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Abstract

This paper presents a study of three flight maneuvers
using a rotorcraft aeroacoustics model: “pop-up,” “pop-
down,” and an arrested descent. A time-accurate free-
vortex rotor wake model and a maneuvering rotor noise
prediction code were used to compute the noise. All ro-
torcraft motions and rigid body blade motions were in-
cluded in the respective models. The wake geometry and
its development is described. It is shown that the magni-
tude and directivity of the noise is strongly dependent on
the rotor wake characteristics when blade-vortex interac-
tions occur. In the transient arrested descent maneuver,
the wake geometry becomes extremely complicated, and
a significant increase in both nonimpulsive and impulsive
noise is predicted.

Notation

c Speed of sound (quiescent medium), ms—1

C Sectional lift coefficient

Cr Rotor thrust coefficient

D Finite-difference operator

f =0 Function that describes the surface (i.e. the
rotor blade).

L Components of loading acting on the fluid,
Nm—2

L, L;f;, loading in the radiation direction (sum-
mation implied), Nm—2

L LiM; (summation implied), Nm—2
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fi0L; /dt (summation implied), Nm—2 s~1
Local Mach number; Mach number of source
in acoustics, v/c

Components of the Mach number of the
acoustic source, M; = v;/c

M;fi, Mach number of source in radiation di-
rection (summation implied)

Acoustic pressure, p— po in the undisturbed
medium, Pa

Thickness contribution to p’, Pa

Loading contribution to p’, Pa

Rotor radius, m

Radial distance, distance between observer
and source (equations 6 and 7), m

Position vector of collocation point, m

Initial position of collocation point, m
Element of the rotor blade surface, m?

Rotor thrust, N

Time, s

Normal velocity of blade surface, ms—1
A;U; /ot (summation implied), ms—2

UidA; /ot (summation implied), ms—2
Velocity vector at collocation point, ms—?
Cartesian coordinates, m, m, m

Flight path angle, deg
Circulation, m?s—1

Time step, s

Azimuthal discretization, deg
\ortex age discretization, deg
Wake (vortex) age, deg
Advance ratio

Azimuth angle, deg

Blade azimuthal location, deg
Rotor rotational speed, rad s~*
\Vorticity, m?s—1

Density of quiescent medium, kg m—3



Introduction

Rotor noise alleviation has been a key area of rotor-
craft research during the last two decades. Neverthe-
less, the accurate prediction of rotor noise remains a great
challenge to the rotorcraft analyst. This is, in part, a re-
sult of deficiencies in modeling the rotor wake dynamics
and associated induced inflow. The relatively poor per-
formance of existing aerodynamic models, which may
often be based on simple, steady momentum inflow as-
sumptions, suggests that the computation of transient
wake dynamics must be performed at a more rigorous,
time-accurate level of approximation. The situation is
particularly complicated in maneuvering flight, where
the unsteady blade airloads and associated rotor noise
change continuously throughout the maneuver. Thus, the
transient wake aerodynamics need to be captured accu-
rately and the noise must be computed over longer time-
periods.

The objective of the current study is to investigate the
influence of maneuvers and other transient rotor motion
on the wake generated by a rotorcraft and, ultimately, on
the noise generated. Although the present state-of-the-art
is able to provide good predictions of rotor noise during
steady rectilinear flight, this capability does not meet the
challenge of real-world operations, which always include
maneuvering flight. Recently Brentner et al.»'2 have de-
veloped the PSU-WOPWOP code to investigate maneu-
vering rotorcraft noise, and as a preliminary step coupled
it with the GENHEL rotorcraft flight dynamics code? to
obtain the blade loading and aircraft motion data for the
noise calculations. This preliminary work demonstrated
that a rotorcraft may produce significantly more noise
during a transient maneuver than during steady flight.
The GENHEL code, however, uses a simple dynamic in-
flow model, which is incapable of modeling the signifi-
cant rotor/wake interactions expected in many maneuver
situations. These rotor/wake interactions plays a signif-
icant role in the noise generation, so the accuracy of the
wake model is extremely important. In the present study,
the time-accurate free-vortex wake method developed at
the University of Maryland*® is used to calculate the ro-
tor wake and corresponding unsteady blade loads for sev-
eral different maneuver cases. These loads are then used
as input to calculate the noise produced during the ma-
neuver.

Impact of Transient Maneuver

A transient maneuver is a short-time event, typically
initiated through pilot control, which significantly per-
turbs the rotor system from its steady-state operating
condition. In particular, the blade motion and aerody-
namic loading are aperiodic during a transient maneuver.
This means that each rotor blade encounters a different

aerodynamic environment during a single rotor revolu-
tion. Although a transient maneuver is short-time event,
it typically requires that the aerodynamic response must
be computed over many rotor revolutions. Similarly, the
noise generated during the transient event continues to
change over a relatively long time period* and may be
highly directional. The aperiodic nature of the rotor re-
sponse during a transient maneuver and the long time
scales present significant new challenges to predicting
both the rotor wake dynamics and the rotor noise.

