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Abstract - Wind tunnel experiments were con-
ducted to quantify the induced flowfield in the vicinity
of a helicopter rotor in forward flight. Tests were per-
formed with an isolated rotor and with a rotor /fuselage
combination at advance ratios of 0.075, 0.10 and 0.20.
Measurements of the time-averaged total pressure, dy-
namic pressure and flow angularity were made using
an array of miniature seven-hole probes. Data were
obtained at a total of 2,688 points in three planes ex-
tending below and behind the rotor. The results show
that the rotor produces significant increases in total
pressure within the boundaries of the rotor wake. The
total pressure was distributed in a highly non-uniform
manner, both laterally and longitudinally, and was bi-
ased primarily towards the rear of the disk. At low
advance ratios, the rotor induced velocities were prin-
cipally downward and produced a download on the
fuselage. As the advance ratio was increased however,
the induced velocities became quickly streamwise and
resulted in an upforce on the fuselage. Considerable
changes in the fuselage pitching moments were also
obtained due to the relocation of the wake boundaries.
The rotor wake boundaries and distribution of induced
inflow were only slightly affected by the presence of the
fuselage.

Nomenclature

A = Rotor disk area = 7R*

Ay = Lateral cyclic pitch angle

b = Number of blades

B, = Longitudinal ¢yclic pitch angle

¢ = Blade chord

C; = Pressure coefficient = 100(p — poo)/ 5 p02* R?
Cp, = Total pressure coefficient = (pg — Peo /oo
Cr = Rotor thrust coefficient = T/(pr2* 1Y)

L = Fuselage length

L; = Fuselage lift in wind-axis

M; = Fuselage moment in wind-axis

p = Time-averaged static pressure

Poo = Free-stream static pressure
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pe = Measured local total pressure

= Free-stream dynamic pressure = pV.2
= Rotor radius

= Rotor thrust

= Tunnel free-stream velocity

= Velocity

Height of probe above floor of tunne}
Shaft tilt angle (positive aft)

= Air density

= Rotor solidity = be/7R

= Collective pitch angle

= Rotor inflow ratio = V, /QQR

= Momentum value of inflow ratio in hover
= Advance ratio = Vi cosa, /QR

= Wake skew angle= tan™1(u/A,)

= Rotor rotational frequency
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Introduction

One of the major problems still facing the rotor-
craft industry is the lack of information about
the flowfield in the vicinity of a rotor in forward
flight. This knowledge is necessary to ensure a
more thorough understanding of the flowfield en-
vironment in which rotorcraft operate, as well
as to provide basic data to help validate predic-
tive methods. Furthermore, because all rotorcraft
have an airframe situated in close proximity to the
rotor, it is imperative to have an adequate under-
standing of the flowfield about this airframe. Typ-
ically, the airframe may comprise non-lifting com-
ponents, combined with lifting components such
as stub wings or tail surfaces. Large effects on
overall aircraft performance, as well as the stabil-
ity and handling qualities, may be experienced at
low speeds as a result of the rotor induced in-
flow acting on both the fuselage and empennage.
These effects were first investigated in detail by
Sheridan and Smith [1].

The flowfield in the vicinity of a rotor is highly
three-dimensional and extremely complicated, the
dominant wake structure consisting of strong tip
vortices trailed from each blade. The true nature
of this wake geometry and the corresponding in-
duced flowfield are still not fully understood, par-
ticularly in forward flight. While there have been
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extensive measurements conducted to document
the wake geometry and induced velocity field for
hovering rotors, see for example, Boatwright [2],
Landgrebe [3], Caradonna and Tung [4], there is
a relative dearth of corresponding information in
forward flight. The main reason is that the vortex
laden flowfields from a rotor in forward flight are
quite intricate, and it is difficult and very time-
consuming to obtain measurements of the induced
velocities (even time-averaged) at many points
in the flowfield at various combinations of rotor
thrust, tip path plane angles and advance ratios.

The first comprehensive wake surveys below a
rotor in forward flight were performed by Heyson
and Katzoff [5]. In these experiments, five-
hole pneumatic probes were used to obtain time-
averaged local pressures and velocities at large
number of points in the rotor flowfield. For many
years these data have constituted the most com-
plete and comprehensive available to help vali-
date analytical models of the rotor wake. Qther,
somewhat more limited, measurements of rotor
induced velocities were also obtained by Junker
and Langer [6] using five-hole probes. Recently,
increasing amounts of data documenting the un-
steady flowfield velocities have become available
through the use of hot-wire anemometry, e.g. [7],
and laser-doppler anemometry techniques, e.g.
[8,9]. However, inordinate amounts of wind-
tunnel time are generally required with this latter
technique, even for one or two components of ve-
locity. This severely restricts the number of points
in the flowfield which can be measured during a
single tunnel entry. Furthermore, there have been
only very limited studies, e.g. [10], in regimes be-
low and behind the rotor where a fuselage and
empennage may be located.

