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Results from Laser Sheet Visualization
of a Periodic Rotor Wake

A. Brand,* N. Komerath,t and H. McMahon$
Georgia Institute of Technology, Atlanta, Georgia

A laser sheet has been applied to the visualization of a periodic rotor wake produced by a model rotorcraft
in forward flight. A stiff, two-bladed teetering rotor is mounted independently of an idealized airframe
consisting of an instrumented circular cylinder with a hemispherical nose. The model was installed in a wind
tunnel, and tests were carried out at three different advance ratios (forward flight speeds) at one value of rotor
collective pitch angle. The laser sheet technique enables detailed flow visualization to be carried out. Quantita-
tive data regarding the location of the rotor tip vortex can be obtained. Results from the flow visualization
confirm that the rotor wake is a complex flowfield not amenable to simple analysis. However, the details of the
tip vortex geometry are both periodic and repeatable. The motion of the rotor wake in close proximity to the
airframe is examined. The behavior of the tip vortex is strongly affected by the presence of the airframe. In
particular, the interaction of the rotor tip vortex with the airframe results in the destruction of the vortex core;
apparently the vorticity is diffused, and the vortex loses its definition. No vortex filaments appear below the
airframe as identifiable flow features. Examples of airframe surface pressure data are presented and are seen to
correlate well with the results from the flow visualization.

Nomenclature
b = number of blades (2)
Cp = pressure coefficient, (P - P^/q^
CT = thrust coefficient, T/pirQ2R4

c - blade chord
P = mean static pressure
POO = test section freestream static pressure
#00 = freestream dynamic pressure, pFi/2
R, T = rotor radius and thrust, respectively
FOO = tunnel freestream velocity
X,Y,Z = stream wise, transverse, and vertical coordinates,

respectively.
fi = advance ratio, V^/QR
p = density of air
a = rotor solidity, blade area/xft2

^ = rotor blade azimuth angle, deg
Q = rotor shaft angular velocity, rad/s

Introduction

THE vortical wake of a helicopter rotor in forward flight
creates an extremely complex flowfield that is difficult to

model analytically or to study experimentally. The wake flow
is unsteady and asymmetric and can contain large amounts of
energy in the tip vortices that are shed from the rotor blades.
The airframe and the rotor have a mutual aerodynamic inter-
ference one with the other which, in turn, is reflected in the
behavior of the wake. The helicopter in forward flight thus
represents a challenging problem in aerodynamics, which must
be better understood if significant advances are to be made in
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such areas as helicopter performance and handling qualities.1'2
As a research task in the Rotary Wing Center at Georgia

Institute of Technology, an experimental study was under-
taken, aimed at gaining physical insights regarding the role of
the rotor wake in forward flight. These experimental investi-
gations furnish a comprehensive data base that will be useful
in the formulation and evaluation of prediction codes now
being developed.3

The experimental testing involves the use of an idealized
model rotor and airframe mounted in the John J. Harper
2.31 x 2.74-m wind tunnel at Georgia Institute of Technology.
Extensive measurements of both mean and periodic surface
pressure distributions on the airframe have been made, and
the boundaries of the rotor wake have been determined.4'5 A
laser velocimeter has been used to make detailed flow velocity
measurements near the rotor tip path plane and in the wake
flow between the rotor and the airframe.6 These measure-
ments are very time consuming, and a method was sought that
would allow visualization of the rotor wake to guide the
placement of the data-taking grids at points away from the
surface of the airframe. This also would enhance the interpre-
tation of surface pressure measurements.

Laser sheet visualization of steady flowfields has been used
successfully for several years.7"9 By building on this back-
ground, a laser sheet technique was developed for visualizing
the periodic wake flow between the model rotor and the
airframe. More precisely, the vortices emanating from the tips
of the rotor blades were made visible. This technique involves
the strobing of the laser sheet, with data collected by means of
a video camera and reduced in a quantitative fashion by using
a monitor and a superimposed spatial grid. The details of this
visualization method are found in Ref. 10.

