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A test was conducted to examine the feasibility of using the wide-field shadowgraph method for visualizing the
wake of a small-scale helicopter rotor in forward flight. A wide range of test conditions was examined, including
thrust and forward speed variations. Shadowgraphs from the side and top of the rotor were obtained. The
visibility of the tip vortices using the shadowgraph method was documented for advance ratios up to 0.175. It
was demonstrated that shadowgraphs can be used to obtain qualitative and quantitative information about wake
geometry, wake/body interactions, and blade/vortex interactions in forward flight. Video cameras were used
for the first time to record the shadowgraphs. These provided several advantages compared to still cameras,
and greatly enhance the capabilities of the shadowgraph method.

Notation
= rotor disk area, mR*, m*
= blade chord, m
; = rotor thrust coefficient, T7/pAV3,
= number of blades
= rotor radius, m
= rotor thrust, N
4 = rotor tip speed, (IR, m/s
. = free stream wind speed, nvs
= longitudinal distance from rotor centerline, parallel to
free stream, m
= vertical distance from blade tip, perpendicular to free
stream, m
= rotor advance ratio, V../(IR
= air density, kg/m*
= rotor solidity coefficient, Nc/TR
rotor rotational speed, rad/sec

Introduction

r he wake geometry of a helicopter determines many aspects
of helicopter performance in forward flight. Knowledge
f the overall wake geometry is vital for accurately calculating
1e performance and dynamics of the rotor. Understanding the
tteraction between the tip vortex and the fuselage is important
o the analysis of aircraft performance and vibratory loads,
'hile knowledge of the close interaction between the trailed
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tip vortices and the blade (blade/vortex interaction) is important
for airload prediction and for the study of acoustics. This paper
examines the usefulness of the wide-field shadowgraph tech-
nique for studying each of these areas.

Research has been conducted to experimentally quantify the
wake geometry for a helicopter in forward flight. In early work,
Lehman tracked vortex trajectories from a model rotor in a
water tunnel (Ref. 1). Biggers et al. (Ref. 2) used a laser
velocimeter to quantify tip vortex locations over a limited por-
tion of the rotor disk. Tangler (Ref. 3) used the schlieren method
to examine blade/vortex interactions for small-scale rotors in
descent and in high-speed flight. Landgrebe et al. (Ref. 4) used
both schlieren and smoke-flow visualization to obtain the most
complete forward-flight data to date. Recently, Brand et al.
(Ref. 5) used a laser light sheet to examine wake/body inter-
actions in low-speed forward flight. They examined a large
number of individual cross sections of the flow to determine
tip vortex trajectories.

The wide-field shadowgraph method has been a useful tool
for examining tip vortex geometry for hovering rotors (Refs.
6-8) but its application to forward flight has not been exten-
sively examined. This technique offers several advantages over
the other methods mentioned; it does not require special models
or seeding of the flow, and it is relatively simple to set up and
operate.

The wide-field shadowgraph technique was first used to ex-
amine helicopter tip vortex location in forward flight in a joint
Army/NASA/Boeing small-scale test at the Duits Nederlandse
Wind tunnel (DNW) (Ref. 8). This test used a 1/5-scale Boeing
Model 360 rotor. Shadowgraphs from this test were obtained
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only from below the rotor on the advancing side and showed
the convection of the wake as it progressed downstream at low
advance ratios.

A test was recently conducted by NASA to more fully de-
termine the usefulness of the wide-field shadowgraph technique
for examining wake phenomena of a model helicopter rotor in
forward flight. In this test, the wake was more completely
examined than in the earlier forward-flight shadowgraph test.
This was accomplished by obtaining side- and top-view sha-
dowgraphs for all four quadrants of the rotor. The visibility of
the tip vortices in the shadowgraphs was examined for a wide
variety of rotor operating conditions. The use of videotape as
a recording medium for the shadowgraphs was also examined.

This paper presents representative results from the test. These
results include shadowgraphs for several run conditions and
quantitative data obtained from the shadowgraphs.

Test Setup

The test was conducted at the Glenn L. Martin Wind Turnel
at the University of Maryland. This wind tunnel has a test
section of 2.36 X 3.35 m. The rotor used in the test was a
1.651 m-diameter, four-bladed, fully articulated rotor. The blades
had a constant chord and rectangular tips. Rotor characteristics
are summarized in Table 1. The fuselage was a body of rev-
olution that approximated a helicopter (main body and tail
boom) configuration (Ref. 9). The rotor and fuselage are shown
installed in the tunnel in Fig. 1.