While the use of a pneumatic probe does not
permit the measurement of instantaneous veloc-
ities, the relative ease and speed at which ac-
curate measurements of the mean pressure and
three-components of time-averaged velocity can
be made at a large number of points in the flow-
field, still makes the use of a pneumatic probe an
attractive proposition for rotor wake studies. The
five-hole probes used by Heyson and Katzoll [5]
and Junker and Langer [6] were capable of mea-
suring flow directions up to about 30 degrees rel-
ative to the probe axis, see Earnshaw [11}. How-
ever, because of the strong vortical nature of a
rotor wake, it is not inconceivable that local flow
angles can exceed 50 degrees and thereby exceed
the practical limits of a five-hole probe,

With the advent of miniature seven-hole probes
which can measure flow angularities up to 80 de-
grees, coupled with recent advances in sensor tech-
nology for low pressure measurement, it is now
possible to make measurements of flow angle with
preumatic probes to much smaller tolerances and

with considerably more certainty. In the present
work, miniature seven hole probes are used as a
means of quantifying the nature of a rotor wake
in forward flight, with and without the presence
of a fuselage. The main objective of the work is
to comprehensively document the three compo-
nents of time-averaged velocity in the rotor flow-
field, as well as to help explain the effects of the
rotor wake on the fuselage airloads. The measure-
ments forr part of an ongoing research program
at the Univeristy of Maryland [12,13,14] to create
a more thorough and comprehensive understand-
ing of rotor/airframe interactional aerodynamics,
as well as to create a database which will help
validate prediction methods.

Description of the Experiment

The experiments were performed in the Glenn
L. Martin wind tunnel at the University of Mary-
land. This is a closed-return wind tunnel with a
7.75 by 11 foot (2.36 by 3.35 meter) working sec-
tion. The configuration tested was a 65 inch (1.65
meter) diameter, four bladed rotor. Power to the
rotor was supplied by a hydraulic motor, rated
at 40 hp (30 kW) @ 6,000 rpm, through a belt
transmission. The hub was fully articulated with
coincident flap and lag hinges. Each blade was at-
tached to the hub through a pitch bearing. Rotor
controls comprised of a conventional swashplate
and pitch link mechanism, collective and cyclic
pitch angles being set remotely by positioning the
swashplate using three electro-mechanical actua-
tors.

The rotor blades were of rectangular planform
with a chord of 2.5 inches (6.35cm), and incor-
porated 12 degrees of nose-down twist. NASA
RC(3)10 and RC(4)10 series airfoil sections were
used., The blades were constructed of graphite-
epoxy with a balsa wood core, and were struc-
turally very stifl relative to a full scale rotor in
order to minimize aeroelastic effects. Blade in-
strumentation comprised strain gauge sensors to
monitor bending and torsional loads. Hall-effect
sensors located at the hinges were used to monitor
the blade flap and lead/lag displacements. Fur-
ther details of the rotor system are given in {12].

To provide a baseline series of measurements,
isolated rotor tests were performed by enclosing
the rotor drive mechanism within a minimum
body aerodynamic fairing. The remainder of the
tests were conducted with a representative he-
licopter fuselage geometry which consisted of a
body of revolution, as shown in Fig. 1. The center-
line of the fuselage was located 9.6 inches (24.4cm)
below the rotor plane. A summary of the geomet-
ric characteristics of the rotor and fuselage are
given in Table 1.
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Figure 1: Rotor/fuselage configuration

Table 1: Rotor and fuselage geometry

Number of blades, b 4
Rotor radius, R 32.5 inches {0.8255 m)
Blade chord, ¢ 2.5 inches (0.0635 m)

Rotor solidity, be/m R 0.098
Blade twist (linear) ~12°
Blade taper ratio 1.0

Airfoils

Fuselage length, L
T'uselage max. diameter
Fuselage taper ratio

NASA RC(3)10/(4)10
76.4 inches (1.94 m)
10 inches (0.254 m)
2.5:1

Instrumentation

Primary data comprised of measurements of to-
tal pressure, dynanic pressure and flow angularity
obtained from an array of miniature seven-hole
pneumatic probes. These probes were manufac-
tured on-site by packing seven stainless steel hy-
podermic tubes into a larger stainless steel tube,
as shown in Fig. 2. The inner tubes had an in-
side diameter of 0.028 inches (0.7mm) with a wall
thickness of 0.005 inches (0.13mm). Once assem-
bled, the tubes were silver soldered together and
machined to provide a 25 degree half angle at the
tip. The resulting probes were very small, being
about 0.12 inches (3mm) in diameter. Experience
has shown that these probes do not significantly
disturb the flow they are measuring.

The basic operational principle of the seven-
hole probe is to relate measurements of the seven

Figure 2: Seven-hole pneumatic probe

port pressures into measurements of total pres-
sure, dynamic pressure and flow angularity. This
is achieved through a detailed calibration of the
probe in which the port pressures are recorded
for known flow angles. For the present work, each
probe was individually calibrated in an open jet
wind tunnel to pitch and yaw angles of £55 de-
grees. At least 50 data points were taken for
each calibration. The calibrations were then curve
fitted in a least-squares sense using a fourth or-
der polynomial expansion. Further details of the
operational principles of seven hole probes and
their calibration procedures is given by Gerner
and Maurer [15] and Garner et al. [16]. For the
probes used here, the flow angle measurements
had a maximum error of 1.0 degrees at low angles
{< 40°), and at high angles, a maximum error of
about 2.0 degrees.

