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Wake Structure of a Helicopter Rotor in Forward Flight

G. Briassulis* and J. Andreopoulost
City College of the City University of New York, New York, New York 10031

The wake of an idealized two-bladed helicopter rotor in forward flight has been experimentally investigated
using hot-wire anemometry techniques. A model was designed, constructed, installed, and tested in a wind
tunnel. Time-dependent measurements of three-dimensional velocity vectors were obtained for two pitch angles
corresponding to a Reynolds number based on the rotor tip rotational velocity and blade chord of 8.2 x 104

and 6.2 x 104, respectively, at an advance ratio of 0.15. The results include time- and phase-averaged data of
mean velocity components and turbulence intensities, as well as spectral analysis. Profiles of the streamwise
component of the velocity vector have shown the existence of an H, component of the vorticity vector. Analysis
of the vertical and the transverse component of the velocity vector also revealed the existence of an flx component
of the vorticity vector at both edges of the wake. Large levels of turbulent kinetic energy were found almost
everywhere in the wake. Turbulence intensity due to the presence of the counterclockwise rotating vortex reached
the maximum values of 22.4 and 19% for pitch angle 10 and 6 deg, respectively. Spectral analysis of the velocity
components revealed peaks of power spectral densities at frequencies two or four times higher than the blade
passage frequency. This suggests a possible breakup of the vortex sheets roll-up or tip vortices due to large
scale instabilities.

Nomenclature
A = rotor disk area = irR2, m2

Al9 A2, A3 = hot-wire calibration constants
Bl9 B2, B3 = hot-wire calibration constants
b = number of blades
c = blade chord, m
cs = speed of sound, m/s
CT = rotor thrust coefficient, T/pA(coR2)
D = rotor diameter, m
E = hot-wire voltage output, V
/ = frequency, Hz
/0 = rotor frequency, Hz
hl9 h2, h3 = hot-wire coefficient for pitch response
j = bin of the phase average routine
7*1(7) = number of data points in the /th bin
kl9 k2, k3 = hot-wire coefficient for yaw response
Mtip = blade tip Mach number = coR/cs
N = population or data length
n_ = exponent in King's law _ _
q2 = turbulent kinetic energy, \(u2 + v2 +

n>2), m2/s2

Suu = power spectral density of the u + u
fluctuation

Svv — power spectral density of the v + v
fluctuation

Sww = power spectral density of the w + w
fluctuation

T = thrust, TV
U = mean velocity in the x direction, m/s
l/o = tunnel freestream velocity, m/s
C/eff = effective cooling velocity, m/s
(UN, UT, UB) = normal, tangential, and binormal

component of the velocity vector in wire
coordinates, m/s
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(U, V, W) = velocity components in x, y, z directions
in laboratory coordinates, m/s

u = turbulent part of the instantaneous
velocity, m/s

u = periodic part of the instantaneous
velocity, m/s

vt = rotor-induced velocity, m/s
(X, Y, Z) = velocity components in probe coordinates
(jc, y, z) = laboratory coordinates
(jc1? >>!, Zj) = probe coordinates
a — angle of attack, deg
A0 = bin size, deg
A$ = angle between two adjacent

measurements, deg
0 = pitch angle, deg
A = rotor inflow ratio = (U0 sin a + vt)/a)R
fji = advance ratio = U0 cos alcoR
p = density, kg/m3

a = rotor solidity = bc/7rR
$ = azimuth, deg
<£(/) = initial blade angle, deg
ft,,, flz = x and z components of the vorticity

vector
a) = rotor speed, rad/s
{} = ensemble average

= periodic part
= time average

I. Introduction

A ROTOR in low speed forward flight operates in an un-
steady and three-dimensional flow field. The wake of

the rotor contains sprong vortices and vortex sheets.
When distributed vorticity encounters lifting surfaces, it

induces strong temporal variations of the pressure distribu-
tion. Such disturbances often are due to vortex sheets which
roll into vortices.

A better understanding of the instantaneous structure of
the wake and a more detailed insight into the involved phe-
nomena can provide a more precise determination of the ef-
fects of these phenomena on the vibration of the rotor blades
and on the noise production. The control of sound generation
and dynamic response of the structures require understanding
of the fundamental phenomena involved. In addition, the lift
and drag characteristics of the rotor blades are substantially
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Fig. 1 Flow configuration in the wake of two-bladed helicopter rotor.

affected by the near wake, while the performance of the tail-
rotor/tail-boom control surfaces is significantly altered by the
far wake.