The shadowgraph system consists of a camera; a short du-
ration, high-intensity, point-source strobe; and a retroreflective
screen (Fig. 2). Shadows of the rotor tip vortices are cast on
the screen when the light passes through the rotor wake. These
shadows are the result of changes in the refractive index of the
air caused by the naturally occurring density gradients in the
tip vortex core. The light is then reflected from the retrore-
flective screen back to the camera, producing an image with
thin, dark curves that are projections of the tip vortices.

For this test, the windows of the wind tunnel test section
were replaced with plywood sheets. Holes were cut in the
plywood to provide a clear optical path for the strobe and
camera. The shadowgraph screens are visible on the floor and
the side wall in Fig. 1.

Shadowgraphs of the entire rotor system could not be ob-
tained with this test setup because of the short distance between

Table 1 Rotor characteristics

Number of blades 4

Rotor radius 0.8255 m
Blade chord 0.0635 m
Rotor solidity 0.098
Blade twist (linear) -12°

Airfoils NASA RC(3), RC(4) Series

Fig. 1 Model setup for shadowgraph test in the wind tunnel.
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Fig. 2 Setup of shadowgraph system in the wind tunn

the camera and screen. Consequently, camera locatio
selected to record large portions of the wake with the i
compiling results from similar run conditions after t
These camera locations provided both top and side v
the rotor wake. For the top-view shadowgraphs, camer:
placed above the rotor in one of four quadrants (Fig.
side-view photos were obtained using one of three cam
cations: upstream, rotor centerline, and downstream (
(The camera locations are also shown in Fig. 2.) Shado
were obtained using a 70 mm still camera and a VH
camera. : ;
Runs were conducted at 1800 and 1860 rpm, corresp9
to a tip Mach number of 0.45 to 0.46. Advance rati
varied from 0.00 to 0.175, and C;/o from 0.02 to 0.1
runs were conducted with the rotor shaft tilted 6 deg for

Sample Shadowgraphs

Examples of the shadowgraphs acquired during this &
shown in Figs. 4-6. The free-stream velocity in
dowgraphs presented in this paper travels from right ¢
Figure 4 shows a side-view shadowgraph taken from th
of the rotor. The schematic in the figure shows the rotof
orientation and the blade numbering scheme. The blade
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Fig. 3 Camera and strobe locations.

ig. 4 Side view of rotor, upstream (Cilo = 0.09, p = 0.075).

. 5 Side view of rotor, at rotor centerline (C;/o = 0.09, p =
0.

this figure is blade 3. The tip vortex from blade 3 trails from
biade tip. The tip vortex of blade 4 is visible downstream
the tip of blade 3. The upwash at the front of the rotor disk
ipparent since the tip vortex of blade 4 has convected above
de 3.

“igure 5 shows a side-view shadowgraph taken at the rotor
iterline. This shadowgraph has been enhanced to make the
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Fig. 6 Side view of rotor, downstream (Cilo = 0.09, p = 0.075).

tip vortices visible after publication. Two tip vortices are visible
on the forward part of the rotor. The amount of wake infor-
mation available from this view is limited in two ways. First,
the tip vortices are hidden in areas where the blades block the
light from the strobe. This problem could be reduced if the
camera were placed slightly above the tip path plane to mini-
mize the blade blockage of the tip vortices. A second limitation
of this view is the low visibility of the tip vortices. The outer
edges of the rotor wake are not captured well in this view, and
as observed in previous tests, the outer edge of the rotor wake
is the tip vortex’s most visible section. This varying visibility
of the tip vortex in any view is an inherent limitation of the
shadowgraph technique. At the outer edge of the rotor wake,
the tip vortex is parallel to the light path. This provides a long
path length for the refraction of the light, and thus a dark image.
Toward the center of the rotor wake, the light path is approx-
imately perpendicular to the tip vortex. Therefore, refraction
occurs only over a short path, with a length on the order of
the vortex core diameter. Segments of the tip vortex in this
region will produce a relatively faint image.

The downstream half of the rotor system is shown in the
shadowgraph of Fig. 6. This shadowgraph shows blade 4 and
the fuselage along with the tip vortex. The tip vortex visible
in the figure is from blade 1. This figure shows the tip vortex
convecting downstream and traveling down from the rotor disk.

