MECHANISMS OF ACTIVE AERODYNAMIC LOAD REDUCTION ON A
ROTORCRAFT FUSELAGE WITH ROTOR EFFECTS
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The reduction of the aerodynamic load that acts on a generic rotorcraft fuselage by the application of active
flow control was investigated in a wind tunnel test conducted on an approximately 1/3-scale powered rotorcraft
model simulating forward flight. The aerodynamic mechanisms that make these reductions, in both the drag
and the download, possible were examined in detail through the use of the measured surface pressure distri-
bution on the fuselage, velocity field measurements made in the wake directly behind the ramp of the fuselage
and computational simulations. The fuselage tested was the ROBIN-mod7, which was equipped with a series of
eight slots located on the ramp section through which flow control excitation was introduced. These slots were
arranged in a U-shaped pattern located slightly downstream of the baseline separation line and parallel to it.
The flow control excitation took the form of either synthetic jets, also known as zero-net-mass-flux blowing, and
steady blowing. The same set of slots were used for both types of excitation. The differences between the two
excitation types and between flow control excitation from different combinations of slots were examined. The
flow control is shown to alter the size of the wake and its trajectory relative to the ramp and the tailboom and
it is these changes to the wake that result in a reduction in the aerodynamic load.

Nomenclature Fuselage drag force in the wind axis, [bs

+ Reduced frequency, fW /U..

Excitation frequency, Hz

Fuselage height (maximum), inches
Fuselage lift force in the wind axis, /bs
Mach number

Mass flow rate, 1b,, /s

Freestream dynamic pressure, % Polso?, psi

Reynolds number, U.(2RF)/V

R

Fuselage cross-sectional area (maximum), f12
Jet slot exit area, ft2

Fuselage drag coefficient, D/(g-Acs)
Fuselage lift coefficient, L/(g-Acs)

Pressure coefficient, (p — ps)/ge

Rotor thrust coefficient, 7'/ p..TR?(QR)?
Momentum coefficient
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Rotor radius, inches

Reference rotor radius, inches

Rotor thrust, [bs

Freestream velocity, f1/s

Jet exit velocity, either peak or bulk, f7/s
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w Fuselage width (maximum), inches

X/Rr  Normalized streamwise coordinate
Y/Rr  Normalized spanwise coordinate
Z/Rr  Normalized vertical coordinate

a Fuselage angle of attack, degrees

ACp Change in the drag coefficient as a percentage of
the baseline

ACL Change in the lift coefficient as a percentage of
the baseline

u Rotor advance ratio

\% kinematic viscosity, f1*/s

g rotor azimuth angle - Blade 1, degrees

P Density, slugs/ ft>

c Thrust-weighted rotor solidity

Introduction

For a large number of rotorcraft, the design for the fuselage is
guided by maximizing the mission utility of the vehicle rather
than its aerodynamic efficiency. This can result in a flowfield
around the fuselage that tends to resemble the flowfield around
a bluff-body, with the flow around the aft end of the fuselage
being dominated by massive flow separation. This leads not
only to a large amount of pressure drag acting on the fuse-
lage, but also to a higher level of rotor-induced download, or
negative lift. It has been noted that the cruise drag of a rotor-
craft is typically an order of magnitude higher than the cruise
drag of a fixed-wing aircraft of the same gross weight (Ref. 1)
and also that, for rotorcraft operating at high forward speed,
half of the power delivered by the main rotor is used to over-
come the aerodynamic forces, drag and download, acting on
the fuselage (Ref. 2). If the application of active flow control
(AFC) could be used to deliver back aerodynamic efficiency
to an otherwise aerodynamically inefficient fuselage design,
the range, speed, and/or fuel efficiency of the vehicle could
be increased and its mission utility would not only be pre-
served, but enhanced. The work of Martin et al. (Ref. 3) and
Ben-Hamou et al. (Ref. 4) has demonstrated that active flow
control can be applied to achieve a reduction in drag on an
isolated fuselage. This directly led to further work in apply-
ing AFC to the problem of drag reduction on an isolated fuse-
lage, specifically the work of Schaeffler et al. (Ref. 5), Woo
et al. (Ref. 6), Coleman and Thomas (Ref. 7), and Le Pape et
al. (Ref. 8). Once the research transitioned from an isolated
fuselage to a fuselage in the presence of a rotor, attention also
needed to be paid to the download, or negative lift, developed
by the fuselage, in addition to the drag. This is because care
must be taken to ensure that any flow control strategies that are
identified to reduce the fuselage drag, do not have an adverse
effect on the download.

One of the key differences between rotary-wing aerody-
namics and fixed-wing aerodynamics can be illustrated by a
simple force balance. For a fixed-wing aircraft in steady flight,
lift balances weight and thrust balances drag. If, through the
application of active flow control, the drag acting on the fixed-
wing aircraft, in steady level flight, was reduced, the thrust
required would be correspondingly reduced and the lift and

weight would be unaffected and remain in balance. For a ro-
torcraft, the picture is slightly more complicated. The thrust
developed by the rotor disk, again in steady level flight, is
used both to balance the weight and any negative lift that the
fuselage generates and also to balance the drag. This raises
a question when it comes to judging the effectiveness of any
drag reduction strategy: What is the impact of the drag reduc-
tion on the download experienced by the fuselage under the
influence of a rotor? Since the rotor is responsible for provid-
ing both the lifting force for the rotorcraft and the propulsive
force for forward flight, any benefit from a reduction in drag
could be offset by an increase in download, effectively limit-
ing any benefit from applying the flow control. Thus, it would
be preferred that any flow control strategies identified to re-
duce the fuselage drag also reduce the download acting on the
fuselage.