Maneuvering Wake Dynamics

The blade-wake interactions that occur on helicopter
rotors can be very pronounced in many flight conditions.
This is particularly significant in descending flight or in
maneuvering flight, where the closer proximity of the
wake to the blades can give rise to large unsteady air-
loads and the generation of impulsive rotor noise. Under
nominally steady-state (non-maneuvering) flight condi-
tions, the evolution of the rotor wake is periodic at the
rotor rotational frequency. In this case, the rotor wake
structure and the orientation of the tip vortices to the ro-
tor blades are the same during each successive rotor rev-
olution. However, this is not the case under transient ma-
neuvering flight conditions, which produce an aperiodic
wake structure. Flight maneuvers can also be associated
with a significant, aperiodic reorganization of this wake
structure, especially when the maneuver is abrupt or tran-
sient in nature.® Furthermore, as is typical of most un-
steady aerodynamic effects, significant time-scales can
be involved with the rotor wake reorganization during
maneuvering flight conditions. This means that the ro-
tor wake developments must be tracked (modeled) over
very long times. This poses considerable challenges to
the helicopter analyst—challenges that are yet to be sat-
isfactorily resolved.

Physically, the rotor wake is comprised of vortex
sheets generated at the trailing edge of the blades. These
sheets, however, quickly roll-up into strong tip vortices,
and become the dominant flow structures found inside
the rotor wake. These discrete tip vortices not only af-
fect rotor loads and performance, but are responsible for
much of the rotor noise. Close interactions between the
tip vortices and the blades, which are generally termed
blade-vortex interactions (BVIs), generate highly un-
steady aerodynamic loads, which are often very impul-
sive in nature. These impulsive airloads are the source of
a particularly harsh obtrusive noise signature from the
rotor. Therefore, the occurrence of any BVIs is rela-
tively important from an overall rotor acoustics point of
view. However, the specific magnitude and directivity
of the rotor BVI noise is sensitive to both the position
and aerodynamic structure of the tip vortices (i.e., their

*Long compared to a single blade passage period.



strength and induced velocity field) to the blades. Gener-
ally, BVIs that occur when the leading edge of the blade
is nearly parallel to the longitudinal axis of the tip vortex
are the most acoustically significant. However, interac-
tions that occur with any relative orientation are aerody-
namically significant.

To predict reliably both rotor airloads and acoustics
during transient maneuvering flight, the dynamic evolu-
tion of the wake and the tip vortices needs to be mod-
eled in a time-accurate manner throughout the maneuver.
This often leads to wake developments that are relatively
different to those expected on the basis of periodic flow
assumptions. For example, it has been observed”-8 that
during a rapid change in the rotor operating conditions
(such as with the use of abrupt collective or cyclic pitch
inputs), the wake developments can be accompanied by
the bundling of individual tip vortices. Periodic changes
in blade pitch control inputs also produce changes in the
wake structure, and can cause a continuous formation
and propagation of accumulated bundles of wake vortic-
ity. In the case of periodic collective pitch inputs, the
wake vortices essentially form into a series of stacked
toroidal vortex bundles. Whereas in the case of peri-
odic cyclic inputs the bundles take on a more helicoidal
form.® In some cases, transient effects lead to the forma-
tion of powerful toroidal “rings” of accumulated wake
vorticity. These rings are spatially and temporally unsta-
ble, and break down as they are subsequently convected
through the rotor wake.® In some cases, the blades may
also interact with these bundles of vorticity, producing
a form of “super” BVI. More importantly, however, in
all cases there are considerable lags in the development
of the rotor airloads, producing significant amplitude and
the phasing effects on the unsteady blade loads compared
to those obtained under steady flight conditions.

Maneuvering Rotor Acoustics

Noise generation during a transient event is also sig-
nificantly more complicated than during steady-state
flight conditions. A transient maneuver typically results
in a combination of transient and residual changes to the
blade loading. These increases (or decreases) in loading
directly affect the loading noise in an essentially linear
manner. This is not the only effect on the transient noise,
however. The aperiodic blade motion and the time rate
of change of loading also have a strong impact on both
the magnitude and directivity of the noise generated. The
aperiodic blade motion will change both the acceleration
and blade position relative to what would have occurred
in the periodic case. Hence the thickness and loading
noise are both affected. Additional unsteady loading will
directly increase the loading noise, much like BVI. These
effects can combine to magnify the impact a maneuver
has on the rotor noise generation beyond what is ex-

pected if only the increase in load factor is considered.