Four probes, spaced § inches (15.24 cm) apart,
were mounted on a traversing system which was
secured to the wind-tunnel floor, as shown in
Fig. 3. To ensure that the probes were kept well
within the calibration limits (£50 degrees) when
traversing the rotor flowfield, they were pitched
at an angle of 30 degrees (in the z — z plane) rel-
ative to the tunne! centerline. The probes were
traversed in the z —~ y plane in increments of 3
inches (7.62 em) using two stepping motors driven
by relays under the control of a Hewlett-Packard
HP-1000/A900 computer. A program was writ-
ten to optimize the probe positioning process in
order to mintmize the number of movements. The
probes were traversed over a 28 by 16 point grid
on both the left and right hand sides of the rotor
flowfield, giving a total of 896 points in one plane,
or a total of 2,688 measurement points, as shown
in Fig. 4. Three planes were surveyed at heights
of z;/R = 1.252, 1.406 and 1.56 above the tunnel
floor, or at heights of z/ R =-0.14, -0.29 and -0.45
relative to the rotor plane.

It should be noted that in all of the tests, the ro-
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Figure 4: Probe measurcment locations

tor tip-path-plane was tilted forward at 6 degrees
(s = —6°). Since the probes were traversed in a
plane parallel to the wind-tunnel axis system, the
traversing plane was subsequently at a 6 degree
angle relative to the rotor tip-path-plane. The
probes were brought to within 2 inches (51 mm) of
the rotor disk, however, safety considerations did
not permit actual measurements up to the leading
edge of the disk. Nevertheless, a sufficient numn-
ber of upstream measurements were still made to
tdentify the leading edge of the rotor wake.

The pressure measurements were made using a
Pressure Systems Inc. (PSI) multi-channel Data
Acquisition and Control Unit (DACU). The PSI
pressure system enabled very low pressures of
less than 0.001 lb/in? (7.5 Nm™?) to be mea-
sured with good accuracy and high repeatabil-
ity. The pressure ports on the seven-hole probes
were connected via short lengths of tubing to
a 32-channel PSI pressure transducer module
mounted on the traversing system. These mod-
ules contained miniature quartz pressure trans-
ducers, analog multiplexers and analog to digital
converters. A miniature pneumatic valving sys-
tem in each module also permitted rapid on-line
calibration and re-zeroing of the pressure sensors.
This capability was essential to maintain mea-
surement accuracy over considerable tunnel run
times. Frequent on-line calibrations enabled mea-
surements of the static and dynamic pressures to
be made to within a 2% tolerance.

Measurements were also made of the rotor and
fuselage loads using independent strain-gauge bal-
ances. The rotor hub and controls were suspended
from a six component strain-gauge balance which
was isolated from the transmission by means of
a flexible coupling. Raw balance measurements
were passed to an iterative balance subroutine
with second-order interaction terms in order to
caleulate measurements of thrust, side-force, ax-
ial force, pitching moment, rolling moment and |
yawing moment. A separate three component
strain-gauge balance was used to measure the nor-
mal force, pitching moment and axial force on the
fuselage. Deadweight balance tares of the rotor
were determined with the blades on and then with
them removed. Deadweight tares were also deter-
mined for the fuselage. The aerodynamic tares
of the hub were determined throughout the ad-
vance ratio range with the hub rofating at nor-
mal speed, but without the blades attached. Both
deadweight and aerodynamic tares have been re-
moved from the balance data presented in this
paper.

To complement the fuselage balance loads,
time-averaged pressures were also measured at
142 points on the fuselage. Pressure taps were
located i1n rows along the top and on both sides
of the fuselage, as shown in [12]. Unsteady pres-
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Table 2: Test parameters

Run | 4, A B, p Cr
1 [ 9.95 —460 154 0.075 0.0074
2 974 -519 1.37 010 0.0075
3 1959 -593 -042 020 0.0075
4 1910 -5.30 -0.74 0.075 0.0076
5 |9.50 -4.60 072 0.010 0.0075
6 |9.30 -540 -0.85 0.20 0.0075

sure measurements were also made using pressure
transducers {12,13,14].

Testing procedures

Data were obtained for the isolated rotor and
the combined rotor/fuselage configuration. A sin-
gle shaft angle of -6 degrees was selected as rep-
resentative of a helicopter in forward flight. The
rotor was run at 1860 rpm (31Hz) for all the tests,
which corresponded to a nominal hover tip Mach
number of 0.5. For each test, the wind speed was
slowly increased while the rotor was “flown” to the
desired test condition by adjusting cyclic and col-
lective pitch inputs. At each test point, the rotor
was trimmed for the required thrust by adjusting
the longitudinal and lateral cyclic to minimize the
once-per-rev blade flapping response, thus ensur-
ing that the rotor tip-path-plane was perpendicu-
lar to the rotor shaft axis.