The current research effort is the final wind tunnel test of a
study that was undertaken to examine the application of active
flow control for drag and download reduction on a generic,
nonproprietary, fuselage. The study reported here was con-
ducted under the NASA Rotary Wing (RW) Project, now
the NASA Revolutionary Vertical Lift Technology (RVLT)
Project. It has been, since its inception, an integrated experi-
mental and computational research effort that started with the
creation of a new fuselage geometry followed by small-scale
wind tunnel investigations of the baseline characteristics of
the isolated fuselage and corresponding simulations. The inte-
grated experimental and computational approach of this work
allowed the baseline aerodynamic characteristics to be doc-
umented and validated simultaneously (Ref. 5). Out of this
effort, and a related collaboration between NASA and ON-
ERA, a flow control strategy was identified computationally
for the isolated fuselage at 0° angle of attack. This flow con-
trol strategy was then applied computationally to the more rel-
evant environment of a fuselage at a negative angle of attack
and rotor operating at high advance ratio (Ref. 9). These con-
ditions are typical of rotorcraft operating at high speed and are
the conditions under which the drag and download reductions
are desired. The computational effort allowed for the study
of the effect of the rotor and its wake on the fuselage drag
and download. It provided a mechanism for evaluating the
effectiveness of active flow control in reducing the drag and
download forces and for how different flow control actuator
parameters, such as slot size, frequency, and peak jet velocity,
affected the level of load reduction. Ultimately, the combined
knowledge gained from the computations and the earlier ex-
perimental work enabled the design of the slot layout and flow
control strategy that was tested experimentally in the current
research effort. The final wind tunnel entry had three dis-
tinct phases, each of which utilized a different ramp section
on the fuselage. The first phase of the entry was devoted to
the application of pressure-sensitive paint (PSP) to the upper
surface of one of the rotor blades and utilized a clean, unmod-
ified, ramp section. Interested readers can find a description
of the PSP experimental work in Watkins et al. (Ref. 10). The
second phase of the entry was the one that is reported here,
and also in Schaeffler et al. (Ref. 11), and featured a ramp



section equipped with eleven slots through which flow con-
trol excitation could be delivered. Finally, the third phase of
the entry was also an active flow control experiment that uti-
lized a ramp equipped with fluidic actuators for load allevi-
ation and the results from this phase are reported in Martin
et al. (Ref. 12). Additionally, a comprehensive report of both
of the active flow control phases of the entry can be found in
Ballard et al. (Ref. 13).

Experimental Facility and Model

The current research effort was conducted in the NASA Lan-
gley 14- by 22-Foot Subsonic Tunnel (14x22). The 14x22 is
a closed-circuit, single-return, atmospheric wind tunnel with
a reconfigurable test section. The test section can be oper-
ated in either an open or closed configuration. For the work
presented here, the tunnel was operated in the closed config-
uration in which the test section has the dimensions of 14.5
ft high, 21.75 ft wide, and 50 ft long and can achieve a max-
imum speed of 348 ft/s with a dynamic pressure of 144 psf.
The airflow in the test section is produced by a 40 ft diam-
eter, 9-bladed fan driven by a 12,000 hp main drive. Addi-
tional information about the 14x22 can be found in Gentry et
al. (Ref. 14).

The model utilized in this research effort was comprised
of the General Rotor Model System (GRMS) and the ROBIN-
mod7 (ROtor Body INteraction) fuselage. The GRMS is a ro-
tor drive system that is powered by two, 75 hp, water-cooled
electric motors that drive a 5.47:1 transmission. The rotor sys-
tem driven by the GRMS consisted of a fully-articulated rotor
hub and a set of four rotor blades, which utilize Government
RC-series airfoils. The rotor system had a diameter of 11.08
feet and the cuff of one of the rotor blades was instrumented
to measure blade pitch, lead-lag, and flapping angles. De-
tailed properties for the rotor system can be found in Wong et
al. (Ref. 15).

The GRMS is equipped with two independent six-
component strain gage force and moment balances, one for
measuring the loads acting on the fuselage and one for mea-
suring the loads acting on the rotor. There are accelerometers
mounted within the GRMS to monitor the operational loads
acting on the complete system during testing. There is also a
rotor shaft encoder, which provided both 1/Rev and 1024/Rev
timing signals. These timing signals were used for synchro-
nizing the data acquisition and the timing of the flow control
to the azimuthal position of the rotor. The rotor system was
operated at a rotational speed of 1150 RPM, which resulted
in a hover rotor tip Mach number of 0.58. The rotor system
was designed with a nominal shaft tilt angle of -3° relative to
the fuselage. Additional details regarding the GRMS can be
found in Wilson (Ref. 16).