The objectives of the present experimental work are to
improve our physical understanding of rotor wake flows in
the presence of a cross stream by looking closer at the vortex
dynamics of the flow, particularly in the far-wake region, and
to obtain a reliable and comprehensible turbulence data which
will be used for testing and improving turbulence modeling
and calculation methods for these types of flows. Lack of
reliable experimental turbulence data, which are needed for
validation of such methods, considerably hampers their de-
velopment towards better predicting capabilities of rotor flows.
Figures la and Ib show a schematic of the flow in the rotor
wake of a two-bladed helicopter rotor in forward flight.

In the present work, an idealized flow case has been sim-
ulated in the absence of any compressibility effects, aeroe-
lastic, or airframe interactions. This article presents selective
results from the experiment.

II. Previous Work
Over the years, many experimental and theoretical at-

tempts were made to reveal the behavior of rotating blades.
One of the major characteristics of the rotor wake flow, as

it has been demonstrated by Heyson1 and Heyson and Kat-
zoff,2 is the roll-up of the vortex sheet to form a pattern of
two vortices similar to the trailing edge vortices of a low-
aspect ratio fixed wing.

Tangier et al.3 have shown that tip vortices interact strongly
with each other so that the wake first contracts and then
expands. It is also claimed that the vortices break down in a
way that is similar to the vortex breakdown occurring over
delta wings.

Extensive analytic and experimental investigations related
to applied problems of helicopter performance and wake ge-
ometry characteristics have been conducted by Landgrebe and
his associates.4"6

Several researchers7"10 conducted blade/vortex interaction
(BVI) experiments to obtain the aerodynamic performance
of the airfoil and to explain some of the phenomena present
in rotor wake flows, such as vortex structure and blade slap.

Since experimental work was limited to hovering blades,
Brand et al.11 conducted an experiment simulating the forward
flight of a rotor with the presence of an airframe model.
Correlating with velocity data indicated that velocities in-
duced by the vortex can be as large as 20% of the blade tip
speed. In conclusion, they found that the motion of the tip
vortex is strongly affected by the presence of other nearby
vortices from other blades or from previous revolutions.

Similar experimental work was carried out by Liou et
al.12"14 to investigate the velocity field of a lifting rotor in low
speed forward flight. They found that the distribution of the
time-averaged velocity normal to the tip path plane is not
symmetrical with respect to the longitudinal axis. The strong-
est downflow was occurring around 70 and 270 deg. Their mea-
surements, however, were confined to the near vicinity of the
blades and did not include any measurements in the down-
stream region of the wake.

Nsi Mba et al.15 acquired data near the blades which led
them to determine the distribution of circulation along the
blade span. They found that for a hovering rotor with sym-
metrical NACA 0012 airfoils, the maximum circulation (F)
was located at the radial station rlR = 0.80. It was also shown
that the presence of sign-inverted velocities at the low blade
radius r/R induces negative values of F near the root.

Cheeseman and Haddow16 investigated the downwash ef-
fect just beneath a specialized lifting rotor up to Q.3R down-
stream. They reported that the roll-up of the vortex sheet at
the tip takes place rapidly and is completed within 5-deg azi-
muth angle after the blade passage.

Leishman and Bi,17 using a miniature pressure probe, con-
ducted an experiment to investigate the wake of the rotor and
fuselage in forward flight as well as the effects of the rotor
flowfield on the body.

In addition to experiments, extensive numerical methods
have been developed to theoretically analyze the helicopter
rotor flow. Recently, Chen and McCroskey18 presented their
work simulating a helicopter with blade rotor flow. Even though
approximations are associated with any numerical method,
the authors were able to obtain good agreement with exper-
imental data in either hover or forward flight. In their work,
the experimental data used for comparison was that of Car-
adonna et al.19 They concluded that near-wake effects can be
captured without wake modeling. A similar theoretical study
was carried out by Berry.20 In his work, he also attempted to
simulate the geometry and effects of a helicopter rotor wake
in forward flight.