Shadowgraph Visibility

One objective of this test was to document the operating
conditions for which tip vortices are visible when using the
wide-field shadowgraph technique. These visibility conditions
are shown graphically in Fig. 7 for side-view shadowgraphs.
The visibility of tip vortices with the shadowgraph technique
has been plotted as a function of both C/o and advance ratio.
The dotted line defines the approximate boundary of operating
conditions where shadowgraphs were visible for this test. For
low advance ratios (. = 0.05), the tip vortices are visible for
Cy/o as low as 0.05. However, the vortex visibility decreases
at higher advance ratios so that C;/o = 0.09 is required for
vortex visibility at p = 0.175.

At low advance ratios, large segments of the tip vortex ge-
ometry are often visible, as seen in Figs. 4 and 6. However,
at higher advance ratios this visibility decreases, with only the
edge of the rotor wake remaining visible. Two to three tip
vortices are visible for the rotor at advance ratios up to 0.15,
but with increasing speed, less of each vortex is visible.

The top-view shadowgraphs do not provide the high tip vortex
visibility found in the side-view shadowgraphs. This is thought
to be caused by the fact that the tip vortices are perpendicular
to the light path, as discussed above. However, some tip vor-
tices are visible. A shadowgraph obtained from the top of the
rotor at the forward camera location is presented in Fig. 8. The
tip vortices are faint and have been enhanced in this figure for
clarity. Two trailed vortices are visible. The visibility of the
top-view shadowgraphs obtained in this test is significantly less

A
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Fig. 7 Shadowgraph visibility.
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Fig. 8 Top view of rotor, foward camera location, (C;/o = 0.09,
r = 0.075).

than that found in the forward-flight test cited in Ref. 8. The
reason for this is not currently understood.

Previous work on shadowgraph visibility (Ref. 6) indicated
that the tip vortex visibility should significantly increase on the
retreating side of the rotor in forward flight, when compared
to the advancing side. After examining the shadowgraphs ob-
tained in this test, no significant difference in visibility was
found. This finding, however, is not conclusive because of the
relatively poor visibility of ail top-view shadowgraphs obtained
during the present test. Further research is required to under-
stand this more completely.
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Wake Geometry in Forward Flight

The wide-field shadowgraph technique is use
ining the wake geometry of a helicopter in forw
an example of this, two-dimensional wake data
from the side-view shadowgraphs acquired durin,
sequence of shadowgraphs taken at different bl
settings was examined, and the resulting wake bou
determined. The final reduced data are shown in "
coordinate system for these plots is defined in F
data point in the figure represents an ~6 deg incren
blade azimuth, so the figure essentially shows how
of the tip vortex at the edge of the rotor wake ¢
time. Figure 9a shows the wake boundaries for the
rotor. The approximate location of the rotor tip p
included in the figure for reference. The wake tr
the rotor and downstream, as noted in Ref. 4. A
increasing the advance ratio causes the tip vo
downstream faster. The peak in each curve corres
passage of the following blade. This blade passage
tip vortex downward. The maximum distance of th
above the rotor decreases with increasing advance
the downstream location of this maximum increas
vance ratio. The gaps in the data at higher x/R ar
the blade blocking the shadowgraph. The data for x/
show the wake boundary moving away from the
is caused by the close blade/vortex interaction at
blade passage.

Figure 9b shows the wake boundaries for the
rotor. This figure shows the downward and aft t
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ke for increasing advance ratios. Note that the blade passage
_no noticeable effect on the vortex position for these advance

[p(y)lse data set in Fig. 9 is an example of the quantitative
ormation obtainable using the wide-field shadowgraph tech-
ge. A comprehensive test program would more completely
fine the wake geometry for a variety of operating conditions
1 could provide data for comparisons with analytical work.
Jlore complete wake geometry data can be obtained by com-
1ing simultaneously obtained side- and top-view sha-
wgraphs to give three-dimensional information on the wake
ometry in forward flight. The methodology required to obtain
s three-dimensional wake geometry data from simultaneous
idowsgraphs is currently being developed.

Wake/Body Interactions

In addition to overall wake geometry data, the wide-field
adowgraph technique can be used to look at specific physical
rodynamic phenomena, including wake/body interactions, as
ted in Ref. 6. One example of this from the current test is
, interaction between the fuselage and wake in low-speed
cward flight, as shown in Fig. 10. Three tip vortices are
sible in this figure, two above the fuselage and one below.
e first visible tip vortex has an undistorted, helical trajectory.
\ile the next lower tip vortex is distorted near the fuselage.
\is distortion shows the reduced local tip-vortex descent rate
sulting from the fuselage blockage of the wake.

A third tip vortex is visible below the fuselage. Unfortu-
tely. the mechanism by which the tip vortex passes over the
selage is not discernible. The fact that the tip vortex visibility
creases downstream suggests that the strength of the tip vor-
« decreases. Whether this is through stretching, bursting, or
stability is not currently understood.