The ROBIN-mod7 fuselage was developed for the initial
small-scale testing that preceded the current research effort
(Ref. 5) and is a variation of the ROBIN fuselage geome-
try, which was developed at NASA Langley in the 1970s.
The original ROBIN was developed to be representative of

a generic helicopter and also to be analytically defined, allow-
ing it to be easily reproduced for calculations (Ref. 17). The
original ROBIN fuselage has been utilized in several other
wind tunnel investigations (Refs. 18, 19) and is widely used
in the rotorcraft CFD community (Refs. 20,21). To arrive at
the ROBIN-mod7 fuselage, the standard coefficients that de-
fine the ROBIN fuselage were modified to create a new fuse-
lage geometry that has a rectangular, as opposed to square,
cross-section, a well-defined ramp section, and a high tail-
boom. The fuselage calculation procedure and the modified
coefficients for the ROBIN-mod7 are discussed fully in Scha-
effler et al. (Ref. 5). This new fuselage is representative of a
generic helicopter fuselage within the light to medium range
of civil configurations with a large aft loading cargo section,
typical of a commercial rotorcraft that encounters a large fuse-
lage drag at high-speed. Following the ROBIN convention,
the fuselage length is scaled to a reference rotor radius, Rf,
which results in a non-dimensional fuselage length of 2Rf.
Since its introduction, the ROBIN-mod7 fuselage has been
adopted by other researchers within the rotorcraft community
(Refs. 22-24), particularly those exploring the application of
active flow control on rotorcraft fuselages (Refs. 6,7,25). For
the ROBIN-mod7 fuselage tested in 14x22, the size is based
upon a reference rotor radius of 61.9655 inches, with a total
fuselage length of 123.931 inches (X /Rr = 2.0). In reference
to a medium civil rotorcraft, it can be considered an approx-
imately 1/3-scale model. The fuselage geometry and dimen-
sions can be seen in Fig. 1. It is worth noting that the rotor
system utilized in the current work is oversized for the fuse-
lage by about 7% and, due to the sting mounting utilized in
the current research effort, the tail cap, which closes off the
tailboom, is not used. This shortens the overall length of the
fuselage to 105 inches (X /Rr = 1.694).

For this research effort, the ROBIN-mod7 fuselage and
the GRMS were mounted to a sting adapter and long cannon,
which, in turn, was mounted to the mast of one of the 14x22
facility model carts installed in the aft bay of 14x22. Due to
the length of the long cannon, GRMS and the ROBIN-mod7
fuselage end up positioned over a filler cart, which was in-
stalled in the front bay of 14x22. The mast on the aft cart
provides both pitch and elevation control, enabling the model
to be positioned at a range of fuselage angles of attack while
maintaining a constant height of the rotor hub, nominally
87 inches, in the test section. The model was only tested at
0° yaw. The complete model installation in the 14x22 can be
seen in Fig. 1(e).

Eight of the flow control slots were laid out symmetrically
with respect to the fuselage vertical centerline and as close to
a continuous U-shape, that the constraints of packaging ac-
tuators on the inside of the fuselage shell would allow. This
arrangement can be seen schematically in Fig. 1. On the fuse-
lage, this U-shaped group of slots is aligned 23° from the
vertical, which is the same orientation as, and slightly down-
stream of, the flow separation line of the baseline configu-
ration. The slot height was 0.020 inches and the slots were
oriented at a 25° angle to the local surface. Each of the slots
was assigned a number. When looking upstream from behind



the model, which is the view as shown in Fig. 1(f), slot 1 was
the uppermost slot on the left, or port, side. Slots 2 and 3 were
along the port side and slot 4 was the slot along the bottom of
the fuselage and the slot closest to the fuselage vertical center-
line on the port side. This pattern continued on the starboard
side of the fuselage with slot 5 being on the bottom and closest
to the centerline, slots 6 and 7 being on the starboard side, and
slot 8 being the uppermost slot on the starboard side. Three
additional slots were located upstream of the primary eight
slots, slots 9, 10, and 11, and these are visible in Fig. 1(f).
Flow control cases involving these slots will not be discussed
here.

During the course of the experiment, each of the slots
were connected to either a pressurized plenum that delivered
a steady blowing excitation through the slot or to a synthetic
jet actuator that delivered an oscillatory suction-blowing ex-
citation through the slot, also known as zero-net-mass-flux
(ZNMF) blowing. Each of the eleven synthetic jet actuators
had its own drive signal and amplifier to allow the phasing and
amplitude of the excitation to be independently controlled on
a slot-by-slot basis. The 1/Rev and 1024/Rev timing signals
from the GRMS were utilized to synchronize the phasing of
the synthetic jet actuators and the data acquisition with respect
to the rotor. When configured for the synthetic jet actuators,
the temperature of each of the drivers and the cavity pressure
of each of the cavities were monitored and recorded. When
configured for steady blowing, the cavity pressure within each
of the pressurized plenums and the total pressure at the inlet
of each plenum was measured by an Electronically Scanned
Pressure (ESP) module mounted within the fuselage. Only
four control valves were used in the steady blowing portion
of the test. Each valve supplied air to two plenums enabling
the slots to be activated in pairs symmetric with respect to the
fuselage centerline.

For both synthetic jet excitation and steady blowing, differ-
ent configurations of active and non-active slots were tested.
Two of these configurations were given names. For the first
configuration, referred to as the U-configuration, all eight of
the slots were active. The second configuration, referred to
as Ux45-configuration, modifies the U-configuration such that
the two center slots, slots 4 and 5, were not active.

The definition of the momentum coefficient, Cy, was dif-
ferent for each of the flow control excitations. For the syn-
thetic jet portion of this effort, the momentum coefficient was
defined based upon the peak jet velocity at the jet exit and was
computed using Eq. 1:

_ Z(piVi*A))

qAcs
Due to the packaging of the actuators within the fuselage shell
and the geometry of the ramp region, the slot lengths for each
of the slots were not exactly the same. However, the slot
lengths were symmetric with respect to the centerline of the
fuselage. The actual slot lengths were used in calculating the
jet areas, along with the slot height of 0.020 inches. The den-
sity, p;, was assumed to be the same as the density of the air
in the test section.