Flow visualization has been found to be a very powerful
technique in revealing several key characteristics of the phys-
ics of this very complicated wake flow. Light et al.21 used the
wide-field shadowgraph method for a four-bladed rotor. They
report that tip vortices are visible for low advance ratios up
to 0.175, provided that the rotor thrust is high enough. Tangier22

and Tangier et al.,3 experimenting with a high speed rotor,
showed the bow shocks created by the blades as well as the
location of the vortical structures. They also reported that the
blade vortex intersections can be found in all four quadrants,
but not all of them can be observed by the upper surface.
Jenks et al.23 and Lehman24 investigate the flowfield in water
tanks for various pitch angles and angular velocities. Jenks et
al.23 show the tip vortices at different azimuth angles as well
as the vortex sheet roll-up. Lehman24 concentrates more on
the overall structure of the wake such as wake boundaries
and effects of different rotor configuration on the wake. More
recently, Leigthy et al.25 demonstrated the use of a flow-
synchronized strobed laser light sheet to visualize the wake
of a four-bladed rotor tilted 5.8 deg. Their technique was
capable of following consecutive blade-tip vortices in space.
Interpretation of their results is still to come.

The approach adopted in the present investigation was that
of a basic research project. The real helicopter wake is indeed
an extremely complicated flow. The flow interference with
the airframe below the rotor, e.g., blade flapping and aeroe-
lastic interactions and blade tip compressibility effects, are
phenomena which considerably change the vortex dynamics
of the wake, and therefore, tend to make our physical under-
standing more difficult. By looking into the flow in the ab-
sence of these additional effects, the potential of better under-
standing the vortex dynamics of the wake and eventually being
able to control it, is much greater than directly facing a mul-
tiparameter problem. Therefore, the present work should be
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considered as an idealized situation of the real flow, and not
as an attempt to fully simulate the actual helicopter wake.

III. Experimental Set-Up
The experiments were performed at the CCNY large-scale

wind tunnel. The tunnel has a 20-bhp capacity ac motor which
is frequency controlled and can drive 1133 m3/min (40,000
ft3/min) of air at a maximum freestream velocity of approx-
imately 11 m/s. At the inlet, the flow passes through the 3.66
x 3.66 m (12 x 12 ft) cross-sectional area which contains a
honeycomb and five mesh screens. The cross-sectional area
is contracted to 1.22 x 1.22 m (4 x 4 ft) in the last section,
thus giving a 9:1 reduction in area. The test section is 6.1-m
(20-ft) long, ending at the beginning of the fan/motor section.
The present model consisted of 1) two NACA 0015 blades,
2) shaft 1.9 cm (! in.) in diameter, and 3) rotor hub. The
blades were rigidly attached on the rotor hub. This assembly,
shaft, rotor hub, and blades, was statically and dynamically
balanced in order to minimize vibrations, and therefore, min-
imizing blade deflection due to rotation.

Two experiments were carried out, one at pitch angle 6 deg
and one at pitch angle 10 deg. For both experiments, the
advance ratio //, was kept constant, and equal to 0.15. This
was accomplished by adjusting the tunnel speed and/or the
angular velocity of the rotor.

For 6-deg pitch, the tunnel was operating at UQ = 8.8 m/s
while the angular velocity of the blades was 1200 rpm. For
10-deg pitch, the tunnel was operating at U0 = 6.6 m/s and
the angular velocity of the blades was 900 rpm. These values
were chosen from a range of wind-tunnel velocities and an-
gular velocities of the blades to be the ones with minimum
flow-induced vibrations. A summary of the rotor character-
istics and the flow parameters is given in Table 1.

A brushless electric motor model KH 720 made by Com-
pumotor was used to drive the wooden blades, which were a
NACA 0015 airfoil section of 0.942-m diam, at various angular
speeds up to 2500 rpm. The advantage of this motor was that
a single revolution was resolved by 25,000 individual steps.
Using the built-in indexer of the drive, the motor can be
rotated to a precise position and at a constant angular velocity
during each revolution of the blades. The accuracy of the
angular velocity of this type of motor was ±0.00628 (rad/s).
The drive was able to communicate through a controller card
with an IBM XT computer to monitor and control the angular
position of the rotor assembly. The XT was communicating
through an RS232 interface with the IBM AT so that data
acquisition and location of the blades were recorded simul-
taneously.