In addition to the low frequency loading changes dur-
ing the maneuver, the rotor wake is more likely to in-
teract with the blades, resulting in forms of BVI. Un-
der some circumstances these interactions produce ex-
tremely large amounts of noise, nearly overwhelming the
other sources. In particular, when the interactions are
parallel to the leading edge of the blade and thus oc-
cur over a relatively long time period and over a large
area the noise is extremely loud. Recent transient wake
computations® suggest that BVIs can be significantly in-
creased in magnitude and extent during a maneuver. The
present results are the first to investigate both the low
frequency and BVI noise aspects of transient rotor ma-
Neuvers.

Theory and Computational Approach

Although rotor aeroacoustic analyses have been per-
formed with a wide variety of methods, most models as-
sume or enforce periodicity of the wake solution. These
analyses, therefore, lack the fundamental capability to
properly predict noise under arbitrary maneuvering flight
conditions. A more general method, capable of comput-
ing aperiodic solutions with considerable accuracy and
fidelity, is clearly a prerequisite to obtain more accurate
acoustic predictions.

Free-Vortex Rotor Model

Under maneuvering flight conditions, the modeling of
rotor airloads and the wake must be closely coupled and
solved in a time-accurate sense to capture the transient
wake evolution and its feedback effect on the unsteady
rotor airloads and temporal blade response. This in-
volves a numerical solution of the equations governing
the wake development along with the simultaneous so-
lution of the equations governing the blade dynamics.
Most rotor wake models (e.g., Refs. 10-14) use either
explicit or implicit periodicity assumptions, which are
not suitable for transient maneuvering flight conditions.
The situation is further complicated when predicting the
acoustics of the rotor because of the extremely high spa-
tial and temporal fidelity required to properly predict the
BVI induced impulsive fluctuations on the rotor airloads.

Of all types of wake methaods, free-vortex methods of-
fer one of the best opportunities in predicting the time-
dependent wake dynamics while still retaining accept-
able levels of computational cost for routine use.® In
a free-vortex model, the rotor wake is represented us-
ing discrete elements of vorticity. The elements are de-
scribed by particle markers, which may be spatially con-
tiguous or otherwise.’®> The method tracks these mark-
ers and their corresponding vorticity (circulations). The
vortex filament method involves a discretization of wake
vorticity into straight-line segments connected by a se-




ries of markers, one at each end of the filament. This is
the approach used in the present work.

The development of the wake is described in three-
dimensional, incompressible, viscous flow by the
Navier-Stokes equations. These can be expressed in a
velocity-vorticity (V,w) formulation as

dw
dt
In free-vortex filament methods, the vortex elements are
assumed to be singular filaments of constant circulation.

In this case, the governing equation for the wake be-
comes the simpler advection (convection) equation

dr

dt
where r is the position vector of a point on the vortex fil-
ament, ro is the initial position vector, and V is the local
velocity field at that point. Because the position vector r
is a function of both blade position, , and the time after
which it was trailed into the wake, this equation applies
to each and every marker. In blade fixed coordinates the
foregoing equation can be written as the partial differen-
tial equation

= —(V-De+@DV+va-o (1)

V(rt), r(t=0)=rp (2

() ol 1
In discretized form, equation 3 can be written as
or or
ﬂ‘i‘&%Dw—FDZ:ZV (4)

where Dy, is the spatial finite-difference operator and D
is the temporal operator, using discretizations A and A,
respectively. All of the present calculations were done
using a discretization of AY = A{ = 2.5deg. The right-
hand side of the foregoing equation, SV, represents a
general summation of the induced velocity effects from
all of the vortical elements in the flow field, including the
rotor wake. This term is obtained numerically through
the repeated use of the Biot-Savart law'® applied to all of
the discrete filaments, followed by numerical summation
of the induced velocity effects.

The resulting finite-difference equation, which applies
to each and every marker in the wake, is then solved nu-
merically in space and time.*® Special numerical tech-
niques are used to provide stability to the method for
time-marching solutions, while still retaining the order
of accuracy. During the convection process, the vortex
filaments are also allowed to stretch and diffuse under
the action of viscosity. These effects are accounted for
in the free-vortex model by using a viscous splitting ap-
proach.’

The wake solution is intrinsically coupled with the
blade aerodynamics and the dynamic flapping response

of each blade.'® This response becomes aperiodic in time
during maneuvering flight. Therefore, the time-varying
blade aerodynamics and the resulting dynamic responses
of each blade must be solved simultaneously, and to a
consistent level of accuracy. These equations were in-
tegrated using the same numerical scheme employed in
solving the governing equations of the wake.