After reaching the desired advance ratio, data
were recorded by traversing the probes in a plane
below and behind the rotor as described previ-
ously. Data were acquired at a thrust coellicient
(Ct) of 0.0075 and at advance ratios of 0.075,
0.10 and 0.20. An advance ratio of 0.075 was de-
termined to be the lowest possible speed while
avoiding significant flow recirculation problems
and wall interference effects in the wind-tunnel.
This minirmmum advance ratio was determined from
ceiling and sidewall pressure measurements, as
well as from tuft observations on the walls and
floor of the tunnel. Advance ratios of 0.075 and
0.10 were also selected since they were particu-
larly severe in tertns of wake interactions with the
fuselage, this being an essential part of the present
study. The test conditions and rotor trim param-
eters are summarized in Table 2. Buns 1, 2 and 3
are for the isolated rotor and runs 4, 5 and 6 are
with the fuselage.

A total of 200 measurements of the pressure
were made on each port of the probe over a 1.24
second time interval. This corresponded to ap-
proximately 38 rotor revolutions and was suffi-
cient time to give a faithful measurement of the
mean port pressures for a given point in the flow-
field. The time constant for the short lenglh of

tubing between the ports and the sensors was
quite small, however, the delay time between the
arrival of the probe at a given location and the
start of the data acquisition process was con-
servatively set to 3 seconds to ensure that any
transients had died out. Measurements of the
port pressures were downloaded in real-time from
the DACU to the HP-1000/A900 computer where
pressure transducer calibrations were applied and
the information recorded on a hard-disk. Fur-
ther processing was then performed off-line using
the probe calibrations to convert the port pres-
sures to measurements of total pressure and three-
components of time-averaged velocity. Only data
that was within 50 degrees angularity of the probe
axis was accepted.

Data were also measured with the hub rotat-
ing at normal operating speed, but without the
blades, attached in order to give baseline mea-
surements of the flow angularity in the tunnel it-
self. This also provided some assessment of the
induced flow due to the hub. In general, tun-
nel flow angularities were less than ®1 degree at
all the points measured in these tests. Addition-
ally, hub induced perturbations to the flow were
found to be very small, and did not significantly
contribute to the measurements. Because of these
relatively small effects (at least at the points sam-
pled here), all data presented are uncorrected for
tunnel flow angularity or hub effects.

Ilesults and Discussion
Isolated rotor

The isolated rotor tests formed the baseline se-
ries of measurements. The total pressure coeffi-
clent along the longitudinal direction is shown in
PPig. 5 for three planes of the rotor wake, as mea-
sured at points closest to the centerline (y/R =
—0.2), at an advance ratio of 0.075. It is interest-
ing to note that the magnitude of the total pres-
sure was relatively unchanged at each plane. The
boundaries of the wake are quite clearly defined,
since cutside the rotor wake boundaries Cp, = 1.
Within the wake boundaries, more energy has
been added to the flow, and so total pressure coef-
ficients greater than unity are created. Moving aft
from the leading edge of the disk higher total pres-
sures are initially obtained, followed by a sudden
drop in total pressure to almost free-stream condi-
tions near the center of the wake. This indicates
that the rotor has almost zero induced velocity
near its center, as would be expected. The high-
est total pressures are obtained towards the rear
of the wake, suggesting that most of the thrust
was generated on the rear half (first and fourth
quadrants) of the rotor disk.
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Fig. 6 shows the corresponding longitudinal
variation of the x, y and z components of time-
averaged velocity (non-dimensionalized with re-
spect to QRAg) for the measurement plane clos
est to the disk (2/R = —0.14), and at advance
ratios of 0.075, 0.10 and 0.20. It is interesting
that the largest increments in both the z and z
components of induced velocity coincide with the
largest changes in total pressure in the rotor wake
{(c.f Fig. 5). These results confirm the very close
correlation between the total pressure in the rotor
wake and induced velocity fleld. As the advance
ratio was increased from 0.075 to 0.20, the results
showed a reduction in V, along with a progressive
increase in V.. This is because the malin effect
of increasing advance ratio {or wind-speed) at a
constant rotor thrust, is to increase the skew an-
gle of the wake. At an advance ratio of .20, V,
1s already close to zero since the wake skew angle
1s about 80 degrees. Hence, the flowfield veloci-
ties are primarily streamwise. The corresponding
variations in V, were found to be relatively small
along the longitudinal axis, however, as shown in
Fig. 6, there is clearly a significant swirl compo-
nent in the wake about the hub axis.

The corresponding lateral distribution of total
pressure below the disk at u = 0.075 is shown
in Fig. 7 for /R = 0.0, i.e. near the center of
the disk, and for each of the three measurement
planes. As before, the largest increases in total
pressure were obtained towards the edges of the
rotor wake. At the highest plane (z/R = —0.14),
the distribution across the wale was found to be
quite dissimilar between the retreating and ad-
vancing sides. This is mainly due to the difler-
ences in the aerodynamic loading distribution on
the retreating and advancing blades; on the re-
treating blade, the lift distribution is concentrated
over the outboard part of the blade, whereas on
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Figure 6: Longitudinal variation in induced
velocity below rotor, g = 0.075,0.10,0.20

the advancing blade the lift distribution is some-
what more uniform. Some of the lateral differ-
ences in total pressure also occur because the
probes are very close to the rotor disk, and are en-
countering considerably different (time-varying)
local wake geometries in the form of both tip vor-
tices and vortex sheets. This can be seen on the
advancing side of the disk for z/R = —0.14, where
the sharp drop in total pressure at y/R = 0.85
most likely indicates the presence of discrete tip
vortices.