During the development of the laser sheet visualization
technique for this study, it became apparent that knowledge of
the location and behavior of the blade tip vortices provided
many insights into the physical features of the flow, allowing
improved physical interpretation of the surface pressure data.
The visualization results reported here are intended to show
the kinds of data that can be obtained from the laser sheet
method. Furthermore, correlations with other measurements
are presented to illustrate how knowledge from flow visualiza-
tion can enhance the interpretation of other data and lead to
a better understanding of the aerodynamics of the helicopter
in forward flight.
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Fig. 2 Test configuration: three views and comparison of rotors.

Experimental Setup
The rotorcraft test configuration as installed in the wind

tunnel is shown in Fig. 1. The idealized airframe consists of an
instrumented cylinder (134 mm diam) with a hemispherical
nose. The cylinder is supported by a sting mount. Surface
pressure taps along the length of the cylinder are used to
measure mean surface pressures, while microphones installed
in ports flush with the airframe surface are used to measure
periodic (instantaneous) surface pressures relative to the mean.

The rotor is supported independently of the airframe on a
drive shaft projecting downward from the tunnel ceiling. This
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Fig. 3 Typical flow visualization setup.

arrangement allows the spacing to be varied between the rotor
hub and the air frame. In addition, the cylinder can be moved
in a stream wise direction so as to vary the relative position
between the rotor plane and the air frame nose.

Two rotors with equal radii and planform area have been
used in these tests. The rotors have a solidity o of 0.12 and a
range of measured thrust coefficients from 0.00842 to 0.01096
(depending upon the advance ratio and the blade type). The
blades differ in that one has a rectangular planform and the
other is tapered 3:1 (Fig. 2). The tapered blade is designed to
provide more uniform spanwise blade loading by creating
more lift inboard than the rectangular planform does. Both
rotors are very stiff, so that aerodynamic changes resulting
from bending are prevented. The blades are fixed in pitch and
are mounted on a simple teetering hub. The lack of controls at
the hub makes for a minimum hub size, which is desirable for
minimal hub interference effects. The rotor speed 12 is kept
constant at 2100 rpm. The advance ratio ju, is varied by chang-
ing the tunnel velocity. The simulation of forward speed is
completed by a 6-deg forward tilt of the rotor shaft, as shown
in Fig. 2. A complete description of the facility and the associ-
ated instrumentation is given in Ref. 11.

A typical laser sheet flow visualization arrangement is
shown in Fig. 3. A 5-W argon ion laser is used to create an
intense sheet of light (less than 3-mm thick) within the test
section. This sheet, which is formed by a cylindrical lens
positioned in the path of the laser beam, can be made to form
a plane at any desired angle to the axis of the wind tunnel. The
sheet is rendered visible by particles of atomized mineral oil
injected into the wind-tunnel flow to reflect and scatter the
laser light. The particle generator is located in the diffuser of
the wind tunnel, and the particles distribute themselves uni-
formly throughout the closed return circuit of the wind tunnel.

The scarcity of seed particles within the tip vortex core
furnishes the basis for this visualization technique. Although
the flowfield is uniformly seeded, the flow associated with the
rotor blade tips creates a vortex filament that contains few
seed particles. When a tip vortex filament intersects the laser
sheet (Fig. 4), the core of the vortex is seen as a dark spot,
since few particles are within the core to scatter the light.
Because the rotor wake structure is periodic, it is possible to
freeze vortex core images in the light sheet by strobing the
laser at the rotor frequency. In addition, images of the vortex
motion can be generated as a function of rotor blade azimuth
angle by shifting the strobing frequency with respect to the
rotor frequency. Methods for obtaining the vortex core coor-
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Fig. 4 Photograph of vortex core over top of airframe.

dinates in space and the corresponding rotor blade azimuth
angles have been developed and are explained in Ref. 10.

