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ABSTRACT

The effect of the time-averaged rotor wake flow field on the
aerodynamic behavior of the tail rotor and fixed tail surfaces
is discussed. The flow field at the location of these
surfaces is predicted by two wake models, a simplified flat
wake model and an accurate free wake model. Both models are
shown to give similar predictions of the flow field in the
vicinity of the empennage that are generally in agreement with
experiment. The contributions of these aerodynamic
interactions to the helicopter stability derivatives are
described and control responses using different wake models
are compared with flight test.

1. Introduction

Contemporary helicopters have relatively large fixed tail
surfaces as well as a tail rotor operating in the complex wake
of the main rotor. Larger horizontal tail surfaces generally
result from a requirement to provide inherent angle of attack
stability [1] or at least to counter some of the main rotor
instability at high forward speeds. Vertical tail surfaces
generally reflect a design requirement to make the body
vertical—-tail combination directionally stable. A number of
undesirable or poorly understood effects arise from the
interaction of these surfaces and the main rotor wake both at
low speeds and at high speeds. This paper examines some of
these effects, which are often characterized as interactional
aerodynamics, at reasonably high translational speeds. There
seems to be a tendency to categorize many phenomena placed
under the heading of interactional aerodynamics as arising
from somewhat mysterious sources using physical reasoning that
is not generally in accord with theory. This paper discusses
quantitatively the wake characteristics and their effects on
the tail surface and tail rotor aerodynamics. A relatively
simple wake model appears to give a guite suitable descriptien
of the rotor wake in translational flight . This model from
Reference 2 is briefly described along with the predicted flow
field downstream of the rotor. Reference 2 indicates that
this model predicts wake characteristics that are generally in
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agreement with experiment, certainly in a qualitative sense if
not in a gquantitative sense. The influence of the flow field
predicted by this wake model on the aerodynamics of the
horizontal tail, the vertical tail and tail rotor is examined.
Attention is directed towards lateral-longitudinal coupling
effects which have been noted to give rise to a variety of
handling qualities problems [1,3,4]. The flow field
predictions of the simple wake model are compared with a more
accurate free wake model that has been shown to produce very
good agreement with experimental measurements for rotor blade
airloads in translational fTlight as well as for the wake flaow
field [8]. Tinally, the importance of some of these effects
on helicopter response to controel inputs is shown and
compared with flight test.

2. Discussion

In general the main rotor wake has components in all three
directions in the vicinity of the horizontal tail, vertical
tail and tail rotor. Prediction of these components generally
involve very complex models for the rotor wake. However a
particularly interesting and relatively simple model for the
rotor wake is given in Reference 2 where it is also shown to
give predictions of the rotor flow field especially as regards
downwash and sidewash downstream of the rotor that agree quite
well with experiment. This theory is generally simple enough
to be incorpeorated into a complex flight dynamics program.
Basically the theory is the rotating wing analog of Prandtl’s
finite wing theory. The vortex wake is assumed to be
transported downstream in the direction of the freestream
velocity with no distortion and thus is referred to in this
paper as the flat wake theory. Due to this assumption its use
is restricted to reasonable translational flight velocities.
The vortices leaving the trailing edge of the blades are
assumed to move downstream in cycloids whose shape is
determined by the advance ratio and local radius. This
cycloidal pattern of wvortex lines is then smeared into a
vortex sheet which is used to calculate the rotor flow field
by means of the Biot-Savart Law. The wake characteristics
are assumed to be time invariant and the vorticity
distribution in the wake is based on a radial blade
circulation distribution that is independent of azimuth. The
cycloidal shape of the vorticity in the wake results in
considerable asymmetry even though there is no asymmetry in
the airload. The blade circulation distribution with radius
is assumed with an integrated value corresponding to main
rotor thrust. The version of this theory used in the paper is
the complete theory as presented in Reference 2 rather than
the simpler far wake results which were used in a previous
study (Reference 8). Considerable improvement in the
prediction of the contrel response of a UH-60A helicopter was
shown by incorporating this model into the prediction of the
interaction of the main rotor wake with the tail surfaces and
tail rotor. The latter part of this paper discusses the
influence of these terms on the response in some detail as
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they are of primary significance in the translational flight
control responses.