The results in Fig. 7 also indicate the very
close correlation of the total pressure in the ro-
tor wake and the lift distribution on the rotor
disk. ITowever, it should be noted that this is only
true for points very close to the rotor disk where
the probes are encountering the actual pressure
field about each blade. At points further away
from the disk, such as at the intermediate plane
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(z/R = —0.29), it can be seen {rom Fig. 7 that the
distribution of tofal pressure becomes relatively
symmetrical, This Is because at this level, the
wake structure has rolled up more into discrete
tip vortices, and the probes are now far enough
away from the rotor such that they are not sig-
nificantly affected by the local disk loading. It is
noteworthy, that a significant contraction of the
wake has also occurred at this plane. At the lower
planes, the probes encounter progressively less of
the wake, and for the lowest plane (z/ R = —0.43),
only a small region of the leading edge of the wake
is actually captured at this longitudinal location.

Whilst the above data are of significant interest
and value, a more global picture of the wake struc-
ture can be obtained by plotting the total pressure
distribution in the rotor wake in the form of con-
tour plots for each of the measurement planes.
These data are shown in Fig. 8 for an advance ra-

tio of 0.075. While these data are for the isolated
rotor, the outline of the fuselage is also shown for
orientation purposes. It can be seen that this form
of presentation gives considerable insight into the
actual structure of the induced pressure field be-
low and behind the rotor. The highest total pres-
sures in Fig. 8 occur towards the rear of the disk.
Specifically, the loadings are higher in the fourth
quadrant, where the lift on the blade is concen-
trated more towards the tip. The highest pres-
sure gradients (closely spaced contours) occur at
the boundaries of the rotor wake. In fact, in com-
bination with results such as those in Figs. 5, 6
and 7, it is possible to locate the boundaries of
the rotor wake quite accurately. It can be seen
from Fig. 8 that there is considerable wake con-
traction in the longitudinal direction, this being
about 78% of the rotor diameter at 0.45R below
the rotor. However, there is actually a slight ex-
pansion of the wake in the lateral direction, this
being about 105% of the rotor diameter. Similar
results were obtained for an advance ratio of (.10,
however, at an advance ratio of 0.20, the wake
skew angle was already too high to accurately de-
fine the wake boundary.

Regions of both very high and very low total
pressure occurred downstream in the “far” wake
of the rotor. Again, as shown in Fig. §, the con-
tours are closely spaced, indicating that the down-
stream wale still has a very definite boundary. A
very concentrated region of high dynamic pressure
was formed on the advancing side of the wake.
This is due to the relatively large induced veloc-
ities created by the tip vortices from each of the
robor blades as they interact and produce a self
distorting rolied-up bundle of vortices just down-
stream of the disk. Regions of very low dynamic
pressure also occurred downstream of the retreat-
ing side of the disk, however, the distribution in
the wake was notably different from the advancing
side, This is because of the fundamental differ-
ences in wake geometry and induced velocity field
between the advancing and retreating sides of the
disk. It is interesting that there also appears to
e certain amount of lateral expansion of the wake
boundary at the lower measurement planes as it
develops downstream of the disk. This process is
discussed again later in this paper.

Effects of the fuselage on rotor

On the whole, the effects of the fuselage on
the flowfield measurements were found to be quite
gmall. Despite these small differences however, it
should be noted that the repeatability of the data
[rom test to test was extremely good. Thus, the
differences which are attributed here to the effects
of the fuselage on the rotor flowfield are presented
with a high degree of confidence.
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Figure 9: Wake velocity distribution with
and without fuselage, p = 0.075

Away from the immediate vicinity of the fuse-
lage, both the total pressures and flow angulari-
ties were almost identical to their isolated rotor
counterparts, as shown in Fig. 9. Some differ-
ences in the flowfield velocities were found to oc-
cur near the nose of the fuselage for an advance ra-
tio of 0.075, however, as the advance ratio was in-
creased, these differences significantly diminished.
By way of example, the  and z components of
wake velocity {non-dimensionalized by the free-
streamn velocity) in the middle plane (2/R =
—0.29) along the longitudinal direction nearest to
the fuselage (y/R = £0.2) are shown in Fig. 9 for
jt = 0.075. The effect of the fuselage appears to
increase Vi upstream of the hub region compared
to the isolated rotor values, Downstream of the
hub, Vi is a little less, and eventually there are
no measurable differences over the rear fuselage
region.

These above results are more or less what is to
be expected, since in forward flight the fuselage
must accelerate the flow over nose region, followed
by a deceleration of the flow over the tapered re-
gion (/R =~ 0.7). This is followed by a gradual
increase in flow velocity over the tail boom back
to {ree-stream conditions. Hence, the main effects
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on V; should only be apparent over the front part
of the fuselage, as it appears to be. The presence
of the fuselage was also found to increase the mag-
nitude of the vertical velocity, V;, in the vicinity of
the nose region. Immediately above the fuselage,
V; must be less than that for the isclated case, al-
though at the sides (where the measurements are
taken) the flow from the rotor wake is accelerated
over the sides of the fuselage and consequently,
the flowfield velocities are a little greater in these
regions.