To achieve variable pitch angle of the rotor, a mechanism
was designed and built to hold the motor and tilt the whole
assembly of shaft, hub, and blades.26 The motor and this
mechanism were mounted on the floor below the working
section outside the wind tunnel (as shown in Fig. 2a).

The blades were placed inside the wind tunnel so that the
hub is 15.24-cm (6-in.) below the middle horizontal plane of
the working section, to allow for wake flow development with
minimum interference by the tunnel ceiling, since the induced
flowfield displaces the flow upwards. It is known16'17'23 that
the rotor wake in presence of a cross stream, with larger
momentum than that of the induced flow, contracts consid-
erably as it develops downstream. This has been also con-
firmed by the present results. If the wake was considered as
a solid body without fluid entrainment, its blockage could be
4.6% of the tunnel cross section. No corrections were made
to the data because this blockage ratio is considered insig-
nificant in causing any tunnel wall interference. In addition,
since the thrust of the present rotor is very small, the circu-
lation or strength of any of the vortices in the wake should
be also small, and therefore, the effect of the image-vortices
with respect to the tunnel wall is expected to be very weak.

The model was inverted and installed in the wind tunnel
with the rotating shaft placed upstream of the rotor. This

Table 1 Flow parameters and rotor characteristics

Rotor characteristics
Number of blades
Rotor radius
Blade chord
to
Rotor solidity
Aspect ratio
Blade twist
Aerofoil section

Rotor pitch angle
a)R
Mtip
Cr (estimated)
T (estimated)
M
Rec

6 deg
29.6 m/s
0.085
0.0055516
3.38 N
0.15
8.2 x 104

Flow parameters
2
0.471 m
0.04445 m
900 and 1200 rpm
0.0604
10.6
Odeg
NACA 0015

10 deg
22.2 m/s
0.064
0.00967
3.315 N
0.15
6.2 x 104

TUNNEL CEILING

MEASUREMENT AREA

TUNNEL FLOOR

TRAVERSING
MECHANISM

GROUND

Fig. 2a Experimental set-up.

x/R-2

MEASUREMENT AREA

Fig. 2b Measurement locations.

configuration was more preferable than placing the shaft
downstream in terms of additional shaft-wake effects. Thus,
if the shaft was placed downstream of the rotor, then the shaft
itself would be longer and interfere directly with the rotor
wake. In the present configuration, shaft-wake effects would
be small by the time they reached the location of measure-
ments in the rotor wake because they would decay with down-
stream distance.

Data was acquired at five locations downstream for the
center plane and two locations for each of the two off-center
planes for both pitch angles. At each location, profiles were
taken every 10 mm, except at tip level when they were taken
every 2 mm for a total of 140 stations for each pitch angle.
A detailed grid of the measurement area is shown in Fig. 2b.
It contains locations in the near field as well as in the far field,
where to the best of our knowledge, no previous measure-
ments have been attempted. At each station, 10,800 mea-
surements were acquired at a sampling frequency of 694 Hz
for pitch angle of 6 deg and 926 Hz for pitch angle of 10 deg,
recording over 160 revolutions of the blades. The above gave
a sampling resolution of 5.83 deg of azimuth angle for pitch
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angle 10 deg, and 10.37 deg of azimuth angle for pitch angle
6 deg. The reference azimuth angle, </> = 0 deg, was taken
when the blades were perpendicular to the freestream vector.

A 5-ju,m homemade triple hot wire probe was used to si-
multaneously measure the three velocity components as a
function of time.30

The effective cooling velocity of each of the three wires in
the King's law, E2 = A + BU^ff has been expressed according
to the formula

tfeff = (Ul + k2U2
T + /|*Z/|)l/2

as it has been proposed by Jorgensen.31 The coefficients k2

and h2 are determined by yaw and pitch calibrations.
The basic feature of the present probe is that its wires are

parallel to the axis of an orthogonal coordinate system (probe
coordinate system) so that the tangential component of one
wire is normal for another, and binormal for the third. If the
instantaneous velocity vector has components X, Y, Z parallel
to the respective probe coordinates xl9 yl9 zl (see Fig. 3) then
the effective cooling velocity for each wire is given by