Flow Field

In general at the fixed tail surfaces and the tail rotor,
the main rotor will induce velocity components in all three
directions, i.e., downwash, sidewash, and inplane wash. The
coordinate system 1s shown in Figure 1. The distribution of
these three components normalized by the momentum value of the
induced velocity along the lateral axis as predicted by the
relatively simple flat wake model of Reference 2 are shown in
Figure 2 in the region of the horizontal tail. The vertical
distribution is shown in Figure 3. These results generally
agree with experiment as shown in Reference 2. The advance
ratio is 0.2. The geometry corresponds to a UH-B0 helicopter
at 86 kts. These calculations are based on the assumption of
a circulation distribution on the blades that is independent
of azimuth and has a cubic variation with radius. The
downwash pattern in Figure 2 shows the well established fact
that the downwash velocity is larger on the advancing side of
the rotor relative to the retreating side. Note that this
pattern is essentially a result of the cycleoidal shape of the
wake and not to any more complex feature of the rotor
aerodynamics such as the reverse flow region. The sidewash
distribution shown in Figure 3 indicates a significant
component towards the advancing side above the plane of the
wake and towards the retreating side of the rotor below the
wake. The inplane wash as shown in Figure 3 is upstream
below the rotor wake and downstream above the wake. These
velocity distributions provide a suitable basis for discussion
of effects on the tail surfaces. The advance ratio dependence-
of these distributions is as follows. The sidewash velocity
nermalized by the momentum value of the induced velocity is
proportional to advance ratio. The symmetric part of the
normalized downwash velocity is independent of advance ratio
and the asymmetric part is proportional to advance ratio.
Comparison and discussion of this predicted flow field with a
more accurate free walke model of the retor wake is discussed
later in the paper. The general features of the flow field
shown in Figures 2 and 3 appear to be a bhasic characterization
of the average rotor wake flow field. While the precise
numerical values on the curves will depend in some detail on
the rotor wake model, the general shape of the curves is
primarily due to the cycloidal nature of the wake.
Sensitivities are discussed in a later section.

The inplane wash is not considered further although in
general it will have the effect of reducing the dynamic
pressure at low tail locaticons and increasing the dynamic
pressure at high tail locations and is accounted for in the
dynamic model of the helicopter.

The primary influence of the downwash will be on the
horizontal tail and the sidewash will influence the
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aerodynamics of the vertical tail and tail rotor.

In general, as the angle of attack and the sideslip of the
rotorcraft vary, the wake pattern will move relative to the
tail surfaces as shown in Figure 1, producing changes in the
forces and moments acting on these surfaces,. In addition to
this geometric displacement, the main rotor thrust will change
with main rotor angle of attack causing a proportional
variatioen in the wake veloccity components. In steady flight,
the symmetric part of the downwash distribution will produce a
steady 1ift on the horizontal tail and the asymmetric part
will produce a steady rolling moment. Sideslip of the
aircraft will result in lateral displacement of this wake
pattern and it can be shown that the anti-symmetric part of
the distribution will produce a linear variation of the lift
on the horizontal tail with sideslip. Displacement of the
symmetric part of the distribution will produce a linear
variation in rolling moment. Thus in addition to trim
moments, the downwash distribution in Figure 2 will result in
a horizontal tail 1ift variation with sideslip and
consequently a pitching moment wvariation as well as a rolling
mement variation with sideslip. Nonlinear effects are also
produced. Dominant nonlinear effects result from opposite
components, i.e., deflection of an anti-symmetric distribution
produces a nonlinear contribution to the rolling moment and
deflection of the symmetric distribution causes a nonlinear
variation in the 1ift. Both of these nonlinear effects are
moderately important.

In addition to these displacement effects there are also
effects which can be termed gZradient effects which in the case
of the horizontal tail are due to angle of attack variation.
Calculations indicate that for the flat wake model, these
gradient effects do not result in large variations with the
other coordinate, that is, the downwash is approximately a
product of two functions and the gradient is approximated by
the centerline variation. The gradient effects associated
with angle of attack ceombine with the effect of thrust
variation which produces an increase in the magnitude of the
downwash, i.e., the downwash normalized by the momentum value
of the induced velocity is independent of thrust.