Thus, from the foregoing it appears that to
a first order, it may be possible to neglect the
changes in the induced velocity field due to the
distortion of the rotor wake by the fuselage. This
however, does not imply that the rotor wake ge-
ometry and rotor performance are unaflected by
the presence of the fuselage, as it certainly is. For
example, Table 2 shows that when the body is
present, lower collective pitch angles are required
compared to the isolated rotor case for a given
value of thrust. This is particularly evident at the
lower advance ratios, and is discussed further in
[12,13]. Furthermore, recent research has shown
that major distortions to the wake are produced
by the fuselage, especially in regions of wake im-
pingement. Such details of wake distortion due to
the fuselage are currently under study [14], but
are beyond the scope of the present paper.

Effects of rotor on fuselage loads

The effects of the rotor wake on the airframe
loads are a serious cause for concern on all mod-
ern rotorcraft. The current trend to design more
compact helicopters, means higher disk loadings,
which consequently give rise to more energetic
wakes and higher induced velocities. Besides pro-
ducing significant downloads on the airframe at
low speeds, this induced velocity field may also
produce airloads which vary in a complex manner
under different flight conditions, and thereby may
produce major effects on the haudling qualities of
the aircraft,

For the present configuration, the measured
pressure distributions along the top and on the
two sides of the fuselage are shown in Fig. 10
for advance ratios of 0.075 and 0.10. These
particular data are presented as pressures non-
dimensionalized with respect to rotor tip speed,
QR, which is denoted by C,. It should be noted
that this is different from the classical definition of
pressure coefficient which is based on V,,,. Using
C, is appropriate here since it gives a much better
indication of the actual pressure on the fuselage
for comparison purposes at different advance ra-
tios.

In general, Fig. 10 shows that the rotor wake
had a very pronounced effect on the fuselage pres-
sure distribution, especially at the lower advance
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Figure 10: Pressure distribution on top and
sides of fuselage, p = 0.075,0.10

ratios. Significant increases in pressure were ob-
tained over the top of the fuselage in regions af-
fected by the rotor wake. On the sides of the fuse-
lage, large suction peaks were generated as the in-
duced flow accelerated over the sides of the fuse-
lage. As the advance ratio was increased, these
peaks moved aft on the fuselage since the wake
skew angle becomes greater. It should be noted
that the high adverse pressure gradient down-
stream of the suction peak means that the bound-
ary layer on the fuselage may be very suscepti-
ble to separation compared to the isolated fuse-
lage case. The corresponding pressure distribu-
tion over the isolated fuselage is given in [12].

Another aspect of the pressure distributions
shown in Fig. 10, is that the distributions on the
two sides of the rear fuselage are different, with a
higher suction pressure being obtained on the left
side of the tailboom. This indicates that the fuse-
lage will experience both a side force (to port) and
a yawing moment (nose right). On an actual he-
licopter, this may be important from a handling
qualities perspective. A similar result has been
also noted by Wilson and Mineck {17]. While the
magnitude of the side force and yawing moment
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was not measured in the present experiments, the
source of the pressure differential on the rear fuse-
lage is certainly of significant interest.

The three components of the flowfield velocity
(non-dimensionalized with respect to the tunnel
free-stream velocity) on the right and left hand
sides of the fuselage (y/R = £0.2) are plotted in
Fig. 11. It can be seen that the downwash (V;) is
one of the most significant velocity components,
~ this being a little higher on the right hand (ad-
vancing) side of the fuselage. Clearly this compo-
nent alone cannot explain the measured pressure
differential on the fuselage, since the relative ve-
locity would be expected to be higher on the left
hand side. In any case, the variation in V; across
the width of the fuselage is too small to account
for the measured pressure differences.

The magnitude and sign of ¥, also indicates

1.5 2

that there is small crossflow velocity component
(from the retreating side to the advancing side),
the crossflow angle being roughly 15 degrees. Po-
tential flow theory predicts that this crossflow ve-
locity will not produce a difference in pressure be-
tween the left (retreating) and right (advancing)
sides of the fuselage. On the other hand, a vis-
cous theory predicts a higher suction pressure on
the left side of the fuselage as a consequence of
flow separation on the right side of the fuselage.
At low advance ratios, this particular fuselage will
act like a slender body at an angle of attack, and
may produce a wake in the form of a vortex sys-
tem on the lee-side. This vortex system may, in
fact, be either stable or periodic. During some
of the tests, a certain amount of buffeting was
recorded on the fuselage balance loads, hence it is
likely that the lee-wake was periodic. Neverthe-
less, In either case, the presence of a wake on the
lee-side of the fuselage will affect the fuselage pres-
sutre measurements, and should be considered as a
contributing factor to the results shown in Fig. 10.
Further details of the fuselage wake is currently
under study using laser sheet/smoke flow visual-
ization. Thus, the crossflow velocity appears to
be, at least partially, responsible for the measured
pressure differential on the rear fuselage.

