rotors
was beyond the capability of al the simulation codes.
Although the off-axis response is sengitive to various
effects like: blade flexibility, aerodynamic interference
with the fuselage and others, it became clear that the wake
distortion phenomenon, which was missing from all the
simulations, is the prime contributor to the off-axis re-
sponse.

Detailed models of the wake distortion effect have
been developed. These include prescribed wake and the
more sophisticated free wake models. The models are
fairly complicated and require large computer resources
and long computing times. This makes these model sinap-
propriate for various applications like flight mechanics
simulations, especialy real time simulations. For such
purposes two simplified approximate descriptions of the
wake distortion phenomena have been used:

* Adding the wake distortion coefficient to the regular
dynamic-inflow equations. A single coefficient is used
for the axisymmetric case of hover or axial flight, Kg.
For the asymmetric case of forward flight two different
coefficients are used: K, and K.

* Adding an aerodynamic phase lag, |, to a regular
dynamic-inflow model.

The KRy correction presents an approximate simplified
description of the phenomenon of wake distortion. The
approximation involves, for example, the assumption of
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steady pitch or roll, without considering transient effects.
Another approximation is the separate calculation of the
wake distortion effect using a vortex model, and then
adding it, in a simple quasi-algebraic manner, to a dy-
namic-inflow model that hasbeen devel oped using acom-
pletely different approach.

The aerodynamic phase angle, Y, iS a correction
method that is"equivalent”, in its effect on the helicopter
response, to the wake distortion. The aerodynamic phase
lag is not aphysical description, even approximate, of the
phenomenon.

It was pointed out in the literature, and shown clearly
above, that the optimal correction of the dynamic-inflow
model, for wake distortion effects, either by using K or
Y, is afunction of the flight speed and the frequency of
the perturbation. Y et it is often possible to use an average
representative vaue for a certain flight speed.

In addition to their dependence on the speed of flight
and frequency, Kg or i, depend, in general, on: the rotor
flapping frequency, the thrust coefficient and number of
blades. Yet it is possible to choose representative values
of Kg or Y, for a certain flight speed that will give good
results for awide range of parameters.

By using adetailed codelike TEMURA, and matching
between itsresultsand Y, or Ky corrections, with the help
of aleast-squares procedure (or any other equivalent pro-
cedure), it is possible to obtain the right Y, or K correc-
tionsfor new designs.

Recently, a new approximate actuator disk model of a
rotor in hover or axia flow has been developed. This
model is much simpler than the detailed free or prescribed
wake models and requires much less computer resources.
On the other hand, it includes many elements that are
missing from Y, or K corrections. It is based on aunified
approach where the wake distortion effects are obtained
as an integral part of a consistent derivation of the entire
model. In fact, two approaches, a vortex model and an
approximate solution of the potential flow equationsof an
incompressible inviscid flow, give the same model. The
new model includes a dynamic transient behavior of the
wake distortion effects, which may be important in the
modeling of real maneuvers.

Most of the results, which were reviewed and pre-
sented above, deal with hover. Indeed most of theresearch
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concentrated on hover because the cross-coupling effects
are strong in thisflight condition and tend to disappear in
forward flight. The hover case, with its axisymmetry, aso
offers some advantagesin analytical or numerical deriva
tions. Studies that dealt with forward flight indicated that
at small advance ratios there may be interesting phenom-
enaassociated with thewake distortion effects. According
to those studies the intensity of the wake distortion at low
advanceratios might even exceed theintensity of theeffect
in hover. Moreover, the wake distortion effects may be
smaller a forward flight, but not necessarily negligible
and sometimes even important. Therefore in the coming
years extensions of the various models to forward flight,
and analysis of the various effects as functions of the
advanceratio, will be required.

Every model hasto beverified. Moreflight test results
of different helicopters - having different flapping fre-
quencies, different thrust coefficients and different num-
ber of blades- flying at various speeds, are needed in order
to verify the newly developed models. Moreover, tests of
isolated rotorsin awind tunnel offer means of separating
between the main aerodynamic phenomena associated
with the rotor, and the coupling of those phenomenawith
the fuselage dynamics and aerodynamics. Therefore con-
trolled wind-tunnel tests of isolated rotors may offer very
valuable data for verifying the models.
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Appendix-A

L east-Squares M ethod to Calculate the Optimal Cor -
rections

As indicated in the text, two parameters are used to
correct the helicopter response:

1. Thewake distortion coefficient, K.
2. Theaerodynamic phase lag, Y.

These corrections are used separately (either Kgr # 0
and P,=0, or Kgr =0and y,# 0), athough theprocedure
can aso be carried out for both of them simultaneously
(Kr#z0and Y, #0).

