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Fig.3 Dimensionless frequency fyx, /U of peak of spectrum of surface

pressure fluctuation as a function of angle-of-attack c; distance x, is
from onset of vortex breakdown to location of pressure transducer.

trend, no doubt, due to the complexity of these configurations, the
extreme values of frequency fyx/U, approximately correspond to
the extreme values for the simple delta wing~fin configurations Ap.
The major share of the data lie in the range 1.0 < fyx/U, < 3.0.
The fact that these dimensionless frequencies lie within a defin-
able band of dimensionless frequencies fyx/ Uy suggests that the
same principal mechanism is responsible for their generation. The
occurrence of large-scale instabilities in the wake type bubble, im-
mediately following the onset of vortex breakdown, appears to be
the principal excitation mechanism over a wide range of Reynolds
and Mach numbers, and it appears that scaling on the basis of x, the
distance from the origin of the vortex, is a reasonable approximation
for determining the order of the predominant frequency.

For certain experiments listed in Table 1, it is possible to deduce
the location of vortex breakdown and thereby determine the distance
x;; from the onset of breakdown to the location of the pressure tap
on the fin. The plot of Fig. 3 shows that the data normalized on this
basis lie in the range 0.5 < fx,/Uy < 1.3. Recasting fx,/U, as
x,/(Uy/ f), the distance, x, appears to be of the same order as an
equivalent freestream wavelength 1, = U,/ f. Of course, the wave-
length A of the instability within the vortex increases substantially
in the streamwise direction after the onset of breakdown. Further in-
sight into the flow structure is required to relate this wake instability
to the data correlation of Fig. 3.
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Flow Visualization Using
Natural Condensation
of Water Vapor

Michael Brendel*
Centerville, Ohio 45459

I. Introduction

ECENT interest in transonic axial compressor rotors has driven

a need for the development of a flow visualization technique to
assess characteristic flow structures that impact rotor performance.
Losses associated with blade passage shock waves and/or blade
tip vortex—shock interactions are not well understood. Numerous
experimental studies, generally involving the measurement of cas-
ing surface pressures (steady) or wake pressure distributions, offer
little insight into detailed blade passage flow structure. It is clear
that measurement of the internal flow structure requires a nonin-
trusive technique since the disturbance introduced by conventional
pressure and/or thermal sensors will alter the natural flow. Further-
more, the adaptation of intrusive sensors is operating turbomachin-
ery presents a formidable engineering challenge. The purpose of the
present Note is to describe a planar imaging technique which makes
use of condensing water vapor. Implementation of the technique is
straightforward in steady flow applications and, thus, offers a cost
effective means to visualize high-speed flows. The work presented
here was part of pilot study to demonstrate a flow visualization
technique which could be adapted to an operating compressor ro-
tor environment.

The use of Mie scattering in flow visualization is commonplace
at low speeds.! Applications involving higher speeds are less well
known but have been demonstrated. Goddard et al.? appear to have
been the first to successfully introduce smokelines, formed by va-
porizing an oil into a transonic flow. Images were recorded on pho-
tographic film simultaneously with schlieren images. McGregor®
considered condensation of water vapor as a means to visualize
flows over transonic delta wings. The formation of condensed va-
por in those experiments was a result of low stagnation pressures
and temperatures used in a closed-loop wind tunnel. Flow pressures
and temperatures are not always conducive to condensation except
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in isolated regions of depressed temperatures and pressures, such as
in vortical flows. In addition to wind-tunnel applications, condensed
water vapor has been considered in flight experiments.*

The present work involves the use of naturally occurring con-
densed water vapor as flow tracer in a blown-down wind tunnel
with a laser light sheet as the illumination source. Images are ob-
tained with a digital camera and then recorded on a microcomputer
for processing and interpretation. This represents an advance over
prior attempts which relied upon conventional photographic meth-
ods. The focus of this study is to determine the suitability of the
technique to resolve flow features in a transonic flow. Digital flow
visualizations of the flow about simple models placed at the exit of
a converging—diverging (C-D) nozzle are presented.

II. Experimental Apparatus

All testing was conducted in the University of Dayton super-
sonic blowdown facility. Ambient air was compressed and then ac-
cumulated in a 1.45-m> (51-ft®) bottle. A Bourdon-tube pressure
gauge and J type thermocouple were used to monitor total pres-
sure and total temperature, respectively. The bottle was connected
to a 0.034-m® (1.2-ft>) cast iron stagnation chamber through a
50-mm- (2-in.-) diam cast iron pipe containing a quick-action ball
valve. A specially designed nozzle fixture was attached to the stag-
nation chamber with a short section cast iron pipe. This fixture
allowed rapid changing of the converging—diverging nozzle used in
the study. Nozzles having design Mach numbers of 1.5 and 2.0 were
fabricated using the method of characteristics.

INumination was provided by a Spectra-Physics Model 127
helium—-neon laser (A = 614 nm) having a rated output of 35 mW.
Small first-surface mirrors were used to horizontally steer the laser
beam to a position just below the nozzle exit. Here, a first-surface
mirror inclined at 45 deg deflected the beam normal to the longitu-
dinal axis of the nozzle. A small glass cylinder 4 mm (0.16 in.) in
diameter was used to refract the laser beam into a sheet of light.