In addition to the crossflow velocity, there is a
significantly higher streamwise velocity (V) in the
fourth quadrant of the rotor wake, as also shown
in Fig. 11, and is slightly higher on the retreat-
ing side of the disk. Interestingly, this component
must also be responsible for part of the pressure
differential on the rear fuselage. In fact, it is sig-
nificant to note the very substantial variations in
V: along the whole longitudinal axis of the rotor
wake. These variations are, in some locations, as
much as 50% of the free-stream velocity and will
certainly contribute to the fuselage pressure dis-
tribution and loads. As in the case of the down-
wash, V;, the highest variations in V; also occur
in regions of highest total pressure. Thus, in any
predictive method for rotor wake/fuselage inter-
action eflects, it may be necessary to compute all
three components of the rotor induced velocity
field in order to give accurate predictions of the
pressures and rvesultant airloads on the fuselage.

The velocity vectors below the rotor are shown
in Fig. 12 for an & — z plane at y/R = —0.2. It
can be seen that for all three advance ratios the
induced velocities are greatest towards the rear of
the rotor wake. In these figures, the wake bound-
aries have also been included, as inferred from
Figs. 5 through 8. It is significant that the leading
edpe of the wake has a much higher skew angle
than the rear of the wake. This is because the
highest induced velocities are biased towards the
rear of the disk, and hence the ratio uQR/V, is
much smaller in these regions. It is of interest to
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wake boundaries

note the high sensitivity of the wake skew angle
to changes in the advance ratio. Compared to the
isolated rotor case, the wake boundary was found
not to be significantly affected by the presence of
the fuselage.

As also shown in Fig. 12, for advance ratios of
0.075 and 0.10, both the leading and trailing edges
of the wake appear to directly impinge on the fuse-
lage. Thus, there will be significant wake/fuselage
interactions at these advance ratios. At the high-
est advance ratio of (.20 the wake skew angle is
close to 80 degrees, and no significant wake inr-
pingement occurs on the fusefage. Nevertheless,
this is not to say that the rotor wake does not in-
teract with the fuselage at this advance ratic. Ac-
cording to Fig. 12 there is a region of fairly high
induced velocities which are primarily streamvise
and are confined to regions directly above the top
of the fuselage. This actually produces more of
a suction pressure on the top of the fuselage, as
opposed to the stagnation pressures obtained at
lower advance ratios. There are also additional
unsteady effects on the fuselage loads which must
be considered at all advance ratios, as discussed
in detail in Ref. 12.

The corresponding effects of the rotor wake on
the fuselage lift and pitching moment are shown
in Fig. 13 as a function of advance ratio. The
isolated fuselage values for all advance ratios at
this shaft angle were close to zero. It should he
noted that the results in Fig. 13 are given in terms
of dimensional units. This is necessary, since il
standard coefficient values are used, the ellect of
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Figure 13: Fuselage lift and pitching mo-
ment variation with advance ratio

mereasing o is Lo decrease the coeflicient values
for a constant [ift, and so this may produce mis-
leading trends when interpreting the interactional
loads. It can be seen from Fig. 13 that the ro-
tor provides a significant download on the fuse-
lage at low advance ratios. As the advance ra-
tio is increased the download becomes much less,
and at the highest advance ratio of 0.20 an up-
force 1s actually obtained, This essentially reaf-
firms the results presented by Srith and Betzina
[18]. At the same time, Fig. 13 shows that the
fuselage pitching moment decreases (a nose-down
moment) with increasing advance ratio. This in-
dicates that the rotor wake modifies the pressure
distribution on the fuselage in such a way as to
move the center of pressure further aft, as shown
previously in Fig. 10. It should be noted that
data points at advance ratios of (.05, 0.125, 0.15
are included in Fig. 13 even though flow surveys
were not performed at these conditions.

Wake aft of rotor disk

Downstream of the rotor disk, the wake was
found to voll-up very quickly to form into two
major tip vortices. This process was found to be
unalfected by the presence of the fuselage. The
walke roll-up process behind a rotor was first ob-
served by Ieyson [19], and Is in fact very similar
to that obtained from a low aspect ratio wing.
This can be readily seen in Fig. 14 where the in-
duced velocity vectors at p = 0.075 are plotted
for two y — z planes downstream of the rotor disk
at 2/ = 1.05 and 1.51. It is interesting that the
wake roll up process starts to oceur almost imme-
diately downstream of the disk. At z/R = 1.51,
the velocity vectors indicate that the wake has al-
most completely developed into two predominant
vortices. These “far wake” vortices will consist of
the rolled-up remnants of the tip vortices trailed
from each blade. This figure also shows that the
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centroid of the trailed wake vortex bundles are lo-
cated near the edges of the disk. However, the
trajectory of the wake boundary still indicates a
gradual expansion downstream, as shown previ-
ously in Fig. 8. It is also significant that these
well-developed wake vortices are trailed almost
streamwise behind the rotor, in contrast to the
center of the wake which has a much smaller skew
angle.