The influence of sidewash on the vertical tail leads to
similar effects as described for the horizontal tail. However
in this case, variation in angle of attack produces
displacement effects which combines with downwash variations
with thrust to produce coupling terms i.e., variation in tail
sideforce and rolling moment with angle of attack. Sideslip
produces a gradient effect which is moderately significant.
The vertical distribution of sidewash looks very much like the
flow field of a single line vortex and vertical displacement
produces a relatively strong linear variation in the sideforce
on the vertical tail when plane of the wake lies between the
root and tip of the vertical tail. The slope changes
significantly when the plane of the wake no longer intersects
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the vertical tail.

The tail rotor also experiences this same flow field. In
the case of the tall rotor, it is assumed that it is a
flapping rotor and therefore that only the thrust force is of
significance. The effects of the sidewash on the thrust of
the tail rotor is estimated by determining the influence on
each of four rotor blades, in vertical and horizontal
locations, and averaging the results. Note that this sidewash
field will produce a change in the steady state power required
by the tail rotor as well as the tail rotor collective
required for trim. In general, in powered high speed flight
with a negative trim angle of attack the tail rotor would tend
to be in the upper half of the flow field. Thus the tail
rotor would experience a relative up~flow reducing the power
required for a given thrust, as well as reducing the tail
rotor pitch require to produce a certain thrust [2]. In
descent, when the tail rotor is below the rotor wake, just the
opposite would be the case, the tail rotor would experience a
downflow. Consequently this causes an increase in tail rotor
power and rudder pedal deflection. It is quite likely that
the sidewash distribution contributes to the rather large
discrepancy in rudder pedal position between theory and
flight test shown in Heference 7 in descent.

Analytical expressions for the linearized effects of the
downwash and sidewash distributions can be expressed as
follows.

The 1ift coefficient of the horizontal tail and the
sideforce coefficient of the vertical tail are:

C = a, {(x - €)

LHT HT

Cy = aVT(a - B)

VT

The average sidewash and downwash for constant chord surfaces
are defined as,
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The wake displacements due to angle of attack and sideslip
are

o
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The downwash derivatives are therefore,

de _ 1 "o~ _ g de
do v ao 0 T ,=
o] dy
. L
d — —_
g% = —% (e(s) — e(-s8)]
2s

The sidewash derivatives are

%% - %ﬂ auo 6o - “%_ [o(b) = o(o)]
o b

do _ - do

== =z g =22

dB T 4z

The linearized expression for the displacement effects as
given by the variation of downwash with sideslip and the
second term in the variation of sidewash with angle of attack
are particularly simple, depending only on the difference in
downwash or sidewash components at each end of the surface of
interest.

These are the linearized expressions. In general the
variation in downwash with sideslip would be

~ [
dé _ T - — _ = —
55 = ;g [e(s + QTB) e(~s + QTB)]

Expanding € in a Taylor series

~ R
de _ T Iy = de .=, _ de, < 1
aB - = {e(s) e(—-s) + {dE(S) dE( s)) RTB]

It can be seen from this expression that the linear effect
depends upon the anti-symmetric character of the downwash and
the first nonlinear term depends upeon the symmetrie character
of the downwash.

Similar expressions can be formulated for the rolling
moments produced by each surface. Only the linearized
expression for the displacement effect on the horizental tail
is given.
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The rolling moment coefficient can be expressed as

c = a, (€2}
QHT HT
where
(8z) = =45 © % e(3°,2) 2 dz
4s -5
so that
ac
*Hr | 3(Ez)
ap HT aB

where (€z) represents the weighted downwash averaged over the
span. Then

d(y) _ M oe(s) v e8| ¢
dg o5 2 o

M

This expression shows clearly the linearized dependence of
the rolling moment on the symmetric part of the distribution.
O0f course if the downwash is uniform across the surface

(e(s) B €(-s) = EO) then this term is zero. It should be

noted that while these expressions appear to depend upon

the loading at the tips of the blades they are in fact
linearized expressions for the airload change across the span
of the tail., These expressiocn are useful for gaining physical
insight into the important effects. Using a computer it is
relatively straightforward to calculate the integrals involved
directly. For simplicity, if has been assumed that the tail
surfaces are of constant chord.