In the present case, the rotor was modeled with elas-
tically stiff blades, each of which execute fully inde-
pendent and time-dependent flapping motion. Aerody-
namically, each blade was modeled using a Weissinger-
L lifting-surface model,*® where the blade was divided
into 32 spanwise blade elements. The strength of the
bound circulation was assumed to remain constant over
each blade segment, and vorticity, equal to the difference
in bound circulation strengths between two adjacent seg-
ments, was trailed into the wake behind each blade. This
constitutes the near-wake behind the blade, which then
forms a boundary condition for the rolled-up free-vortex
representation of the rotor wake.

The unsteady aerodynamics on the blades were cal-
culated using the indicial response method,?%2% which
was applied at each blade element. The ability to han-
dle completely arbitrary aerodynamic conditions at the
blade gives the indicial approach considerable flexibility
in meeting the requirements of this type of aperiodic ro-
tor airloads analysis. From the calculated blade element
airloads the rotor thrust was calculated by radial and az-
imuthal integration.

Rotor Noise Model

The PSU-WOPWOP rotor noise prediction code?® is
used in this work to predict the main rotor noise in both
steady and transient maneuver flight conditions. This
code is an implementation of Farassat’s retarded-time
formulation 1A of the Ffowcs Williams-Hawkings (FW-
H) equation:%2:23

p/(X,t) = pfl' (X7t) + pf_(X,t) )

where the thickness noise contribution pf is defined as

4Ty (X,t) = f/o [%}retds

(6)
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and the loading noise contribution pj is defined as

/ -~ }/ L ]
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The FW-H quadrupole term, which is necessary for the
prediction of high-speed impulsive noise, has been ne-
glected. In Eq. 6, maneuver influences the thickness
noise through the normal component of the blade surface
velocity, Up, and its time derivative U, + Uy, These ve-
locity components must represent both the periodic and
aperiodic rotor blade motion combined with the aircraft
motion. In this work, GENHEL provided the full set of
parameters needed to compute the position, velocity, and
acceleration of the rotor blade surfaces. PSU-WOPWOP
reconstructs the rigid body mation of the blades.

A transient maneuver also influences the rotor noise
through the blade loading L; and its time derivative Liin
Eq. 7. The loading noise is assumed to be compact in the
chordwise direction (i.e., the wavelength is large com-
pared to the chord). This approximation (which is valid
up to about the 35th harmonic of rotor blade passage fre-
quency for the rotor used here) enables the noise predic-
tion to use the integrated section loading rather than a
pressure distributed over the actual blade surface. Both
GENHEL and the free-vortex model compute only inte-
grated, sectional rotor loading for each blade as a func-
tion of span and time (azimuth).

Although Farassat’s formulation is a retarded time for-
mulation, there are several possible methods of numeri-
cal implementation. For a transient maneuvers, in which
there are many coordinate systems used in the position
and motion calculations, it is computationally efficient
to use a source-time dominant solution method.>2425 In
this method, the source time is chosen first, then the time
at which the sound from a single point on the source
surface reaches the observer is then computed. The
noise signal from each point on the source surfaces (ro-
tor blades) is interpolated at constant observer times so
that the signals can be added together, hence providing
the complete acoustic pressure time history.

Analysis of Transient Maneuvers

Three transient maneuvers have been evaluated for an
aircraft which is representative of a utility transport he-
licopter: “pop-up,” “pop-down,” and arrested descent.
The helicopter is a single-rotor / tail-rotor configuration
with an articulated horizontal stabilizer. The main rotor

Figure 1: Main rotor planform of utility transport helicopter
used in this study.

is a four-bladed articulated rotor with swept blade tips,
as shown in Fig. 1. The tail rotor is modeled using a
simplified “Bailey” solution in GENHEL for the flight
dynamics simulation. The tail rotor is not included in ei-
ther the free-vortex model or in the noise prediction. The
aircraft includes basic electronic stability augmentation
in the roll, pitch, and yaw axes. In order to simulate ba-
sic maneuvers without a pilot in the loop, an outer loop
controller was used. A description of key aircraft param-
eters used in the flight simulation is given in Table 1.

For the maneuver analyses, the control inputs, aircraft
roll, pitch and yaw angles, and helicopter position were
computed with the GENHEL simulation and then passed
to both the free-vortex model and PSU-WOPWOP. The
flight simulation was performed by first trimming the he-
licopter to the desired steady flight condition (hover or
forward flight), and then initiating the maneuver with
the use of a pilot controls. The GENHEL computations
were conducted for a simulated time period of 2 seconds
(approximately 10 rotor revolutions). The free-vortex
model, however, was run for longer periods of simulated
time to observe any transients in the wake evolution well
after the control inputs were restored to their original
conditions. During this period, the control inputs and
the flight conditions (velocities and angular rates) were
set to the final values predicted by GENHEL. The noise
prediction is the final stage of the analysis. The unsteady
rotor loading from either GENHEL or the free-vortex ro-
tor model can be used in PSU-WOPWOP for the rotor
noise prediction.