[(E\ -

= k2X2 + Y2 + h\Z2

= h\X2

The above system of equations is linear with respect to X2,
Y2, Z2, and the instantaneous velocity components can be
obtained in probe coordinates by matrix inversion shown be-
low:

where D is defined as

D =

The instantaneous velocity components in the laboratory co-
ordinates can be obtained through a further coordinate trans-
formation matrix N from the relation

It should be pointed out that the coefficients kt and ht are
not necessarily the same for all wires. For instance, the av-
erage value for h2 was found to be 1.46, for /z2, was 1.344,
and for h\ was 1.014. Also, the average value for k\ was
0.02, for k\ was 0.0176, and for k\ was 0.015. The results,

PROBE COORDINATES LAB COORDINATES

Centerline

particularly the V velocity component, are very sensitive to
the values of k2 and h2 which are determined by a tedious
yaw and pitch calibration of the probe.

The measurements of Cheeseman and Haddow,16 for ex-
ample, have been obtained without a proper calibration of
the probe, and therefore, their validity is doubtful because of
lack of knowledge of the behavior of the yaw and pitch re-
sponse of the wires.

The signal output of the triple hot wire was free of spikes
and the noise level was below 2 mV. The near-wake flow is
of high turbulence intensity without any flow reversals. Brand
et al.11 reported that flow reversals take place very near the
blades where the flow may be occasionally separated. There-
fore, careful use of hot wire techniques in regions without
flow reversals is permissible. It should be mentioned that, in
general, this probe can recover the instantaneous velocity
vector if this lies within the acceptance "cone." This cone is
geometrically defined by the position of the sensing wires.
However, the accuracy of the measurements improve sub-
stantially when the pitch and yaw angle of the velocity vector
is less than ± 30 deg.27'30'32'33 This indicates that sudden change
of the flow due to vortex passage can be depicted quite well
by the probe.

The triple hot wire was driven by three D ANTEC constant
temperature anemometers type 56C17. The three signals were
digitized by a DASH-20 Metrabyte Analog to Digital Con-
verter which has a 100 kHz maximum sampling rate and 12
bit/word resolution. A Metrabyte Sample and Hold unit, model
SSH4, was also used for simultaneous sampling of all chan-
nels. All hot-wire signals, as well as the Pitot tube pressure
transducer output were monitored by two digital oscilloscopes
type IWATSU OS-6612. The hot-wire probe was mounted
on the traversing mechanism shown in Fig. 2a. The traversing
mechanism was computer-controlled and could provide, by
using stepper motors, three translational motions along the
x9y, z directions and two rotational motions about the y and
z axes for pitch and yaw orientation of the probe. In order
to minimize interference effects in the flowfield, the arm of
the traversing mechanism was 1-m long (20 diam of the mech-
anism's vertical rod).

Error analysis indicated a 6% uncertainty in the measure-
ments of mean velocity components and 8% in the mea-
surements of turbulent kinetic energy. These values include
errors due to discretization, resolution, calibration, and those
caused by the high turbulence intensity (see Ref. 28).

IV. Data Reduction
For a time-dependent flow, it is useful to decompose the

dependent variable into three parts. Namely, the velocity field
response to a perturbation such as a helicopter rotor can be
interpreted as

U(x, f) = U(x) + u(x t) + u(x, t)

The three components of the instantaneous velocity are 1)
the time-averaged or mean, 2) the periodic or deterministic,
and 3) the turbulent part of the velocity field.

The time-averaged velocity component can be expressed as

U(x) = lim —
M

u(x,

The time-average of a fluctuating quantity removes both
background turbulence and periodic contribution.

The ensemble average or phase-average of the longitudinal
velocity component is defined as

(U) = 0(x) + a(x, t) = lim -J- 2 "(*> t + /IT)
AT->OO N n = 0

Fig. 3 Probe and lab coordinates. where Mkt > r, and T is the period of the cycle.
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The average over a large ensemble of points, with respect
to the reference, effectively filters out background turbulence.
For this matter, any turbulent quantity measured in the wake
of the rotor can be averaged in bins of prescribed width in
order to obtain averages with respect to the azimuth angles
of the rotating blades. The average in each bin can be ex-
pressed as

with

. ./ = integer (n -

where A0 is the bin width, A</> = oo&t is the angle between
two consecutive measurements, N(j) is the number of data
points in the y'th bin, (360 deg/A0) is the maximum number
of bins, and <f>(n) is the initial blade angle when data acqui-
sition was begun.