Cy (1)

For the steady blowing portion of this effort, the momen-
tum coefficient, Cy, was defined based upon the total mass
flow, as measured by an inline flowmeter upstream of the four
valves that control which of the slot pairs are active. The jet
velocity was computed based on the mass flow and the slot
area and thus, represents the bulk velocity of the jet. The total
and cavity pressures measured in the plenum of each slot were
used during the experiment to balance the mass flow. The mo-
mentum coefficient was computed as follows:

I/I'/le

= — 2
gAcs @
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Throughout, C; can alternatively be presented as a pure num-
ber or a percentage, as in Cy; = 0.025 or C; = 2.50%.

Stereo Large Field-of-View PIV System

To investigate and document the effect of different active flow
control configurations on the fuselage wake, off-body mea-
surements were made using a Large Field-of-View PIV Sys-
tem (LFPIV). LFPIV has been used in the 14x22 for several
years and has proven to be a valid and efficient tool to docu-
ment wake flows for both fixed-wing and rotary-wing config-
urations.

The PIV system was composed of two 1.5 Joule Nd-YAG
lasers and two, 11 Megapixel, cameras equipped with 210 mm
focal length lenses. Since the test section was closed for this
test (i.e., walls and ceiling down), optical access was limited
to windows in the tunnel sidewalls. On the south side of the
tunnel, the laser beam passed through a set of sheet-forming
optics to create a lightsheet that was then projected through
one of the sidewall windows to the measurement plane down-
stream of the fuselage ramp. The lightsheet was inclined 10
degrees relative to vertical in order to make the measurement
plane nearly parallel to the ramp when the model was set at
negative angles of incidence as depicted in Fig. 2, which also
shows the relationship between the measurement plane and
the width of the fuselage. At the nominal test angles, the mea-
surement plane intersected the tailboom at X /Rp = 1.31.

For this test, a stereoscopic PIV configuration was used
to measure three components of velocity. Cameras were po-
sitioned in window cavities on opposite sides of the tunnel,
which placed one camera in back scatter and one camera in
forward scatter. The working distance for each camera was
nearly 4.2 meters (13.78 feet). This distance, coupled with
the camera angle and sensor size resulted in a field of view of
approximately 838 mm by 481 mm (width x height). Based
on the camera sensor size, 4008 pixels by 2680 pixels, the
magnification was estimated to be 0.216 mm/pixel.

The flow was seeded using a mineral oil based mixture and
a commercial fog machine, which produced polydispersed
particles ranging in diameter from 0.25 microns to 1.5 mi-
crons. The particles were injected into the flow at the rear of
the test section near the diffuser and distributed uniformly by
the fan before entering the test section.
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Fig. 1. The ROBIN-mod7 fuselage: Dimensions and as a model installed in the 14x22 Subsonic Tunnel.
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Fig. 2. The ROBIN-mod7 model as a schematic showing the location and orientation of the PIV measurement plane in
the streamwise and the spanwise directions. The model is illustrated at an angle of attack of -6°.

For each active flow control configuration, a minimum of
100 images were acquired synchronized with a pre-set az-
imuth angle of the rotor. These images were then processed
using an interrogation area of 64 pixels by 64 pixels with an
overlap of 50%. This corresponds to a spatial resolution of
13.8 mm by 13.8 mm. The uncertainty in the averaged veloc-
ities is estimated to be 1 m/s.

Forward Flight at an Advance Ratio of 0.25

As stated in the Introduction, the current research effort has
been carried out since its inception as a combined experimen-
tal and computational effort. In addition to the computational
investigations conducted before the mid-scale testing began,
which are summarized by Allan et al. (Ref. 9), a series of com-
putational fluid dynamics (CFD) simulations were conducted
after the completion of the experimental efforts. These were
conducted to simulate specific cases as close to the experi-
mental conditions as possible and to provide an assessment of
the performance of two turbulence models. The results were
compared to the experimental data and also used to yield ad-
ditional insight into the mechanisms involved in the observed
drag and download reductions. All of these simulations were
carried out at an advance ratio of (.25, a fuselage angle of at-
tack of -6° and a thrust condition of Ct/c = 0.075. The steady
blowing excitation proved more robust than the synthetic jet
excitation at this advance ratio, so only steady blowing cases
were selected for simulation.

The numerical simulations were conducted using
OVERFLOW solving the compressible Reynolds-averaged
Navier-Stokes (RANS) equations. The Spalart Allmaras
(SA) (Ref. 26) and Shear Stress Transport (SST) (Ref. 27)
turbulence models were used for the numerical simulations
with a Rotational/Curvature Correction (RCC) model, as
implemented in OVERFLOW (Ref. 28). The time-accurate
rotor/fuselage simulations used a dual-time stepping method
with time steps equivalent to 0.125° rotor revolutions with 40
sub iterations per time step. The rotor dynamics were simu-
lated using a loose coupling between OVERFLOW and the
comprehensive rotorcraft code, CAMRAD-II (Refs. 29, 30).

The rotor blades are modeled as nonelastic blades with
flapping and lead/lag motions. This loose coupling was
performed every half revolution of the rotor. A complete
description and analysis of all of the post-test CFD can be
found in Allan et al. (Ref. 31).