Figure 3 illustrates the formation of a vertical light sheet
coincident with the axis of the airframe. A photograph taken
with a still camera located at the viewing position of Fig. 3 is
shown in Fig. 4. The vortex core (a dark spot contrasting with
the bright, uniformly seeded surroundings) was shed from the
previous blade (not shown) and is moving on a trajectory
above the airframe center line.

The motion of a vortex core can be followed as the rotor
blades rotate. The spatial geometry of the resulting trajectory
curve can be deduced with suitable accuracy by using a precise
grid superimposed on the flow visualization images. The geo-
metric accuracy of such trajectory curves is estimated to be
within 10 mm of the actual value, roughly corresponding to
the vortex core radius. As the vortex core moves along the
trajectory, the corresponding blade aximuth angle also may be
determined/The accuracy in determining the vortex core posi-
tion for a specified rotor azimuth angle is estimated to be ±20
mm along the trajectory curve.

Laser Sheet Results and
Correlations with Other Data

As can be seen from Fig. 4, the laser sheet visualization
furnishes a relatively simple method for defining the flowfield
in advance of laser velocimeter measurements. Thus, the
boundaries of the rotor wake and the position of vortices of
interest can be determined rather precisely before any point
measurements are made. This greatly reduces the number of
data points that must be taken with the laser velocimeter.

Velocimetry techniques, when applied to rotor flowfields,
usually rely on the periodic nature of the wake structure. This
is especially true for measurements near the vortex core. If a
vortex core does not appear in the same spatial location for
each turn of the rotor, then the measured velocity pattern
becomes smeared spatially, since the data must be taken over
many rotor revolutions, and the vortex is said to "jitter."
With respect to flow visualization, we may define jitter as a
fluctuating vortex position when the laser strobing is synchro-
nized with the rotor frequency. Such vortex jitter was ob-
served in this study during hover and at low advance ratio
where the rotor wake hits the wind-tunnel floor. However, no
jitter was observed at the advance ratios where the flow visi^al-
izations were taken. This is an important result for those
engaged in taking laser velocimeter data.

The laser sheet visualization technique offers other benefits.
Being able to ascertain the behavior of the rotor tip vortices
from the results of the flow visualization helps to explain some
of the physical features of the flow. Furthermore, correlating
the flow visualization with other data sets allows for better
interpretation of the data. Examples of the behavior of the
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Fig. 5 Tip vortex trajectories as a function of blade azimuth angle.

rotor wake as inferred from visualization results, plus the
correlation of the visualization results with other data, are
presented next.

Trajectories
Figure 5 shows the rotor tip vortex trajectories over the

front portion of the airframe at three different advance ratios
(since the rotor was run at constant rpm, these correspond to
three different flight speeds). The laser sheet is positioned in
the vertical plane of symmetry of the cylindricalair frame. At
each flight speed, the tip vortex shed by one of the rotor blades
is tracked by monitoring the behavior of the vortex cross
section in the laser sheet as the vortex is swept streamwise and
downward. The resulting trace in the laser sheet is a trajectory
curve shown in Fig. 5. The curve begins at X/R = — 1, which
is the blade tip location when the rotor azimuth angle is 180
deg. However, the tip vortex becomes visible only when the
blade trailing edge passes through the light sheet. Thus, the
vortex first appears when the rotor blade is at an azimuth
angle of 184 deg (since the azimuth angle is measured to the
blade quarter chord by convention). Subsequent vortex posi-
tions are indicated by the corresponding blade azimuth angles
as the blade proceeds to rotate about the hub. For example, at
the lowest flight speed, the vortex that was shed in the vertical
plane of symmetry at Z/R = 0.24 has moved down to Z/
R =0.20 when the blade associated with it has gone a further
176 deg of rotation; the vortex impinges on the airframe when
the rotor blade has gone through an additional 47 deg of
rotation. Similar trajectories and blade reference information
appear in Fig. 5 for the other two forward flight speeds.
Because the rotor is run at fixed rpm and blade pitch angle, the
tip path plane adjusts slightly as the flight speed is increased
(rotor flap back). Hence, there is a small vertical spacing
between the three vortex trajectories at X/R = -1.0.