Similar operations were used to deduce other quantities
such as turbulent kinetic energy and shear stresses.

Spectral analysis of the signals was carried out by using Fast
Fourier Transforms.

V. Results
The results of this investigation include conventional sta-

tistical time-averages, phase-averages of three velocity com-
ponents, turbulent kinetic energy and shear stresses, proba-
bility density function of the three velocity components, as
well as spectral analysis of the signals. Only a selection of the
results will be presented here, while details of the work and
more data can be found in the thesis by Briassulis.26 All ve-
locity data have been normalized by the freestream velocity
U0 of the incoming flow.

Figure 4 shows a typical distribution of the mean U velocity
profile in the wake for pitch angle 6 deg. Several profiles at
z/R = 0 indicate typical wake or shear layer type of behavior
with substantial gradients which suggest the existence of strong
vorticity in the field. The profiles at xlR = 1.0, 1.5, and 2
show a small positive velocity gradient dU/dy, which results
in higher velocity at large y/R positions than at y/R = 0. This
is most probably due to the strength of the induced velocity
which is diminishing with increasing y/R distance. That is, a
rotor with higher thrust is expected to produce more intense
vortical structures that would affect the wake flow further
downstream. Similar behavior can be depicted in the case of
pitch angle 10 deg for two different downstream positions at
z/R = —1.0, shown in Fig. 5. Both profiles show a small
velocity deficit which is typical of a wake flow._ _ _

Profiles of turbulent kinetic energy q 2 — i(u2 + v2 4- w2)
are shown in Figs. 6 and 7 for pitch angles 6 and 10 deg,

2.0

1.5

0.5

0.0

x/R=2.0

x/R=1 .5

x/R=1.0

x/R=0.5

x/R=0.0

0.00 0.05 0.10
y/R

0.15 0.20 0.25

Fig. 4 Mean velocity profiles for pitch angle 6 deg, z/R = 0 for various
downstream positions. Velocity axes for xlR = 0.50, 1.0, 1.5, and 2
are shifted 0.25, 0.50, 0.75, and 1.0 units, respectively. Lines are
drawn through the data points for visual aid.

respectively. It is interesting to see that the wake is fully
turbulent and in several locations the corresponding turbu-
lence intensity is extremely high (of the order of 25%). Peaks
in the distributions of q2 are evident in the near field^whereas,
at far downstream stations, the distribution of q2 is more
uniform due to gradient diffusion type qfjurbulent kinetic
energy transport. At higher pitch angles, q2 is increased par-
ticularly at locations close to the rotor blades. An approximate
sense of the turbulent wake boundaries can be extracted from
Figs. 6 and 7. It can be seen from Fig. 6 that the far wake is
contracting. At xlR = 0 the turbulent boundary can be found
at y/R = 0.25, and at xlR = 2.0 at y/R = 0.23 (9% contrac-
tion). For pitch angle 10 deg (Fig. 7) the wake is much more
turbulent. Similar conclusions can be drawn from Fig. 7. At
x/R = 0 the turbulent flow boundary can be found at y/R =
0.38, and at x/R = 2.0 at y/R = 0.29 (25% contraction). That
is, tip vortices are stronger for higher pitch angles. They in-
teract and attract each other, and therefore, the turbulent
wake will contract more for higher pitch angles.

Figure 8 shows the phase-averaged distribution of the three
velocity components for pitch angle 10 deg at z/R = —1.0,
x/R = 0, and y/R = 0.255. All distributions indicate a certain
periodicity with some phase lag between them. (V) and (W)

2.0

1.5

0.5

x/R=1 .0

- x/R=0.0

0.0 0.1 0.2
y/R

Fig. 5 Mean velocity profiles for pitch angle 10 deg, z/R = -1.0 for
two downstream positions. The x/R = 1.0 axis is shifted 0.25 units.

0.08

0.06

r0.04

0.00
y/R

0.20 0.25

Fig. 6 Profiles of turbulent kinetic energy for pitch angle 6 deg, z/R
= 0 for various downstream positions. The axes x/R = 0.50,1.0,1.5,
and 2 are shifted 0.25, 0.50, 0.75, and 1.0 units, respectively.