For tail rotor displacement effects, the expressions are
somewhat more complex since the effect of a downwash
distribution across the tail rotor on tail roter thrust is
weighted by the local radius of the blades.

The change in tail rotor thrust coefficient due to a
sidewash distribution change

2C u
T _ TR , ~
A(mI y o= 5 (or)
where
R, b
(3r) = &= =5 T T(E o, dF
b, =2 o . i
T RT 1
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For a displacement in the flow field at the tail rotor, the
change in the weighted average of the sidewash is

28

bRy 2

(== {(o(Ry) = 5) - (o(-Ry) = 5.)

1
DO

D-ID-
«|a
|
[NSTERS
Q-lo..
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—

The first two terms are due to the blades up and down in the
field and the last two terms are due to the horizontal blades.
For the last two terms the fore and aft variation of the
sidewash is neglected. Note that 80 refers to an average

not weighted by radius.

The up~-down blades provide a contribution for an anti-
symmetric distribution and of course for a uniform sidewash
distribution there will be no thrust change produced. Note
that the latter two terms will produce a significant
nonlinearity for the sidewash distribution shown in Figure 3
when the initial position of the tail rotor is centered in the
wake. The thrust variation due to these twe blades will in
fact vary Jjust as the sidewash distribution and the first two
contributions will be rather small. The tail rotor thrust
variation will be gquite non-linear for this sidewash
distribution. The more refined model presented later softens
this distribution and reduces the nonlinear behavior.

Numerical Results

In this section the general nature of the aercdynamic forces
and moments produced by these downwash and sidewash components
is examined. The focus is on the coupling effects, i.e., the
effects caused by wale displacement resulting in horizontal
tail forces varying with sideslip and vertical tail and tail
rotor force variation with angle of attack. Again the flat
wake results given in a previous section are used to present
some sample results. The following are typical dimensions for
the UH-60 tail surfaces and tail rotor all normalized by main
rotor radius.

£, = - 1.1

b = 0.28
s = 0.27
Rop= 0.21

These dimensions indicate the extent of the surfaces in the
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flow fields shown in Figures 2 and 3 and also indicate that a
sideslip of 1G° for example will result in significant
translation of the flow field relative to the surface.

First consider the effect of the downwash on the 1lift

variation of the horizontal tail with sideslip. It is the
downwash averaged across the span which produces a
proportional change in l1ift on the horizontal tail. Figure 4

shows the wvariation in average downwash, normalized by the
simple momentum value of the downwash angle. The linearized
result shows the increasing downwash with positive slip
resulting in a nose-up moment with positive slip. The
dominant nen-linear term is a squared effect showing that this
coupling effect is stronger for positive slip than for
negative slip [1]. There is however a reasonable range of
linear behavior.

A rolling moment with slip is also produced. For this
downwash distribution, the tendency is to produce a pesitive
or unstable contribution to the dihedral effect of the
rotorcraft.

The sidewash distribution will in a similar way produce
variations im tail rotor thrust and vertical tail surface
sideforce with angle of attack. The nature of the effects
depend quite significantly upon whether the center of the wake
intersects with surface or not. Generally if the wake :
centerline is centered on the vertical tail there is a strong
anti-symmetric distribution and the variation with angle of
attack will produce a significant variation in the sideforce
of the vertical tail. An increase in angle of attack produces
a reductiocn in sideforce of the tail rotor and consequently a“ "
positive yawing moment with increasing angle of attack. As
the centerline of the wake moves above the surface the )
gradient changes quite rapidly as indicated in Figure 5 which
shows the variation in average sidewash with angle of attack. -
This is a source of a significant increase in yawing moment -

with increase in angle of attack. Loss in dutch roll damping
has been attributed te this derivative associated with main
rotor torque variations at high speeds [3]. This sidewash

effect appears considerably larger than the torgque change.
This effect talken with the pitching moment variation with slip
causes in general a coupling between the short period motion
and the dutch roll and a loss in dutch roll damping.