“Pop-up” Maneuver

In a pop-up/down maneuver the pilot starts from a
hovering condition and applies a rapid collective pitch
input to perform a near-vertical ascent or descent. Fig-

Table 1: Description of utility transport helicopter used in cur-
rent study.

Aircraft weight 74,841 N
Rotor radius 8.177m
Nominal rotor speed 258 rpm

Radius of tip sweep 95%
Tip sweep angle 20°




6/6g (hover)

0.95 . . . . . . .
0 2 4 6 8 10 12 14
Rotor revolutions
(b) 16 e
Free-vortex wake
wt GENHEL

Relative altitude, z-zj, (ft)

0 2 4 6 8 10 12 14
Rotor revolutions

—~~
g

~
g
o

T T T
Free-vortex wake

T A GENHEL

C+/Cy (hover)

0 2 4 6 8 10 12 14
Rotor revolutions

Figure 2: Collective pitch perturbation and the time-history of
the rotor thrust for a hovering rotor undergoing pop-up maneu-
ver. (a) Collective pitch relative to the hover value, (b) Altitude,
(c) Rotor thrust coefficient.

ures 2(a)—(c) show the relative change in the collective
pitch control setting for a pop-up maneuver, the altitude
as climbing occurs, and the rotor thrust time-history. In
this case, a positive collective pitch input was applied in
the form of a half-doublet over a period of approximately
five rotor revolutions. Notice that both GENHEL and
the free-vortex method are in good agreement in terms
of the overall behavior of the rotor thrust and the climb
response (altitude). The differences in rotor thrust arise
mainly from the different modeling of the wake dynam-
ics. Notice also that the results from GENHEL and the
free-vortex model do not return to their initial values at
the end of the maneuver. This is because the GENHEL
simulation needs to be carried out to a longer period of

time for fully trimmed hovering flight conditions to be
reestablished.

Figure 3 shows the snapshots of the side view of
the rotor wake as predicted with the free-vortex model
at different instants in time during the pop-up maneu-
ver. These times are identified by the labels (a)—(f) in
Fig. 2(b). Figure 3(a) shows the wake geometry at the
instant just before the collective control input was ap-
plied. The wake geometry here is essentially periodic.
After the collective pitch was increased, however, the tip
vortices were noticed to pair up in the wake below the ro-
tor to form a toroidal vortex bundle or “ring” — see Ref. 6
for a detailed discussion of this effect. This vortex bun-
dle then begins to propagate downward through the wake
away from the rotor — see Fig. 3(b). Figure 3(c) shows
the wake structure at five rotor revolutions after the con-
trol inputs were restored to their initial values. Clearly,
the wake has not yet returned to its periodic operating
state. Figures 3(d)-(f) show snapshots of the wake ge-
ometry after the maneuver inputs have been completed.
Notice that the vortex bundle eventually convects out of
the rotor flow field, and the wake returns to its original
undisturbed state.

The acoustic pressure time history for an observer lo-
cated 3.73R below the rotor and 6.12R from the rotor
axis at t = 0 using data from both GENHEL and the
free-vortex wake simulation is shown in Fig. 4. In this
case the results match quite well because any BV occur-
rences are nearly perpendicular to the rotor blades rather
than the more acoustically significant case of a parallel
BVI interaction. Hence the results from the dynamic in-
flow model used by GENHEL are not substantially dif-
ferent from those computed with the free-vortex model
for this maneuver.

The acoustic field generated during the pop-up maneu-
ver is essentially axisymmetric; therefore, only the noise
on a radial line extending 12.23R from the main rotor
axis has been plotted. Figure 5 shows the overall sound
pressure level (OASPL) on a radial line 3.73R below the
rotor as a function of time as computed from the free-
vortex model. All of the OASPL calculations shown in
the present paper were made using a 0.2s Hanning win-
dow followed by the addition of a 4.26dB broadband cor-
rection factor. T The increase in noise as the collective in-
creases is clearly visible beginning directly below the ro-
tor and propagating outward. This is seen on the plot as a
slight upward angle because of the finite speed of sound.
As the collective is decreased at the end of the maneu-
ver the OASPL decreases, as expected for this type of
maneuver.

A Hanning window is applied because the signal is not periodic,
but the application of the Hanning window results in a loss. For a
broadband signal the resultant spectral density is multiplied by a factor
of \/8/3, i.e., an addition of 4.26dB.%
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Figure 3: The side view of the free-vortex wake geometry of a hovering rotor undergoing pop-up maneuver at various instances
in time. (a) Steady periodic condition, (b) Maximum collective pitch, (c) Collective pitch restored to initial value, (d) 7.5 rotor
revolutions after initiating the maneuver, (e) 10 rotor revolutions after initiating the maneuver, (f) Wake returns to nominally
periodic conditions.
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Figure 7: Collective pitch perturbation and the time-history
of the rotor thrust during pop-down maneuver. (a) Collective
pitch, (b) Altitude, (c) Rotor thrust coefficient.