Examination of the vortex trajectory curves shows that
there is a slight upflow near the front of the rotor disk. Laser
velocimeter measurements6 confirm this but also show that
there is a mean upwash in this region, even in the absence of
the airframe. Thus, the observed upflow behavior is attributed
to effects induced by vortices that have moved downstream
along the rotor wake.

When the rotor blade shedding the vortex has reached a
blade azimuth angle of 360 deg, the vortex core visible in the
laser sheet is said to have * 'aged" by 176 deg. At that time, the
second rotor blade approaches the light sheet and passes over
the vortex. The down wash of this second blade pushes the
vortex downward rather abruptly, resulting in a bump or
steepening in the vortex trajectory, as seen in Fig. 5. Also, just
as the vortex is about to impinge of the surface of the air-
frame, the convective speed of the vortex in the A" direction is
sharply reduced. This results in a steep downward bend in the
trajectory just before impingement. This behavior of the vor-
tex close to the airframe can be explained on the basis of
elementary vortex theory. If the surface of the cylindrical
airframe is treated as being locally two-dimensional, then an
image vortex system of equal and opposite strength to that of
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Fig. 8 Instantaneous velocities measured through tip vortex core.

the approaching vortex may be used to represent the presence
of the solid surface. The sense of the image vortex is such that
it would decrease the X component of velocity just above the

surface and hence cause the vortex trajectory to take a steep
downward bend.

Figure 5 and later figures serve to illustrate the difficulty of
representing the rotor wake analytically, since the behavior of
the tip vortices is so irregular in space. However, the details of
the vortex geometry are both repeatable and periodic. Thus,
the laser sheet visualization could be used to provide measure-
ments for use in a prescribed wake analysis. The three trajec-
tories in Fig. 5 represent the position of the vortex core to an
estimated accuracy of ± 10 mm or to an uncertainty approx-
imately equal to the core radius.

Correlation with Surface Pressure Data
Correlation of the flow visualization data with airframe

surface pressure data is illustrated in Figs. 6 and 7. Figure 6
shows the measured mean surface pressure distribution along
the top forward portion of the airframe. The pressure coeffi-
cient is normalized by the freestream dynamic pressure; hence,
larger values of Cp will occur at lower flight speeds for the
same value of surface pressure. Also shown in this figure is the
point of vortex impingement for each of the three forward
flight speeds as inferred from the laser sheet results in Fig. 5.
It is seen that the sudden sharp rise in surface static pressure
correlates with the point of tip vortex impingement on the
surface. At the lower forward speeds, values of pressure coef-
ficient greater than + 1 are observed both at the point of
vortex impingement and downstream within the rotor wake.
This indicates that energy has been added to the flow by the
rotor and that much of that energy is concentrated in the tip
vortices.

Figure 7 shows typical traces of the periodic pressure varia-
tion at two points on top of the airframe at a fixed value of
forward speed. These traces represent fluctuations in periodic
pressure about the mean value of pressure at the two stations.
It is seen that the variations in pressure are substantial and
that laser sheet visualization allows the the peaks in the varia-
tions to be identified with physical happenings in the flow.
The pulse at ^ = 180 and 360 can be correlated with blade
passage over the microphones. Away from this peak, the curve
for the microphone at X/R = —0.633 is relatively flat. How-
ever, the microphone at X/R = -0.550 exhibits a blade pas-
sage peak followed shortly by a peak of comparable magni-
tude, which can be identified from flow visualization as being
due to the vortex impinging on the surface very close to this
microphone.

From these typical results, it may be seen that the use of the
laser sheet visualization greatly enhances the interpretation of
more conventional surface pressure data.