Consider now the tail rotor thrust change with angle of
attack due to the sidewash variation. Recall that the
influence of the sidewash gradient on the tail rotor will be
quite different from the vertical tail because of the
welighting of sidewash velocity by tail rotor radius. As a
consequence the variation in the weighted sidewash with angle
of attack which shows the thrust variation is quite non-linear
for the flat wake model as shown in Figure 6. Using the
sidewash distribuation of Figure 3 there is a significant
change in thrust as the horizontal blades encounter the change
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in sidewash associated with moving away from the center of the
roter wake. For this distribution the effect of the up and
down blades is nen-linear. There is a decrease in thrust with
increase in angle of attack and consequently a second
contribution to the variation in yawing moment with angle of
attack further contributing to a reduction in dutch roll
stability with increasing airspeed. The sidewash

digstribution predicted by the free wake model discussed in the
next section gives a relatively linear variation as shown in
the Figure.

Generally the effects discussed above vary in the following
fashion with airspeed. Since the asymmetric component of
normalized downwash which gives the primary contribution to
the piteching moment variation with slip varies with advance
ratio, this stability derivative will wvary as,

aM 2 - HCqp
ag ~ ¥ o~ 2
Thus increasing linearly with airspeed. The normalized

sidewash is proportional to advance ratio as well and
consequently the coupling derivative will wvary in a similar
fashion,

3N T
ax

It is the combination of these twoe derivatives that gives rise
to a loss in dutch roll stability which has been noted on many
contemporary helicopters at high speeds.

Following the next section which discusses the comparison of
the simple flat wake model with a more advanced free wake
mcocdel the influence of these effects on the helicopter
response is discussed.

Comparison with Advanced Free Wake Rotor Models

In erder to successfully analyze the loads experienced by a
helicopter in the presence of the main rotor wake it is
necessary to accurately model the effect of the vortex wake of
the main rotor, Over the past twenty years, a variety of
“computational rotor wake models have been developed, largely
for application to preblems concerning main rotor performance
and airloads [8,9,10]. Recently, a new approach to wake
modelling has been developed that is superior in many
important respects to previous work and has been successfully

‘..incorporated into analyses of rotorcraft interactional

aerodynamics (Heference 5). This new approcach involves using
a force—free model of the wake of the full span of each rotor
-blade,

The fundamental building block of this analysis is the Basic
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Curved Element (BCVE), which is derived from the approximate
Biot~Savart integration for a parabolic arc filament. When
used in conjunction with a scheme to fit the elements along a
vortex filament contour, this method has a significant
advantage in overall accuracy and efficiency when compared to
the traditional approach, which involves the use of straight-
line vortex segments. 4 theoretical and numerical analysis
{Reference 11) has shown that free wake flows involving close
interaction between filaments should utilize curved vortex
elements in order to guarantee a consistent level of accuracy.
The curved element method was implemented into a forward
flight free wake analysis in Reference 12, featuring a single
free tip vortex trailing from each ‘blade, a model similar to
many previous forward flight wake treatments. This model
exhibited rapid convergence and robust behavior, even at
relatively low advance ratio.

In many important forward flight conditions (particularly at
high speed), the rotor wake structure can become very
complicated, and wake models using a single free tip vortex
are inadquate. On the advancing side, the generating blade
may experience large spanwise and azimuthal load variations,
including negative tip loading; the effects of such
distributicns will not be correctly captured by relatively
crude single-vortex models. The new wake analysis methods
described in References 12 and 13 seek to represent the
important features of the resulting wake generated along the
full span of the blade. Figure 7 shows the new full-span free
wake generated by one blade of a four-bladed rotor at advance
ratio 0.39. The curved elements are used to represent vortex
filaments laid down along conteours of constant sheet strength
in the wake. The skewed/curved filaments provide a natural
representation of the free wake wvorticity field, which
simultanecusly accounts for both shed and trailed vorticity.
An additional advantage of the method is that it provides a
visually meaningful representation of the wake since the
filaments correspond to the actual resultant vorticity field.
The vortex filaments leaving the blade in Figure 7 are all -of
constant strength, and each one is of egqgual value. For this
reason, c¢lose spacing between filaments implies a strong net
influence from that region of the wake, whereas a sparse
spacing indicates a region of having little effect. The
looping {(or connecting) between cutbeocard and inboard filaments
is associated with changes in the maximum bound circulatien on
the blade. A strong root vortex structure is also evident.
The actual aerodynamic environment experienced by the regions
immersed in this complex wake structure can be inferred from
Figure 7. From the standpoint of resolving the flow in the
vicinity of the empennage, these wake geometry plots show a
remarkably complicated incident wake structure. -