Figure 6 shows the BVI sound pressure level
(BVISPL) as a function of time on the same radial line.
The BVISPL is calculated by summing the 7th through
50th harmonics of the blade passage frequency, which is
the frequency range in which BVI noise is expected to
have the most influence. In the pop-up case nearly all of
the noise generated is low frequency noise, as can be seen
by comparing the OASPL and BVISPL contours (Fig. 5
and 6). Although the human ear is less sensitive to the
low frequency noise than to the higher-frequency BVI
noise, low frequency noise is important for detectability
considerations because low frequency noise is not atten-
uated by the atmosphere as easily as is higher frequency
noise.
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conditions.



“Pop-down” Maneuver

The pop-down maneuver is essentially the inverse of
the pop-up maneuver. Figure 7 shows the control in-
puts, altitude and thrust time-history for the simulated
pop-down maneuver. This case is important because the
rotor now descends into its own wake, thereby enhancing
the potential of BVI occurrences at the rotor disk. Once
again, both GENHEL and free-vortex model predict sim-
ilar overall results for the rotor thrust and rate of descent,
but the behavior of the thrust is again slightly different.
This difference, like in the case of a pop-up maneuver,
can be attributed mostly to the effects of the rotor wake
dynamics.

Figure 8 shows the snapshots of the side view of the
free-vortex wake at various instances in time after the
control inputs were applied, as marked by (a)-(f) in
Fig. 7(b). In this case, the rotor descends and begins to
encounter its own self-generated wake. This is appar-
ent from Fig. 8(b), where the tip vortices generated at
early wake ages can be seen to lie above the rotor tip-
path-plane. The formation of a characteristic toroidal
vortex bundle in the rotor wake can again be observed
in Figs. 8(c) &(d). However, in this case the vortex bun-
dle starts to form well below the rotor in the far wake. It
then starts moving vertically upwards toward the rotor as
the descent rate increases.

This interesting wake behavior is related to the relative
helical pitch of the tip vortices and their strengths, and
the effect on the overall stability of the rotor wake.**° In
this case, wake instabilities in the form of vortex pair-
ing occurs in the far wake. The pairing leads to vortex
bundling. After the collective pitch is restored to its ini-
tial value, the rotor thrust begins to stabilize and the vor-
tex bundle is convected downstream away from the ro-
tor. Periodic flow conditions are finally established, but
only after at least 8 rotor revolutions after the collective
pitch was returned to its initial condition. Notice that the
upward/downward movement of the vortex bundle in the
rotor wake is responsible for a second saddle in the thrust
time-history, a result that is not predicted by GENHEL.

It was apparent that in the present pop-down maneuver
simulation, the conditions were not sufficient to convect
the accumulated vortex bundle structure up into the ro-
tor tip-path-plane. It can, however, be expected that for
certain magnitudes of control input perturbations and he-
licopter response, the vortex bundle will actually convect
into the rotor plane and so cause large fluctuations in ro-
tor airloads, which might be thought of as a “super” BVI.

The OASPL values computed from the free-vortex
model are shown as a function of time on a radial line
3.73R below the rotor at t = 0 in Fig. 9. As in the pop-
up case, the OASPL correlates closely with the collec-
tive pitch and rotor thrust coefficient, although as the
helicopter nears the observer plane the levels increase
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Figure 9: OASPL time history for the pop-down maneuver for
a line of observer locations extending 12.23R from the rotor
axis on a plane 3.73R below the helicopter att = 0.
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somewhat. Figure 10 shows the BVISPL on the same
radial line. In this case, as in the pop-up maneuver, the
BVISPL is much lower than the OASPL, indicating that
most of the noise is at low frequencies. Figure 11 shows
the acoustic pressure time history for an observer located
3.73R below the rotor and 6.12R from the rotor axis at
t = 0 using airloads data from both GENHEL and the
free-vortex wake simulation. The divergence near the
end of the maneuver is because of a difference in in-
flow distribution, giving the free-vortex wake case higher
loading at the blade tips, which are acoustically more im-
portant than at the inboard sections of the blade.

While constituting a simple maneuver from the pilot’s
point of view, pop-up and pop-down maneuvers demon-
strate the sensitivity of the rotor wake to perturbation of
control inputs and its influence on the rotor wake devel-
opments. However, in axial flight the BVIs are nearly
perpendicular to the blades because the tip vortices are
nearly helical in form below the rotor and so are not as
acoustically significant.