0.08

0.06

P 0.04

0.00
0.2
y/R

0.3 0.4

Fig. 7 Profiles of turbulent kinetic energy for pitch angle 10 deg,
Z/R = 0 for various downstream positions. The axes x/R — 0.50, 1.0,
1.5, and 2 are shifted 0.25, 0.50, 0.75, and 1.0 units, respectively.
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components are zero crossing practically at the same phase,
indicating the existence of strong streamwise vorticity at this
particular location.

Figure 9 shows the phase-averaged turbulent kinetic energy
at the above-mentioned position and two other positions
(y/R = 0.106 and ylR = 0.0). Turbulence intensities at y/R
= 0.255 shows that at the peak, which takes place at a phase
angle <f> = 220 deg, the turbulence intensity V<pO)/{£/(<£)}
({£/(</>)} can be found in Fig. 8) corresponds to a value of 30%,
while the minimum value in the whole cycle appears to be
about 20%. This indicates that there is no position in the cycle
with low turbulent intensity. From Fig. 9, we can get a sense
of the distribution of turbulence in the wake. Blade passages
can be seen at y/R = 0.106 for <£ = 112 deg and <£ = 292
deg which correspond to a phase lag of 22 deg._

The spatial evolution_of the phase-average q2 is shown in
Figs. 10 and 11, where q2 is plotted for several typical phase
values at downstream locations. Two peaks are present at
almost all phases at x/R = 0, most probably due to vortex
passage (Fig. 10), while turbulent diffusion evened out any
nonuniformities of q2 at x/R = 1.0 (Fig. 11).

1.0

0.8

0.6

o 0.4
£
o
3 0.22

0.0

-0.2
90 180 N

4> (deg.)
270 360

Fig. 8 Phase-averaged distribution for pitch angle 10 deg, z/R
-1.0, x/R = 0, y/R = 0.255 for three velocity components.
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90 270 360180
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Fig. 9 Turbulent kinetic energy profile for pitch angle 10 deg, z/R
= -1.0, x/R = 0, for three different heights.
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Fig. 10 Profiles of turbulent kinetic energy for pitch angle 10 deg,
z/R = —1.0, x/R = 0 for various azimuth values.

Typical results of the spectral analysis are presented in Fig.
12. Power spectral density of the three velocity components
u, v, and w at z/R = -1.0, x/R = 0, and y/R = 0.255 are
shown in Figs. 12a, b, and c, respectively, for pitch angle 10
deg. The fundamental frequency /0 is the fundamental fre-
quency of the rotor 15 Hz. Peaks of spectral densities can be
observed almost at all harmonics up to the 8th. Since the rotor
consists of two blades, the blade passage frequency is 2/0. It
is interesting to observe that the amplitude of the v component
spectral density is larger than in the other components, in-
dicating that the v component is more receptive at this fre-
quency, 2/o, rather than at the fundamental /0. Similar be-
havior has been found in the von Karman vortex street behind
a circular cylinder where the v component is used to detect
periodicities in the wake. The most probable physical phe-
nomenon associated with the appearance of higher harmonics
seems to be the splitting or breakup of the tip vortex or vortex
sheet into two or more vortical structures. Amalgamation or
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Fig. 11 Profiles of turbulent kinetic energy for pitch angle 10 deg,
z/R = —1.0, x/R = 1.0 for various azimuth values.
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Fig. 12 Power spectral density (5) of w, v, and w component, re-
spectively, at x/R = 0, z/R = -1.0, ylR = 0.255 for pitch angle 10
deg. The frequency domain (/) is normalized by the rotor frequency
(/o).
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coalescence of vortices can be ruled out because it results in
frequency halving rather than frequency doubling. The fre-
quency of appearance of the tip vortices is that of the blade
passage frequency. In addition, the higher harmonics peaks
are only in the u and v components, suggesting that these
structures carry mainly O2 vorticity. Brand et al.11 pointed
out that large induced velocity effects of the vortices on each
other exist in the wake, and that the interaction is quite strong.
The present results indicate that these highly distorted vortex
sheets and tip vortices split or breakup due to strong mutual
interactions which cause large instabilities.