The wake roll up process can be further sup-
ported from the lateral measurements of total
pressure and induced veiocity. These data are
plotted in Figs. 15 and 18 respectively for the
middle plane (z/K = —0.29). It can be seen from
Fig. 15, that there are very large chauges in to-
tal pressure in the vicinity of the two wake vor-
tices. Away from the wake vortices, the total pres-
sure returns to almost free-stream conditions. At
z/R = 1.05 the probes are still within the bound-
ary of the main wake for —0.5 < y/R < 0.5, and
hence higher total pressures are obtained at these
points. Similar results were obtained for u = .10
and 0.20, although the wake roll-up starts to oc-
cur a little further downstream for these latter
conditions.

In Fig. 16, the induced velocity (V,) gradient
was found to be fairly small across the rear fuse-
lage for both /R = 1.05 and /R = 1.51. low-
ever, it is clear that the downwash is higher ou the
right (advancing) side of the disk. This is because
the wake rolls up somewhat more quickiy on the
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Figure 13: Total pressure variation in far
wake, p = 0.075

advancing side, and so the induced velocity field
on this side becomes stronger closer to the disk.
The downwash velocity field for /R = 1.51 is, in
fact, almost identical to what would be obtained
from two vortices of just slightly different strength
which are trailed from the rotor. It should be
noted that on an actual helicopter with a hori-
zontal stabilizer located in the rear fuselage re-
gion, this would produce a coupling of pitch with
sideslip as the stabilizer moves into the higher
downwash on the advancing side or to the some-
what lower downwash on the retreating side. A
further discussion of this effect is given by Cooper
[20].

In the present work, it was found that flow an-
gularities of 40 to 50 degrees (relative to the probe
axis) existed in many parts of the flowfield aft of
the disk., While these measurements are certainly
within the capabilities of the seven-hole probes
used here, it makes the results from other mea-
surements of rotor flowfields with five-hole probes
a little questionable, since five-hole probes typi-
cally have a maximum angularity measurement of
less than 30 degrees. For example, in this experi-
ment the induced flow angles in the vicinity of the
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far wake, p = 0.075

rear fuselage were such that the angles of attack
{relative to the fuselage centerline) in these re-
gions varied from about 60 degrees at g = 0.075 to
10 degrees at p = 0.20; corresponding yaw angles
ranged up to as much as 30 degrees. This infor-
mation would be very important in determining
the location and orientation of either a horizontal
or vertical stabilizer on a helicopter fuselage, es-
pecially during transition from hover to forward
flight, or when operating in a side-slip. Currently,
very little is known about either the time-averaged
or the unsteady velocity field in the vicinity of an
empennage. Further experiments must be doune
to more fully understand these effects.

Conclusions

A study has been conducted to quantify the in-
duced flowfield in the vicinity of a helicopter rotor
in forward flight. Tests were performed with an
isolated rotor and with a rotor/fuselage combina-
tion. The seven-hole pneumatic probe was shown
to be a very effective means of measuring the tirne-
averaged induced velocity field. An extensive map
of the time-averaged induced velocities in the ro-
tor flowfield was obtained at three advance ratios

in three planes at a total of 2,688 points. These
data have provided an improved understanding
of the induced flowfield environment encountered
by a fuselage in forward flight. The results can
also be used to compare with analytical models
of the rotor wake induced velocity field, and with
predictions of rotor/fuselage interactional effects.
Furthermore, these data have been useful in pro-
viding puidance in selecting regions of the flow-
field for further and more detailed study using hot
wire anemormetry and/or laser-doppler velocime- .
try technigues.

The following conclusions have been drawn
from the present work:

1. The rotor produced significant increases in
total pressure and high induced velocities
within the boundaries of the rotor wake.
These distributions varied in a highly non-
uniform manner, both laterally and longitu-
dinally, and were biased primarily towards
the rear {first and fourth quadrants) of the
disk.

2. The rotor wake boundaries and distribution
of induced inflow were only slightly affected
by the presence of the fuselage, however
measurable changes in rotor performance
were still obtained. When the fuselage was
present, lower values of collective pitch were
required for a given value of rotor thrust.

3. At low advance ratios, the rotor induced
velocities were primarily downward and re-
sulted in a download on the fuselage. As the
advance ratio was increased, the induced ve-
locities becamne quickly streamwise and pro-
duced an overall upforce on the fuselage. At
the same time, significant fuselage pitching
moments were obtained due to the relocation
of the walke boundaries.

4. There was a significant differential pressure
on the rear fuselage, which appeared to
be due to a certain amount of crossflow.
There were also very substantial variations in
streamwise velocity along the whole longitu-
dinal axis of the rotor wake. These variations
were, in some locations, as much as 50% of
the free-stream velocity and may significantly
contribute to the fuselage pressure distribu-
tion.

5. There was considerable wake contraction be-
low the rotor at all the advance ratios mea-
sured. The wake contracted longitudinally to
some 78% of the rotor diameter within 0.45R
below the rotor. [lowever, there was actu-
ally a slight expansion in the lateral direction,
this being about 105% of the rotor diameter.

8. The rotor wake was found to roll up quickly
behind the disk to form two major trailing
tip vortices of almost equal strength. The
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wake from the advancing side of the disk was
found to roll-up more rapidly than the wake
from the retreating side, however both vor-
tices were trailed almost streamwise behind
the rotor disk.
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