A key observation from the computational analysis in-
volves the trajectory of the wake for both the baseline and con-
trol cases and the origin of the additional aerodynamic loads
acting on the fuselage in the presence of the rotor. Iso-surface
contours of vorticity magnitude are presented in Fig. 3 from
the OVERFLOW simulations using the SA turbulence model.
These iso-surface contours are for a single vorticity magni-
tude value and are shaded by the local pressure coefficient.
The rotor azimuth angle of the data presented here is 0°, cor-
responding to a rotor blade directly over the tail, or equiva-
lently the nose. For the baseline case, Fig. 3(a), the vorticity
iso-surfaces indicate that as the flow rounds the shoulder of
the ramp it remains attached for a short distance up the ramp
and then separates. While the flow is separated, it still follows
the general shape of the ramp until it is turned by the tail-
boom. This description is reinforced by looking at the mea-
sured centerline surface pressure distribution, which is pre-
sented in Fig. 4. Here the centerline pressures for the baseline
case indicate that the flow remains attached as it rounds the
ramp shoulder, separates shortly thereafter, and then follows
the general shape of the ramp rather than remaining in a more
streamwise direction. For Fig. 4, and the other measured cen-
terline surface pressure figures to follow, the symbols on the
solid lines corresponds to pressure taps on the fuselage cen-
terline. The dashed line is included to give an indication of
the strength of the suction peak at the ramp shoulder and the
single symbol on each of these lines is an averaged value from
two pressure taps symmetrically offset from the centerline in
the spanwise direction (Y /Rp = +0.051).

For both of the steady blowing control cases, Figs. 3(b) and
3(c), the vorticity iso-surfaces indicate that the wake moves in
more of a streamwise direction then does the baseline case.
The wake does not follow the geometry of the ramp and it
stays further away from the tailboom. This is also seen in
centerline surface pressures in Fig. 4. Both of the control
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Fig. 3. Vorticity magnitude iso-surface contours shaded by
Cp for the baseline, U-, and Ux45-configurations from the
CFD simulations using the SA turbulence model, at a rotor
azimuth angle of 0°. AFC = Steady Blowing at VR = 2.6,
u=0.25Cr/o =0.075,and o0 = —6°

cases have a reduced suction peak indicating an earlier sep-
aration than the baseline case with the Ux45-configuration
showing less of a tendency to follow the shape of the ramp.
For these control cases, as throughout, when comparing the
U-configuration to the Ux45-configuration, the ratio of the jet
velocity to the freestream velocity, the velocity ratio VR, is
held the same. For the cases here, the VR = 2.6 corresponds
to a Cyy= 2.07% for the U-configuration and C,= 1.67% for
the Ux45-configuration, experimentally.

In Fig. 5(a), the experimentally measured surface pressure
on the upper portion of the nose of the fuselage (X/Rp =
0.200,Y/Rp =0.016,Z/Rr = 0.145) versus the rotor azimuth
angle is presented. The high values of pressure as the rotor
blades pass over the nose are clearly seen and correspond to
the high pressure level seen on the nose in Fig. 3, which is
shaded red. These high pressure loadings as the blade passes
over the nose generate forces that push the nose down, in-
creasing the download, and push the nose aft, increasing the
drag. These blade passage events correspond to the peaks in
the drag and the maximum negative values for the lift seen in
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Fig. 4. Measured surface pressure distribution over the
centerline of fuselage ramp section. AFC = Steady Blow-
ing at C;= 2.07 % for the U-configuration and C,=1.67%
for the Ux45-configuration (VR = 2.6 for both), i = 0.250,
Cr/o =0.075, a = —6°. The black lines are the fuselage
geometry.

the predicted aerodynamic loads, Fig. 5(b). They are the ori-
gin of the additional aerodynamic loading that the presence of
the rotor generates on the fuselage.

Building upon the insight gained from the computational
results, consider the velocity field on a plane immediately
downstream of the fuselage ramp as measured by the large-
field-of-view stereo PIV system. In Fig. 6, a representative
example of the complete measured velocity field is presented
from a viewpoint looking upstream at the ramp section. It is
presented in horizontal and vertical coordinates as measured
within the PIV measurement plane and nondimensionalized
by the reference rotor radius for the fuselage. The stereo PIV
measurements result in a vector field wider than the width of
the fuselage, which is + 0.164 in the same coordinates. The
black semi-circle represents the size and location of the tail-
boom, relative to the measurement plane. The vectors plot-
ted are the in-plane components relative to the measurement
plane. There are a maximum of 114 vectors horizontally and a
maximum of 52 vectors vertically. In the nondimensionalized
coordinates, the vector spacing is 0.00877.

In order to make the vector field easier to visualize, from
this point forward, a convention will be adopted where ev-
ery other vector horizontally is skipped and only every third
vector vertically is presented. This allows the vectors to be
displayed with a longer length, thus allowing the overall in-
plane pattern of the flow field to be visualized. The out-of-
plane component of the velocity will be represented by color
contours. The contours from the part of the plane where mea-
surements were not taken are suppressed by not showing con-
tours below a value of Upjy /U = 0.07. An additional con-
vention was adopted that the width of the wake will be in-
dicated by only presenting contours of the out-of-plane ve-
locity, which are less than 0.9 times the freestream velocity



(Uprv /Us < 0.90).