Flow visualization images were recorded with a Photometrics
Ltd. STAR I digital camera. The system features a 576 x 384 pixel
Thompson TH7883 scientific-grade charge-coupled device (CCD)
for image acquisition through a 50-mm Nikon AF lens. Images
were digitized directly from the CCD by a 12-bit analog-to-digital
converter and then downloaded to a microcomputer through a Gen-
eral Purpose Interface Bus (GPIB) for processing and interpreta-
tion. The CCD was thermoelectrically cooled to —45°C (—50°F) to
minimize effects of thermal agitation. Light sensitivity several or-
ders of magnitude better than conventional video-based technology
was achieved.

III. Results

The images presented here are representative of the large collec-
tion obtained in the study. The shock structures observed in these
images were repeatable. Common to all of the images are the ap-
pearance of light striations caused by imperfections in the cylindri-
cal lens used to spread the laser beam into the light sheet. Since the
camera position relative to the plane of the image remained nearly
constant for each test, the field of view measures approximately
96 x 64 mm (3.8 x 2.5 in.). This translates to a resolution of about 6
pixels/mm. This level of resolution allows one to infer shock angles
within several degrees.

The flow over a 3-mm- (0.12-in.-) diamcylinder is shownin Fig. 1.
The cylinder was placed just at the exit of the Mach 2.0 nozzle and
is somewhat obscured by reflected light in the image. The flow
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Fig. 3 Flow over a circular cylinder with Mach 1.5 nozzle.

is slightly underexpanded as evidenced by the divergence of the
shear layers on both sides of the nozzle. The bow shock and wake
recompression shock are clearly visible. Weak Mach waves can
be seen emanating from the corners of the nozzle in the original
image. Other Mach waves can be seen forward of the bow shock.
Assuming a locally two-dimensional flow, the angle of these Mach
lines indicates a flow Mach number of about 1.8. This interpretation
appears reasonable but should not be taken too literally since the
expansion zone just downstream of the nozzle is three dimensional.
The asymptotic behavior of the bow shock is not a good indicator of
Mach number in this case because of the interaction with reflected
expansion and compression waves outside the nozzle.

Figure 2 shows the flow over a single wedge having a half-angle
of 5.8 deg. The wedge was placed 5.2 mm (0.20 in.) from the exit of
the Mach 2.0 nozzle. The laser light sheet, originating from below,
was reflected back onto the upper surface of the wedge by a mirror
above and out of view of the image. The oblique shock on the upper
surface of the wedge appears to be straight and swept back at about
41 deg. Assuming a Mach number of 1.8 and a wedge half-angle
of 5.8 deg, oblique shock theory predicts a shock angle of 39 deg.
This agreement is quite good considering the uncertainty in the flow
direction relative to the wedge angle. The bow shock formed on the
lower surface is curved. It is likely that some ice accretion has taken
place on this surface and that a small “bump” of glaze ice has altered
the shock pattern. In addition, the lower portion of the leading edge
had a slight bevel, whereas the upper surface had a sharp leading
edge. Another notable feature of this flow visualization is the ap-
pearance of shock induced separation near the rear of the wedge.
Compression waves emanating from the shear layer have coalesced
to form a shock wave which then impinges on the lower surface of
the wedge. The incident shock is at an angle of about 20 deg relative
to the horizontal whereas the induced shock is at about 45 deg to
the horizontal. This phenomenon is more clearly seen in the Mach
1.5 images discussed next. The height of the separation bubble in
this image is about 0.8 mm (0.03 in.).

The bow shock ahead of a 3-mm- (0.12-in.-) diam cylinder using
the Mach 1.5 nozzle is shown in Fig. 3. The cylinder was placed
8 mm (0.31 in.) from the exit of the nozzle. The asymptotic bow
shock angle indicates a Mach number of [.53, but recall that the
cylinder is within a region of expanding flow. Mach waves observed
near the exit of the nozzle give an exit Mach number of about 1.35.
The complex shock structure aft of the cylinder may in part be
due to three-dimensional effects as well as impingement of the side
expansion shear layers on the model mounting plate. Using the jump
in light intensity as an indicator of density ratio across the shock,
intensity ratios of about 1.2-1.3 were common. This is consistent
with the density ratios expected for the Mach numbers tested here.
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Fig.4 Flow over a 5.8-deg half-angle wedge with Mach 1.5 nozzle.

Figure 4 shows the 5.8-deg wedge placed 2 mm (0.08 in.) from
the exit of the Mach 1.5 nozzle. The shock induced boundary-layer
separation occurs at the same location downstream of the nozzle exit
as in Fig. 3. This is to be expected since the incident shock wave
is produced by the overexpanded jet and is not a function of model
position. Here the separation bubble is about 3 mm thick. This strong
interaction suggest that the boundary layer on the wedge is laminar.

IV. Conclusion
A flow visualization method suitable for high-speed flows has
been demonstrated. The laser light sheet combined with digital
imaging provides a capability to resolve flow structure with low-
light levels. The images obtained in this study clearly show the
extent and location of shock waves as well as boundary-layer inter-
actions. Natural condensation of water vapor was found to provide

Errata

more than adequate light scattering particles for flow visualization.
A flow tracer may need to be injected into flows where stagnation
conditions are not conducive to natural condensation. The thermo-
dynamic effect of condensation on the flow must be considered in
determining the amount of injection so that local stagnation tem-
peratures are not significantly altered. With appropriate seeding and
illumination, the adaptation of the present scheme to an operating
compressor rotor using a pulsed laser light source appears promis-
ing. Technical details are currently under study.
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D URING production of this paper, two figures were switched. Their correct placement and captions are

Fig. 2 Symmetric airfoil (maximum thickness 16 mm, chord length
144 mm) at Mach number 2.82.

AJAA regrets this error.

Fig.3 Cambered airfoil at Mach number 1.86.