Correlation with Velocity Data
Figure 8 represents the kinds of information that can be

collected by combining the laser sheet with the laser velocime-
ter. First, the light sheet was used to locate a tip vortex in
space at a particular freestream speed. Then a series of points
was taken vertically through the vortex core with the laser
velocimeter to determine the velocity profile of the core. Fig-
ure 8 shows the streamwise velocity components induced by
the vortex core, relative to an observer moving with the vor-
tex. This measurement indicates that the velocities induced by
the vortex can be large, as much as 20% of the blade tip speed.
Since the freestream speed is only 15% of the blade tip speed,
it is not surprising that the tip vortex has such a large effect on
the pressure distribution on the surface of the airframe.

The data of Fig. 8 are also useful in that they allow an
experimental vortex core radius to be determined. This is
valuable for analytical modeling of close vortex/surface inter-
actions. The core radius is defined as the distance from the
center of the core to the point of maximum tangential velocity.
A core radius of 8 mm is deduced from the velocity measure-
ments in Fig. 8. This value corresponds closely to the size of
the particle void (i.e., the dark spot) observed in the laser sheet
visualization.
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Fig. 9 Idealized rotor wake geometry for ¥ = 70.
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Fig. 10 Trajectory of a vortex pair near outboard edge of wake
(looking upstream).

Vortex Interactions
Figure 9 presents an idealized wake geometry; that is, the tip

vortex filament is assumed to move as if acted on only by the
freestream, with no self-induced effects included. As one
would expect, the result is a regular helix, which sweeps down-
stream below the rotor plane. It is noted that the filaments are
closest to one another at large values of Y, i.e., at the most
outboard regions of the flowfield. A measurement plane lo-
cated at a large value of Y, as indicated by the dark line on
Fig. 9, was studied using the rectangular planform rotor. Near
this measurement plane, the vortices are close together and
nearly aligned with the freestream direction. Accordingly, a
laser sheet was directed across the wind tunnel test section at
right angles to the axis of the air frame at X/R =0.50. The
cross sections of two or more vortex cores were made visible,
and the motion of these cores was studied as the blade pro-
ceeded through 285 deg of rotation. The spatial behavior of
two cores with respect to one another was documented, and

the results are shown in Fig. 10.
The geometric origin of the coordinates in Fig. 10 is taken

to be the point at which the rotor blade trailing edge exited
from the laser sheet and a shed vortex first appeared. When
this occurred, the rotor blade was near an azimuth angle of 70
deg. The position of the shed vortex at this instant is shown by
a square, open symbol at the origin of the coordinates. Also
shown in the figure, and denoted by a circular, closed symbol
labeled ^ = 250, is the location (at the same instant) of the
vortex core generated 180 deg earlier by the previous rotor
blade. The subsequent trajectories traced by the pair of vor-
tices are shown in Fig. 10, with the simultaneous vortex core
positions denoted by paired solid and open symbols separated
by 180 deg.

The simple wake model of Fig. 9 indicates that the blade tip
vortex should initially move outboard as the rotor blade con-
tinues past the laser sheet. The behavior of the vortex from
^[ = 70 to 105 is just the opposite. It is apparent that the
induced effects of the vortices on one another can be substan-
tial. In an attempt to quantify this effect, the induced vortex
velocity field was evaluated from Fig. 8 and applied at the
vortex core locations denoted with paired solid and open
symbols in Fig. 10. (Although the tip vortex strength varies
between the tapered and rectangular blade and also with rotor
blade azimuth angle, the vortex velocity distribution measured
from Fig. 8 was taken as being representative of the strength
of the vortices discussed here.) In Fig. 10, a velocity vector
shown induced at a core location with an open symbol is due
to the companion vortex with the closed symbol, and vice
versa. It is apparent that this approach is not sufficient to
explain the observed behavior of the tip vortex. The behavior
may be explained on the basis of "secondary vortex genera-
tion," observed by Larin.12 This phenomenon is associated
with strong interactions between neighboring vortex fila-
ments. The individual filaments become severly distorted,
lopping over one another and creating an extremely complex
three-dimensional vortex system at the outboard edges of the
rotor wake. It should be emphasized that the trajectories
shown in Fig. 10 are repeatable in a periodic sense. As one tip
vortex moves to its location at ̂  = 250, another appears at the
tip, and when the first vortex moves onward to ^f = 430, yet
another appears at the tip. This pattern is repeated every rotor
half-revolution, and the location of the vortices in space for
any given value of ^ is remarkably consistent. These results
demonstrate the extreme complexity of the rotor wake.