This free wake model has been applied to the problem of: the
prediction of vibratory loads on the main rotor (Reference
13), the analysis of high-resoclution flow fields for tail .
rotor aercacoutics (Reference 14), and to the effects of the
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interaction of the rotor wake with downstream fuselage and
empennage surfaces (Reference 5). The latter application is
clearly the one most directly related to the topics under
consideration here. In Reference 5, very encouraging
corralation was found between measurements the time—average
flow field downstream of an AH-64 wind tunnel model at advance
ratio 0.28 and predictions made using the fuli-span wake model
Jjust described (see Figure 8, part of which was taken from
Reference 15). In view of these results, it was naturally of
interest to examipe the correlation between the predictions
made by the full-span free wake model and the flat wake model
described above. The full-span model has been successfully
applied for research on a variety of topiecs in rotor
aerodynamics, but is on the whole tooc computationally
demanding for routine use in studies of handling qualities.
Thus, it is desirable to see if the flat wake representation
can capture the major features of the wake effect on empennage
surfaces downstream of the rotor.

Sample calculations were performed using an isolated UH-80
main rotor at advance ratioc 0.2, operating at a specified
thrust coefficient. The shaft angle of attack and the blade
pitch were set at values corresponding to the desired forward
flight trim condition. In the current free wake analysis, a
vortex lattice model of the blade is used, along with a
relatively simple blade dynamics model featuring rigid
flapping and one elastic bending mode., A trim routine is
coupled to the blade dynamics analysis to ensure that the
pitch contrel inputs to the blade are consistent with zZero net
hub moment.

For flow field computations, a measurement grid is set up
downstream of the main rotor, and the predicted velocity field
is computed and stored at each time step. For these
calculations, sixteen time steps per main rotor azimuth were
used, Since the wake analysis starts assuming an undistorted,
kinematic wake, typically several rotor revolutions of
simulated time must elapse before the calculation reaches a
repeatable steady state. Once such a state is achieved, the
velocity field at the measurement grid is time—averaged and
normalized; these results can then be directly compared with
the flat wake predictions.

r=The. first calculaticon undertaken here featured the UH-60
operating at a thrust coefficient of 0.007 and a shaft angle
of:-attack of =5 deg. The plots in Figures 9 and 10 show the
camparisons of downwash and sidewash predicted by the flat
wake:.and-free wake models at the vertical level corresponding
te thé horizontal stabilizer position. As is evident, the
predicted velocity fields are gqualitatively quite similar and
alzo-show considerable quantitative similarities except in the
peak values on the advancing side. One possible explanation
for this dissimilarity is the different treatments of the
blade bound circulation in the two cases. The flat wake
calculation assumes a simple cubic bound circulation
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distributions whose magnitude is proportional to the momentum
theory value of downwash and which is invariant with azimuthia!
angle. The free wake calculation computes the spanwise  “~ogns
circulation distribution for each azimuth angle that satisfieke
the flow tangency conditions at the blade surface. - Clearlys.¢c
this could lead to substantially different bound 01rculatioﬁ S
distributions, which could in turn produce 51gn1flcant chang@s:
in the flow field downstream. R

To gquantify the differences in the bound circulation, the7*f

=

time—averaged circulation for the free wake calculation was."o¢
valued and is szhewn in Figure 1l1. The distributions show' - i®
considerable differences near the root and the tip, and the =t
peak level of average circulation is substantially lower ‘in Ju=n

the free wake case than in the flat wake case. The flat wake s
value is roughly 15% higher than the free wake predictiony “wsei
since the flat wake velocity field scales with the maximum ~+=?