The main goa is correcting the off-axis response,
namely (g/lat) and (pg/lon), without deterioration in the
good agreement of the on-axis response: (gg/lon) and
(ps/lat). Each of these variablesis described in TEMURA
by a complex number, representing amplitude and phase.
It is desired to match both of them.

Let us concentrate on a representative response pa-
rameter, its rea part will be denoted R and its imaginary
partisl.|f Rand| areobtained by TEMURA (thecomplete
model), then they are denoted R, and I, If a corrected
dynamic-inflow model is used, then these parts are de-
noted R and 1 4i. K or Y, should be chosen in suchaway
that the differences between the results of TEMURA and
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the corrected dynamic-inflow model, will be minimal.
This can be achieved by matching the real and imaginary
parts of both, but in doing that the physical meaningislost
since the real and imaginary parts by themselves do not
have clear physical meaning. Investigations have shown
that it is preferable to match separately the amplitude and
phase angle of both.

Matching the amplitude is equivalent to satisfying the
following expression:

Orp (K OF W) =20l0g, Habs(ﬁusﬂ ) @

20Iog10@abs(R +i.l di)H: 0 (1)

A decibel scaleisused asis common in representing
amplitude.

Matching the phase angle is equivaent to the follow-
ing relation:

a 5 b 0
R R, +I .1
(Kgorw) ar cos% s d us d E:O
&bs(R i IS) abs(R +i. )%

Each of the last two equations can be solved to obtain
avalue of Kg or Y, that satisfies this equation. In general
it is not possible to satisfy both equations simultaneously
by choosing acertain value of Kg or y,. Thusoneisfaced
with atypical |east-squares problem where the number of
equations exceeds the number of unknowns.

Moreover, at a certain frequency, (w, the above two
equations apply for each of the response variables. There-
fore, a each frequency ( a system of the following eight
equationsis obtained:

]
o Gamp (@ K OF 1) = o5
DJ =1-4 (a3)

i
thase Ioahse(o)K ory)= OD

j indicates which one of the response variables is
considered: gg/lon, of/lat, pi/lat or pg/lon. WJam and
w phase &€ Weighting parametersthat deflnethe"rel ative
|mp0rtance of each of the equations".
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Equation (a-3) indicates that at each frequency there
are eight equations and only a single unknown, Kg or .
The situation is even more complicated if onewould like
to match theresponse along acertain range of perturbation
frequencies. In order to do that it is necessary to define
discrete frequencies that are distributed along the range of
frequencies, and eight equations are defined at each one
of thesefrequencies. Thus, if thereare N such frequencies,
one ends up with (8. Ny)  equations, but still one un-
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Many methods exist for solving least-squares prob-
lems, and there are many codes that are based on these
methods. In the present analysis the subroutine BCL SF of
the IMSL MATH library isused. Thissubroutine solvesa
nonlinear least squares problem, subject to bounds on the
variables, usingamodified Levenberg-Marquardt [ 70, 71]
agorithm and a finite-difference Jacobian.

known.
Table-1: Aerodynamic phaselag vs. air speeds from various studies
‘ Hover ‘ 30 kts ‘ 40 kts ‘ 50 kts ‘ 60 kts ‘ 80 kts ‘ 100 kts
UH-60 (¢ = 0.047)
Takahashi (1995) 36
Fletcher and Tischler (1997) 44.4
Schulein (2001) 44 39 34 23 14
AH-64 (¢ = 0.038)
Mansur and Tischler (1996) ‘ 36 ‘ ‘ ‘ 19 ‘ ‘
SBMR (g = 0.09)
Tischler (1999) ‘ ‘ 18.73 ‘ ‘ ‘ ‘ 12.13
S92 (e =0.047)
Tischler et.al.(2001) | 4| | | | |
E
P - X _E
B ‘></D
A C
7] B
Io—~a
D'}
c’ c'l dc
B'l
B {B
Al
dA

A A

a) Each vortex element velocity is normal
to the disk at the moment of departure

b) Each vortex element velocity is in the
axial direction of the basic state.

Fig. 1 the wake distortion during a steady pitch in hover. For simplicity a constant induced velocity is assumed and contraction is ne-
glected: theletterswith an upper primeindicate a vortex element that departed from the disk at the
orientation indicated by the same letter without a prime.
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Fig. 4. Results of a least-squares procedure to find the optimal Kr value for an UH-60 in hover.
a) Smultaneous matching of off-axis and on-axis responses in the entire range of frequencies. b) Smultaneous matching of off-axis
responses only, in the entire range of frequencies. c) Matching the off-axis and on-axis response at each frequency.
d) Matching the off-axis responses at each frequency
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