Arrested Descent Maneuver

In an arrested descent (or pull-up) maneuver, the pi-
lot stops or “arrests” the steady descent the rotorcraft
through a combination of pilot controls. For the simple
maneuver examined here, the rotor was first trimmed for
a steady, descending flight condition with a flight path
angle, y= 6° at an advance ratio, i = 0.186. The maneu-
ver was performed by introducing a half-doublet input in
collective pitch for a period of approximately five rotor
revolutions — see Fig. 12. During this period there is an
increase in the rotor thrust, which serves to arrest the rate
of descent of the helicopter. The pilot input model also
adjusted the tail rotor settings to maintain yaw equilib-
rium.

Low-speed, descending, forward-flight conditions are
highly conducive to the development of BVIs. In low-
speed flight, the tip vortices persist below the rotor, and
the more skewed nature of the wake brings about BVIs
over the rotor disk that are more acoustically significant.
At certain rates of descent, the wake vortices can pass
up through the rotor plane, thereby greatly enhancing the
number and the intensity of the BVIs. Control input per-
turbations initiated in this flight condition can, therefore,
be expected to cause further fluctuations in the wake de-
velopment and changes in the BVI locations and orien-
tations. This can be expected to have an impact on the
rotor aeroacoustics.

Figures 13 & 14 show the snapshots of the wake dy-
namics at various instances in time during the pull-up
maneuver. Figures 13(a) and 14(a) shows the baseline
wake geometry when the helicopter is in the initial steady
descending flight condition. At this point the collec-
tive pitch was increased to initiate the maneuver. Fig-
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Figure 12: Plot showing the collective pitch input applied to
perform an arrested descent maneuver.

ures 13(b) and 14(b) shows the wake geometry when the
applied collective pitch reaches a maximum. Notice that
the tip-path plane is now also tilted backwards. This hap-
pens because of the dynamic effects on the rotor flapping
response. It is apparent that the wake geometries in the
two conditions (steady baseline and during the maneu-
ver) are quite different, especially near the tip-path-plane
of the rotor. The wake geometry only slowly returns to
the steady baseline condition over the next 10 rotor revo-
lutions after the collective pitch was restored to its initial
condition — see Figs. 13(d)—(f) and 14(d)—(f).

The acoustic field is modified during the maneuver di-
rectly through the change in loading that results from the
strong BVI. Figure 15 shows the normal force/unit span
on the first rotor blade for several rotor revolutions dur-
ing the arrested descent. The BVI is evident at locations
on the rotor disk where loading changes rapidly (i.e.,
the loading contours are close together). This occurs
on both the advancing and retreating sides of the rotor
disk. Figure 15(a) is representative of the steady descent
case, showing weak advancing-side BV and very strong
retreating-side BVI. As the maneuver begins, the charac-
ter of the BVI changes: the retreating side BVI weakens
and the advancing side BVI becomes much stronger. The
rotor loading distribution has not completely returned to
the steady-state condition by the 8th rotor revolution in
Fig. 15(f).

Figure 16 shows the nondimensional sectional blade
lift as a function of the rotor azimuth over a period of
one rotor revolution for the arrested descent maneuver
for the time when the collective pitch reaches a maxi-
mum. The results are compared with the baseline steady
descent flight condition to quantitatively illustrate the ef-
fect of the wake dynamics on the rotor airloads. Results
for three different blade spanwise locations are shown
to illustrate the three-dimensional influence of the rotor
wake.

It is apparent that the BVIs manifest as impulsive fluc-
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tuations on the advancing and retreating sides of the ro-
tor disk, but they are only acoustically significant when
the interaction is nearly parallel to the rotor blade (i.e.,
P = 30° to 90° and the advancing side and ) = 270° to
330° on the retreating side). In addition to the increase in
mean value of lift, which is a direct consequence of the
increased rotor thrust, the lift distribution (Fig. 16), also
shows the differences between the two extremes of this
maneuver.

The impact of BVI loading has a very strong impact
on the noise generated by the rotor. When BVI noise
exists, it is one of the most annoying sources of rotor-
craft noise. This is demonstrated in a comparison of the
noise computed from the GENHEL loading (which does
not include BVI) and the free-vortex model, as shown
Fig. 17. In this figure, the acoustic pressure is computed
at a point near the typical maximum BVI noise location.
While the GENHEL solution captures the nonimpulsive
nature of the rotor noise, only the more rigorous, time-
accurate free-vortex model captures the BVI noise. The
peaks from BVI are clearly evident, and constitute the
primary source of noise at this observer location.