Following these conventions, the velocity fields for the
baseline, U- and Ux45-configurations are presented in Fig. 7.
The acquisition of the PIV data was synchronized with the ro-
tor through the use of the 1/Rev pulse generated by GRMS
when the leading edge of blade 1 passes over the tail and
this position is a rotor azimuth angle of 0°. The PIV data
presented here is for two different rotor azimuth angles, 23°,
which will be the standard angle unless otherwise noted, and
60°. The baseline, Figs. 7(a) and 7(c), does show some slight
changes as the blade 1 moves further away from the measure-
ment plane, however the general features are the same. The
width of the wake is roughly the width of the fuselage. There
are two regions of low out-of-plane velocity on either side
of the tailboom. In between them, there is a region of large
vertical velocity that is roughly as wide as the tailboom. As
was seen in Fig. 3(a), since the flow behind the ramp in the
baseline configuration is following the shape of the ramp even
though the flow is separated, the flow will exhibit a large ver-
tical velocity component when it encounters the PIV measure-
ment plane. It has been noted by Martin et al. (Ref. 12), that
cases where a region of large vertical component of velocity
exist directly under the tailboom are also cases that exhibit a
large amount of download acting on the fuselage. Here it can
be seen that it is the trajectory of the wake that causes both the
region of large vertical component of velocity and the surface
pressure distribution that generates the download.

For the U-configuration, Fig. 7(b), the low out-of-plane ve-
locity region on the port side has been eliminated and the one
on the starboard side has been moved a significant distance
away from the tailboom. Also, the vertical velocity in the
area directly under the tailboom has been reduced. As was
seen in Figs. 3(b) and 3(c), when the flow over the ramp is
being controlled in either the U-configuration, or the Ux45-
configuration, the result is the wake is moving in more of a
streamwise direction and as it encounters the PIV measure-
ment plane, the observed vertical velocity component will be
small. In fact for the Ux45-configuration, Fig. 7(d), that re-
gion of large vertical velocity has been replaced by a large re-
gion of low out-of-plane velocity directly under the tailboom.
It is this region that generates the characteristic shape of the
surface pressure distribution for the Ux45-configuration seen
in Fig. 4 and a corresponding reduction in download. For the
Ux45-configuration, the experimental aerodynamic load re-
duction was a 53.8% download reduction with a 24.4% drag
reduction. For the U-configuration, the experimental aerody-
namic load reduction was a 39.2% download reduction with a
25.2% drag reduction.

“Building The U”

In Fig. 8, the change in drag and lift coefficients as a function
of the momentum coefficient, Cy, is presented. Typically, data
presented like this would be used to indicate an increase in the
level of excitation, e.g., increasing the jet velocity out of a sin-
gle slot. Here, however, the jet velocity is remaining approx-
imately constant and it is the number of active slots that are

changing. For each of the Cy; values plotted, an additional pair
of slots is activated. This is being done in sequence starting
with the upper pair, slots 1 and 8, and continuing until all the
slot pairs are active. Pair 1 (P1) would be slots 1 and 8, pair 2
(P2) would be slots 2 and 7, pair 3 would be slots 3 and 6, and
pair 4 would be slots 4 and 5. The second to the last C; value
plotted would correspond to the Ux45-configuration and the
final value plotted would correspond to the U-configuration.

The performance levels for drag and download reduc-
tion that are achieved by just the Pl-configuration is quite
impressive.  The first quarter of the C invested in the
load reductions achieved half of the overall reduction, a
ACp of -12.6% for just the P1-configuration versus -25.2%
for the U-configuration and a ACp of -27.0% for just the
P1-configuration versus -53.8% for the Ux45-configuration,
the configuration which produces the maximum download
change. Adding the second set of slots, so that P1 and P2
are active, brings the performance very close to the maximum
values achieved. An additional 5% drag reduction can be had
if the last two sets of slots are activated, resulting in the U-
configuration, but it comes at a cost of increasing the Cy; re-
quired for the first 20% reduction by 53%. Additionally, very
little change in download reduction is achieved by adding in
the third pair of slots, which is the Ux45-configuration, and
there is the same penalty for the download reduction with the
U-configuration that we have seen before. The centerline sur-
face pressure distribution on the ramp section for each of these
cases is presented in Fig. 9.

In Fig. 10, the baseline, Pl-configuration, PI1+P2-
configuration, and the U-configuration velocity fields are pre-
sented. The rotor azimuth angle for the acquisition of all of
these was 23°. For the baseline case, Fig. 10(a), there are two
regions of low out-of-plane velocity below and on either side
of the tailboom with an area of high upwash, or high vertical
velocity, between them directed towards the lower surface of
the tailboom. As noted earlier, this indicates that, while the
flow in the baseline case is separated, the flow is still follow-
ing the general shape of the ramp such that the flow has a high
vertical velocity component when it encounters the PIV mea-
surement plane. Evidence of this flow pattern can be seen in
the CFD simulation results presented in Fig. 3 for the baseline
case. The width of the wake is approximately the width of the
fuselage, the fuselage width is +Y /Rp = 0.164.

In Fig. 10(b), the effect on the velocity field in the wake
from steady blowing in the Pl-configuration can be seen.
There is still a region of large vertical velocity, but its mag-
nitude close to the tailboom is greatly reduced. It can also be
seen that the wake is contracted by a small amount. There is a
much larger low-speed region to the right hand side of the tail-
boom centerline. When the second slot pair is brought on-line,
this low-speed area grows in size, as seen in Fig. 10(c), and
the area of high vertical velocity component directly under
the tailboom has been removed. This indicates that the flow
over the ramp and into the wake is no longer following the
general shape of the ramp, but is instead separating from the
ramp and moving in a more streamwise fashion, as we saw in
the CFD iso-surfaces presented in Fig. 3 for the control cases.