Airframe Effects
The ability of the laser sheet to document a rotor wake is

shown in Fig. 11. This figure is a composite of information
obtained from vertical laser light sheets aligned parallel with
the air frame axis and moved to 10 different Y/R stations.
Vortex core coordinates having common rotor blade azimuth
angles were connected at the various Y/R stations, revealing
the instantaneous vortex filament shapes and locations as
shown. Actually, because a two-bladed rotor was used, only
vortex filaments 180 deg apart in age exist simultaneously. For
instance, the tip vortex filament present at 210 deg coexists
with the filament labeled 390 deg, which was shed from the
previous blade. Figure 11 represents a top view of the rotor
wake over the forward portion of the airframe. The dashed
lines represent the location of the vortex wake as predicted by
the simple method discussed with reference to Fig. 9, whereas
the solid lines represent filaments derived from visualization.
The measured vortex filaments are seen to convect down-
stream faster than the idealized vortex filaments. This is due to
wake contraction occurring within the nonideal wake.

Relative to the idealized wake, the progression of filaments
in Fig. 11 shows increasing distortion as the solid boundary of
the airframe is approached. Portions of the filaments that are
above the airframe appear to move more slowly in the stream-
wise direction than do those portions of the filaments out-
board of the airframe. Such a behavior was noted earlier, in
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Fig. 11 Comparison of idealized tip vortex geometry with visualized
geometry (̂  = 0.10).
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Fig. 12 Front view of tip vortex filaments obtained from flow
visualization.

the discussion of vortex trajectories above the air frame, and is
attributed to the vorticity distribution set up on the airframe
surface by the approaching vortex filament.

Inside the region to the right of the heavy dashed line in Fig.
11, no vortex core was observed. It appears that the filament
is cut and that each end passes independently down the side of
the airframe. Figure 12, a cross plot of the data in Fig. 11,
shows what happens to the vortex filaments with respect to a
vertical plane. The vortex filaments appear to terminate in
space as observed in the flow visualization. That is, the vortex
core loses its definition and can no longer be tracked. It
appears that the vortex impingement on the airframe precipi-
tates vortex breakdown. The core rapidly entrains seed parti-
cles as it diffuses, rendering it invisible to the laser sheet. A
comprehensive description of the wake geometry, such as is
presented in Figs. 11 and 12, should be useful to those at-
tempting to model the rotor-air frame aerodynamics.

Concluding Remarks
As a result of the flow visualization experiments carried out

with the laser sheet technique, the following conclusions may
be drawn:

1) The laser sheet technique is a powerful and relatively
simple method for visualizing the details of the periodic rotor
wake.

2) Quantitative results may be derived from the visualiza-
tion with satisfactory accuracy.

3) Laser sheet flow visualization allows for correlations
with other data to be made. Thus, this visualization technique
is extremely useful for interpreting point measurements.

4) Details of the tip vortex geometry are periodic and re-
peatable.

5) The behavior of the rotor tip vortex is strongly affected
by the presence of the airframe.

6) The motion of the tip vortex is strongly affected by the
presence of other nearby vortices from other blades or from
previous revolutions.

7) Vortex interaction with the surface of the airframe re-
sults in a sudden loss of vortex core definition. The tip vortex
is not observable as a distinct flow feature below the airframe.
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