The acoustic field generated by the rotor during the
arrested descent maneuver is shown in Figs. 18 and 19.
In these figures the OASPL and BVISPL contours are
plotted for several representative times evenly spaced
from the beginning of the maneuver to near the end of
the maneuver. The OASPL and BVISPL contours are
computed on a plane located 3.73R below the rotor at
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t = 0. As the helicopter descends closer to the plane the
OASPL increases slightly because of the decreasing dis-
tance. Throughout the maneuver, OASPL and BVISPL
contours are very similar in shape and maximum levels.
This indicates that the BVI noise dominates the noise
spectrum in the areas of peak noise. Away from the
peaks, the OASPL levels are somewhat higher because
of the contribution of low-frequency noise.

In Figs. 18(a) and 19(a), which is essentially that of
the steady descent case, retreating-side BVI noise is evi-
dent in the BVISPL and OASPL contours as a peak near
the location x/R = 0, y/R = —1 and advancing side BVI
noise can be seen near x/R =5, y/R = —3. At this
time the retreating-side BV1 is dominant, as would be ex-
pected by an inspection of the blade loading in Fig. 15(a).
As the maneuver proceeds, the combination of dramatic
loading and tip-path-plane orientation changes results in
the directivity change shown in Figs. 18 & 19. The
retreat-side BV noise disappears and the advancing-side
BVI noise increases by about 10 BVISPL dB. As the
maneuver nears completion, the acoustic field returns to-
ward the initial condition.

Itis also interesting to examine how the acoustic pres-
sure changes at an observer position 3.73R below the
rotor’s initial position, 4.59R ahead, and 4.59R on the
advancing side, shown in Fig. 20. This observer posi-
tion is in the region of maximum advancing-side BVI
and acoustic pressure has been computed for both the
GENHEL (no BVI) and free-vortex wake loadings. As
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for the steady descent case, the acoustic pressure peaks
are much higher when BVI1 is included in the simulation.
At this observer position, the BVI noise peaks seem to
generally increase and decrease as like the nonimpulsive
component of the noise (i.e., the GENHEL loading re-
sult), but there are also significant BVI peaks in the time
history neart = 0.5s and t = 1.8s. The acoustic pressure
at these times actually has the maximum amplitude of
the entire maneuver. It is unclear whether this result has
physical or numerical significance, but these events oc-
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Figure 17: Acoustic pressure time history for the steady 6-
degree descent at an observer location 3.73R below, 4.59R
ahead, and 4.59R on the advancing side of on the main rotor at
t =0.u=0.186,y = 6°. ——— GENHEL loading; free-
vortex wake model loading.

cur near the initiation and cessation of the control inputs.
A closer examination of the blade and vortex dynamics
is needed to fully understand this result.

Concluding Remarks

In the present study a free-vortex wake method was
used to calculate the rotor wake and corresponding un-
steady blade loads during several maneuvers. These
loads were then used as input to PSU-WOPWOP to cal-
culate the noise produced.

It was demonstrated that in moderate axial flight ma-
neuvers most BVIs are perpendicular to the blade and are
not important acoustically. In forward, descending flight,
however, BVI noise is far more important. In an arrested
descent maneuver the directivity and magnitude of the
noise changes dramatically during the maneuver, and a
simplified analysis will clearly miss the most significant
features of the radiated noise and not adequately repre-
sent the overall noise directivity. The simplified blade
loading model is only able to predict the character of the
nonimpulsive component of acoustic pressure. An accu-
rate vortex wake model is required to perform the aero-
dynamic calculations in these cases, and the free-vortex
wake model provides a good balance of accuracy and
computational complexity.

The results reported in this paper provide insight into
the challenges that remain in the prediction of maneuver
noise: the exact causes of the changes in directivity have
yet to be identified, for example, and only a small subset
of maneuvers has been analyzed. These issues and many
others must be addressed in the future, but the present
study provides a useful starting point for understanding
low frequency and BVI noise.
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Figure 18: OASPL contours on a plane 3.73R below the main
rotor during the arrested descent maneuver. The rotor hub is at
x=0,y=0attimet =0 and a Hanning window function with
period 0.2s was used to in the Fourier analysis. The dark cir-
cle represent the projection of the main rotor onto the observer
plane. The center of the Hanning window was at: (a)t = 0.7s;
(b) t =1.1s; (c)t = 1.5s; (d)t = 1.9s.
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Figure 19: BVISPL (7th — 50th harmonics of blade passage
period) contours on a plane 3.73R below the main rotor during
the arrested descent maneuver. The rotor hub isatx =0,y =0
at time t = 0 and a Hanning window function with period 0.2s
was used to in the Fourier analysis. The dark circle represent
the projection of the main rotor onto the observer plane. The
center of the Hanning window was at: (a)t = 0.7s; (b) t = 1.1s;
(o)t =1.5s; (d)t =1.9s.
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