Within the low speed region, the flow is reversed, as shown in
Fig. 11, but the magnitude of the out-of-plane velocity is very
small, with the measurements indicating a maximum reversed
flow velocity of 0.7% U.. If the last two pairs of slots are
brought on-line, resulting in the U-configuration, and shown
in Fig. 10(d), some of the large vertical velocity directly under
the tailboom returns and the low-speed region is greatly re-
duced in size and moves further away from the tailboom than
in the previous cases. The U-configuration presented here has
the largest drag reduction of this set and the smallest area of
reversed flow, but produces less download reduction than the
Ux45-configuration. This is due to the wake having less of
a streamwise orientation for the U-configuration, as indicated
by the larger vertical velocities directly underneath the tail-
boom.

Forward Flight at an Advance Ratio of 0.35

For the current research effort, the ultimate goal was to
achieve drag and download reductions in a range of angles
of attack and advance ratios that are representative of a rotor-
craft in forward flight. These were determined to be fuselage
angles of attack in the range from -3° to -6° at an advance ra-
tio of 0.35 with a rotor thrust coefficient, Cr/c , of 0.075. At
the advance ratio of 0.350, only the steady blowing had the
required control authority to reduce the aerodynamic loads
acting on the fuselage. Fig. 12 presents the effect of steady
blowing on the fuselage drag and lift as a function of angle
of attack at a constant level of excitation on a per-slot basis
throughout, which results in a C,= 1.84% for the Ux45 con-
figuration and a C= 2.28% for the U configuration. The data
presented indicates that steady blowing in the U-configuration
reduces the drag uniformly across the angle of attack range
tested providing about a 30% reduction for all angles of at-
tack. For steady blowing in the Ux45-configuration, there is
an increasing level of drag reduction as the angle of attack
becomes more negative. At 0° angle of attack, the Ux45-
configuration actually results in a slight increase in drag, but
at -6° angle of attack, there is a 25% reduction in drag. The
Ux45-configuration does prove more capable of producing a
download reduction. As shown in Fig. 12(b), steady blowing
in the Ux45-configuration delivered download reductions on
the order of 50-60% across the entire range of angles of at-
tack tested with a maximum reduction of 59% occurring at an
angle of attack of -2°. Steady blowing in the U-configuration
produced a 30% increase in the download at 0° angle of at-
tack. However, once the fuselage reaches -2° angle of attack,
the U-configuration is producing download reductions lead-
ing to a reduction of 25% at -6° angle of attack. Since the
rotor provides both the lifting force for the rotorcraft and the
propulsive force for forward flight, determining which reduc-
tion is more desirable would depend on other requirements.

Using the same conventions established in the previous
section, the PIV results for an advance ratio of 0.350 are con-
sidered and presented in Fig. 13. Overall, the features are
similar to the features at an advance ratio of 0.25. The base-
line velocity field has two low out-of-plane velocity regions

on either side of the tailboom and between them, there is a
region of large vertical velocity that is roughly as wide as the
tailboom. At this higher advance ratio, the width of the wake
is slightly smaller than at a y = 0.25 and slightly smaller than
the width of the fuselage. For the U-configuration, Fig. 13(b),
the low out-of-plane velocity region on the port side has been
eliminated and the one on the starboard side has been moved
away from the tailboom. Again, the vertical velocity in the
area directly under the tailboom has been reduced compared
to the baseline. The Ux45-configuration, Fig. 13(c), also ex-
hibits a large region of low out-of-plane velocity directly un-
der the tailboom. In Fig. 13(d), it can be seen that this is a
region of slightly reversed flow with the recirculation reach-
ing a maximum speed of 18% of the freestream. The width of
the wake in the Ux45-configuration closely matches the width
of the wake in the baseline, with the wake expanding slightly
on the retreating side for the U-configuration.

Forward Flight at an Advance Ratio of 0.225

The highest freestream velocity at which the synthetic jets
were able to demonstrate sufficient authority for drag and
download reduction corresponds to an advance ratio of 0.225.
The performance of the synthetic jet actuation over a range
of angles of attacks for primarily the Ux45-configuration is
presented in Fig. 14. For this data, the frequency was the
same for both configurations, 6/Rev, which corresponds to a
FT =1.28, and the excitation on a per-slot basis was the same
resulting in a Cyy= 1.03% for the Ux45-configuration and a
Cu= 1.33% for the U-configuration. The synthetic jets were
operated so that each jet was 180° out of phase with its neigh-
bor.

The application of control in the Ux45-configuration at
zero degrees angle of attack results in an increase in drag.
The maximum drag reduction was observed at a fuselage an-
gle of attack of -6°, with the data obtained -3° also showing
a decrease in drag. If the trend of the data holds, the Ux45-
configuration reduces the drag within the angle of attack range
of -1.2° to -6°. There is a download reduction produced by
the Ux45-configuration across the entire angle of attack range
with the maximum reduction also at a fuselage angle of attack
of -6.° The maximum drag and download reduction for the
Ux45-configuration was 22% and 43%, respectively. For the
U-configuration, maximum drag and download reduction also
occur at a fuselage angle of attack of -6° and were 16% and
14%, respectively. For the synthetic jet excitation, the Ux45-
configuration performs far better than the U-configuration.

The point for the zero degree angle of attack in Fig 14(b)
is included for completeness. The uncertainty associated with
that point is very high due to the accuracy of the balance and
the fact that the magnitude of the lift force for the baseline is
very close to zero and the effect of the control is to reduce the
magnitude of the lift force even closer to zero (Refs. 11, 13).