By taking shadowgraphs at different blade azimuth locations,
e tip vortex can be traced down the length of the fuselage.
1ese shadowgraphs indicate that the vortex wraps around the
selage as it convects downstream. More work is required to
curately define the process of the tip vortex interaction with
e fuselage. One possible approach is to apply reflective sheet-
g to the fuselage in addition to the wall behind the rotor.
Wake/body interactions are also visible from the top view.
gure 11 shows a shadowgraph obtained from the rear top-
ew camera location. The figure has been enhanced to show
¢ faint tip vortices. The tip vortex from blade 2 stretches
wnstream directly over the fuselage. This suggests an ac-
lerated streamwise flow over the fuselage at this location.
These results indicate the type of wake/body interaction in-
rmation that can be obtained using the wide-field sha-
weraph technique. Since the best shadowgraph results were
ained at low advance ratios, use of the wide-field sha-
weraph technique is ideally suited for examining low-speed

1. 10 Wake/body interaction, side view (C;/o = 0.09, p = 0.05).
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Tip vortex
from blade 1 |

Fig. 11 Wake/body interaction, top view (Cy/o = 0.09, p = 0.05).

wake/body interactions. Future work is needed to quantify the
changes in tip vortex geometry caused by a fuselage and should
help to understand the mechanism by which the tip vortex
passes over the fuselage.

Blade/Vortex Interactions

Another specific phenomenon which can be studied with the
wide-field shadowgraph technique is the interaction between a
blade and a vortex. The digitized video image of the sha-
dowgraph in Fig. 12 shows a perpendicular blade/vortex in-
teraction on the forward part of the rotor. The figure shows
the interaction between blade 2 and the tip vortex from blade
4. By combining side-view shadowgraphs such as this with
simultaneous top-view shadowgraphs, it would be possible to

Tip vortex
'} trom plade 3

Fig. 12 Blade/vortex interaction (C/o = 0.09, p = 0.075).
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quantify both the radial and azimuthal locations of this blade/
vortex interaction.

Video Capabilities

One additional objective of the test was to determine the
feasibility of using video as an imaging device. To accomplish
this, a VHS video camera was used for recording the sha-
dowgraph data in hover and in forward flight. In general, ex-
cellent shadowgraphs were achieved from the side view using
video, while poor tip vortex visibility was obtained from the
top view. This is consistent with the results obtained with the
still camera.

The rotor speed was maintained at 1800 rpm for the video
runs in order to match the video frame rate with the once-per-
revolution strobe flash. This essentially provided a stop-motion
picture at a particular blade azimuth location. The steadiness
of the tip vortices in forward flight was apparent using the
video. The tip vortex location varied very little, if at all, for
the first two vortices. However, by the third blade passage
unsteadiness was noticeable, and unsteadiness also increased
at the higher advance ratios.

As a result of this testing, it is clear that the video camera
solves some of the problems inherent in using a still camera
for taking shadowgraphs. First, it gives instant feedback on the
quality of the shadowgraphs since no processing is required.
The researcher can immediately tell if the tip vortices are visible
at the current operating conditions and if the shadowgraph
parameters (camera aperture setting, strobe intensity) are prop-
erly adjusted. Second, the video camera provides the researcher
with a means of examining different areas of the flow field.
The ability to pan and zoom over the entire flow field allows
the researcher to carefully examine areas of particular interest.
Many of the observations reported in this paper were first iden-
tified with the video camera.

It is possible to digitize frames from a live camera or vid-
eotape using present computational resources. These digitized
video images allow increased automation of the data reduction
process that is required to obtain quantitative data from the
shadowgraphs.

One potential limitation of the video camera is the relative
decrease in image resolution. The video setup used in this test
provided only 220 lines of horizontal resolution, which is sig-
nificantly lower than that available with still photographs. High
resolution video imaging systems that are capable of being
synchronized with the rotor and strobe frequencies will be used
in future small- and large-scale testing.
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Conclusions

The wide-field shadowgraph technique has bee
amine the tip vortex geometry of a helicopter in fo;
The results of the test showed the following:

1) The tip vortices are visible for advance ratio
provided the rotor thrust is high enough. In gen
results are obtained at low advance ratios.

2) The wide-field shadowgraph method can
mation on forward-flight wake geometry, wake,
tions, and blade/vortex interactions.

3) Video can be used to obtain shadowgraphg
vides more flexibility and faster results than still p
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