VI. Conclusions and Final Discussion
A study of a helicopter rotor in forward flight has been

attempted in a wind tunnel. The experiments revealed several
key characteristics of the flowfield in the rotor wake region
at a constant advance ratio n = 0.15 and two pitch angles 6
and 10 deg.

Mean values of velocities and turbulent kinetic energy, as
well as phase-averaged distribution and probability density
functions (not shown here), were computed and used to in-
terpret the results. Consistent results were obtained for both
pitch angles.

Profiles of turbulent kinetic energy, presented for the first
time, indicated that the wake of the rotor is highly turbulent
and that its turbuence is increasing with pitch angle. It is
therefore obvious that any attempt to compute the complex
wake flow of a rotor blade should include a satisfactory mod-
eling of turbulence. In viscid flow calculations have a rather
limited potential to adequately predict these flows.

The measurements indicated the existence of substantial
vorticity in the flowfield which is associated with the vortex
sheets shed off the blades and/or the vortex emanating from
the blade tip. This vortical system is rather difficult to visualize
and its vortex lines have different orientations at different
locations inside the flowfield. It is also very difficult to at-
tribute any vorticity measured in the flow to the tip vortex
and not to the vortex sheet or vice versa. However, it is
reasonable to assume that any vorticity found in the lower or
upper edge of the wake is due to the tip vortices, and that
any vorticity found in the inner flowfield is associated with
the vortex sheet.

Vortices emanating from the two blade tips were found in
every plane tested for both pitch angles. Analysis of the data
have shown the presence of a clockwise rotating vortex at the
lower edge of the wake (y/R = 0) and the presence of a
counterclockwise rotating vortex at the upper edge of the
wake (y/R = 0.2 for pitch angle 6 deg, and y/R = 0.32 for
pitch angle 10 deg) in most of the planes tested. More spe-
cifically, the effects of the Hz component of the vorticity vector
were found through analysis of the streamwise component of
the velocity vector for the center plane and for the plane
z/R = -1.0. The velocity distribution at the plane zIR =
— 0.50 was reasonably constant, and therefore, the Oz vor-
ticity was negligible at this plane.

Furthermore, £lx component of the vorticity vector was
found to be present inside the rotor wake. Analysis of the
vertical and the transverse component of the velocity vector
had indicated the presence of a clockwise rotating vortex at
the lower edge of the wake. A counterclockwise rotating vor-
tex was found at the upper edge of the wake (y/R ~ 0.2 for
pitch angle 6 deg, and y/R « 0.32 for pitch angle 10 deg).
The trace of the vortex sheet between the two downstream
stations was found to have an upward motion. A 40% increase
in the height location of the vortex sheet was evident in every
region where it was detectable.

The presence of the counterclockwise rotating vortex was
associated with high values of turbulent kinetic energy.

At the location of the counterclockwise rotating vortex, the
turbulence intensity was 22.4% for pitch angle 10 deg and
z/R = —1.0. At the next downstream station (5 diameter
away) the turbulence intensity was 14.1%. In contrast, for

pitch angle 6 deg and z/R = -1.0 the turbulence intensity
was 19%, and j diameter downstream was 16.7%.

Phase-averaged results and spectral analysis provided some
more insight of the structure of the wake. The v component
is more receptive to blade passages than the w component.
Peaks at higher harmonics were also found in the spectra of
the u and v components suggesting a split or breakup of the
vortex sheet or tip vortices. Direct blade vortex interaction
seems not to be responsible for this effect since the wake of
each blade is washed downstream away from the blade plane
by the cross stream before the following blade interacts with
it. The reason for this behavior is the large pitch angle of the
rotor, which in conjunction with the advance ratio, does not
allow a direct interaction between blade and vortex or vortex
sheet. However, mutual interaction between the two tip vor-
tices and/or vortex sheets may cause instabilities which can
lead to a breakup of the vortices or vortex sheets. Several
authors11'29 have indicated a possible "secondary vortex gen-
eration" mechanism. The present results confirm this obser-
vation. However, peaks of spectra were also found at higher
harmonics. This suggests that further splitting or breakup of
the vortices takes place. Eventually, this mechanism leads to
the appearance of more vortical structures rather than vortices
which are responsible for the high turbulence intensities found
in the wake.
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