For the PIV acquisition, the synthetic jets introduce the
need to look at several different rotor azimuth angles. The
drive signals for the synthetic jet actuators were synchronized
to the 1/Rev pulse generated by GRMS when the leading edge



of blade 1 passes over the tail. The synthetic jets were oper-
ated at a frequency of 6/Rev, which means that as blade 1
sweeps from 0° to 60° the actuator goes through one complete
cycle. PIV image pairs were acquired at three different rotor
azimuth angles, 23° 38°, and 53° and are presented in Fig. 15.
The effect of the rotor blade passage on the baseline can be
seen in Figs 15(a)-15(c). The unsteadiness of the wake can
be seen in the strength and direction of the in-plane velocity
directly under the tailboom. The U-configuration reveals it-
self less capable here with unsteady excitation than it did with
steady excitation. There is only a slight reduction in the mag-
nitude of the vertical velocity directly under the tailboom and
the regions of low out-of-plane velocity are only slightly al-
tered. The Ux45-configuration, Figs 15(g)-15(i), is successful
in maintaining the large region of reversed flow that was seen
in the steady cases. Given the performance of the synthetic
jet excitation at this advance ratio and the findings presented
previously about “building the U,” the synthetic jet concept is
still attractive for this application. It will require, however, the
development of synthetic jet actuators with higher jet veloci-
ties than those utilized here.

Closing Thoughts

The mechanisms through which the drag and download that
act upon a rotorcraft fuselage under the influence of a ro-
tor were successfully reduced by utilizing active flow control
have been examined. It was shown that the application of flow
control, in both the U- and the Ux45-configurations, changes
the trajectory of the wake behind the ramp of the ROBIN-
mod?7 fuselage. It is this altered trajectory of the wake that
changes the surface pressure distribution on the ramp, which
results in the lower load levels observed.

The flow in the baseline case, while separated, tends to
follow the fuselage geometry resulting in a wake that is about
the width of the fuselage and dominated by two low stream-
wise velocity regions underneath and on either side of the tail-
boom. In between these low-speed regions, there is a region
of large vertical velocity that is roughly as wide as the tail-
boom as would be expected if the flow is primarily following
the contour of the ramp. When control is applied, in either
the U-configuration or the Ux45-configuration, the result is a
wake more aligned with the streamwise direction. The Ux45-
configuration produces a large area of reversed flow directly
under the tailboom that seems to be directly related to its su-
perior download reduction.

The steady blowing control performed these modifications
very well, particularly in the range of angles of attack of in-
terest and at advance ratios that are representative of a rotor-
craft in forward flight. Successful application of flow control
with the synthetic jet excitation required operating at an ad-
vance ratio of 0.225 or less. The observed flow field changes
for the synthetic jets operated in the Ux45-configuration are
very similar to the steady blowing modifications, with the
U-configuration exhibiting more differences between the two
control techniques. The requirement to operate at an advance
ratio of 0.225 or less in order to have successful synthetic jet
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control is directly related to the maximum peak jet velocity
that can be developed by the synthetic jets. For the synthetic
jet excitation to be applied at higher advance ratios, the devel-
opment of actuators with higher peak exit velocities would be
required.
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Fig. 5. Measured surface pressure from the upper section of the nose of the fuselage and the predicted aerodynamic
loads from OVERFLOW as a function of rotor azimuth angle at 1 = 0.250, Cy/c =0.075, and oo = —6°.
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Fig. 8. Change in drag and lift coefficients as a function of the momentum coefficient, C;,. Each C;; value represents an
additional pair of slots becoming active, in sequence starting with the upper pair, slots 1 and 8. AFC = Steady blowing,
u=0.250,Cy/c =0.075,and o = —6°.
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Fig. 9. Surface pressure distribution over the fuselage ramp section for several steady blowing configurations at
u=0.250,Cr/c =0.075,and oc = —6°.
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Fig. 11. Measured velocity field for the steady blowing P1+P2-configuration (Slots 1-2 and 7-8 active) with reverse flow
contours at ¥ =237, C;, = 0.014, u = 0.250, Ct/c =0.075, oo = —6°.

5 r 40
0 :_ ——+—— Control (U) i 30 ;—
i Control (Ux45) o Control (U)
r 20 2 Control (Ux45) /
M3 ¥ 10
|
< T ¥ T 1ok )
o 151 - F
9 ¢t 9 20fF
-20 :_ 30 f_ /%// —
I E - -
251 ¥ 40 i %//
[ 50 -
N [ — F
-30 - T~ /,,//{”””JJ % o { ]
I T~ 60
s 1 1 1 1 0L 1 1 1
35 -4 -2 0 70 -6 -4 2 0
Angle of Attack, o (degrees) Angle of Attack, o (degrees)
(a) ACp (b) ACy,

Fig. 12. Effect of steady blowing on the fuselage drag and lift as a function of angle of attack. The level of excitation on a
per-slot basis was the same throughout resulting in a C, = 1.84% for the Ux45-configuration and a C,, = 2.28% for the
U-configuration. Rotor conditions were 1 = 0.350 and Cy/c = 0.075.
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Fig. 14. Effect of synthetic jet control on the fuselage drag and lift as a function of angle of attack. The synthetic jets were
operated at the same frequency, F* = 1.28(6/Rev), and excitation level throughout. This results in a C, = 1.03% for
the Ux45-configuration and C,;, =1.33% for the U-configuration. Rotor conditions were 1 = 0.225 and Ct/c = 0.075.
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