bound circulation, reducing the flat wake input to match therr:
peak spanwise level in the. free wake calculation would improve
the agreement considerably. The deviation of the bound
circulation from the assumed cubiec distribution would also:
effect the predicted velocity field; thus, it would probably m
be desirable to adjust the spanwise circulation distributiow:!
to be more representative of actual load distributions in v -«
follow—on applications of the flat wake model.  Nonetheless, @ 7%
the agreement for this case (at relatively high forward speed)y
is quite encouraging, particularly the downwash in the - . alsn
immediate vicinity of the horizontal stabilizer p051t10n PR
(z = -0.25 to 0.25). . : N

An additienal calculation was undertaken to compare the-
vertical distribution of sidewash experienced by the tail
rotor and vertical tail for this same flight conditien. The
results for both the free wake and flat wake cases are shown’i
in Figure 12. Note that the free wake result does not display
the symmetry of the flat wake case, though it does tend to: ==

reduce the peak levels of sidewash that are observed. Also, ¥
though the vertical gradient of sidewash is steep even in the™
free wake case, it is somewhat "softened" relative to the .3z

abrupt jump evident in the flat wake results of Figure 3.
Comparison With Flight Test ST+
TOCH

Using the methods described in the previous section the
influence of the aercdynamic characteristic of the interacticn
of the rotor wake with the flow field the linearized .7:: . ™=«
contribution to the stability derivatives are calculated. and:o
use in a linearized model of the complete rotorcraft dynamiés
including the rotor and body states as well as the dynamic=usw

inflow. This model is described in detail in Reference 8.7 A"
simpler version of the wake flow field was used in Referente:if
to compare predicted responses with flight test.. Since. the =

primary effect of lateral longitudinal coupling terms
discussed above influence the rudder response, only ‘this"
controel response is discussed. Figures 12 and 13 show-the*i?‘

- T

-
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left and right rudder responses using different linearized
coupling terms. These are considerably longer time responses
then were available for the study of Reference 8. Case 1
corresponds to the very simple free wake model used 1in
Reference 6, The downwash is the far downstream value in the
plane of the wake. This approximation gives the largest
values for the coupling derivatives, the rate of change of
pitching moment with slip and the yawing moment change with
angle of attack. It can be seen from the responses that this
level of coupling over estimates the coupling and in fact
produces an unstable dutch roll mode. The first pitch rate
peak is accurately estimated. This peak is directly dependent
upon the value of the pitching moment variation with slip.
Case 2 is based on the more accurate version of the flat wake
model described in the paper. This reduces the coupling
levels although still the dutch roll damping is too low. Case
3 uses the values from the free wake model and tends to give
better agreement although the dutch roll damping is
underestimated. The free wake model also appears to
underestimate the pitch sideslip coupling. Generally the roll
axis correlation is poor. The roll axis is sensitive to a
variety of terms due to the low level of the roll inertia,
although in general the predicted amplitude of the roll rate
response is significantly in error. It seems quite possible
that the non-linearities shown in the aerodynamic behavior may
be responsible for this ‘behavior, as well as perhaps the
difficulty in calculating the changes in aerodynamic forces
due to the high gradients in velocity components shown.
Further,studies are in progress to examine these effects in
more detail.

3. ., Conclusions

e L

1..) .The général features of the time—-averaged flow field
~ downstream of the main rotor can be estimated by a
" relatively simple flat wake model.

2.) A more accurate free wake calculation of the downstream
flow field shows considerable similarity to the flat
wake model predictions at reasonable translational
speeds.

3.) The lateral distribution of downwash across the

.. .horizontal tail gives rise to a pitching moment

. ovariation with sideslip. The vertical distribution of

. 8idewash across the vertical tail and tail rotor gives
rise to vawing and rolling moment variations with angle
of attack.

4:5: Estimation of the coupling derivatives from the flat
wake model appears to overestimate the coupling
effects. Use of the free wake model to estimate these
:effects gives reasonable correlation with flight test
.control responses.
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