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Interferometric Study of Unsteady Passing Shock Flow
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To further advance the state of the art in axial turbomachinery, a better understanding of unsteady phenomena
within transonic turbines (including potential flow interaction, wake passing, and shock-wave passing) is required.
Recently, the transonic turbine cascade facility at Virginia Polytechnic Institute and State University was modified
to allow the study of unsteady passing shock flow. The steady interferometric system in place was updated to allow
for a time-resolved, quantitative study of the density field produced by a single shock passing event. Variations in
both the cascade inflow and flow through the transonic blade passages were quantized during the shock passage.
The full density field in the cascade is presented at six discrete time intervals. A significant rise in the flow density,
both upstream and on the suction side of the blade passage, was noted.

Nomenclature
fas, = number of fringes between A and B, with flow
fap, = number of fringes between A and B, no flow
K = constant, see Eq. (2)
L = test section span
A = wavelength
P = density

Introduction

HE optimization of the aerodynamic and thermal performance

of turbomachinery blading requires a detailed knowledge of
the internal flowfield with respect to the factors that induce losses
and promote heat transfer to the blade surface. These factors in-
clude boundary-layer growth, boundary-layer transition location,
trailing-edge shock characteristics, and mixing losses downstream
of the trailing edge. The flowfields encountered in current turbo-
machines are not only viscous and compressible, but also highly
unsteady.? A better understandingof these unsteady phenomenais
crucial for furtherimprovementsto advance the state of the artin ax-
ial turbomachinery. It has been widely documented that these flows
have a significant influence on the efficiency, reliability, aeroelastic
stability, forced response, and noise generationin modern axial-flow
turbines.

Flow unsteadiness in turbine engines arises largely from the rel-
ative motion of the blade rows in the alternately stationary and ro-
tating turbine stages. There are three major sources of flow un-
steadiness in the interaction between turbine rotor and stator blade
rows. The first cause of flow unsteadinessis a purely subsonic ef-
fect termed “potential flow interaction,® where the complete in-
viscid flowfield around each blade is affected by the presence of
the neighboring upstream and downstream blade rows. The sec-
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ond cause of flow unsteadiness in rotating turbine stages is termed
“wake-passing.” The wake-passing effect is caused by the repeated
passage of a downstream blade row through the wakes shed from
the trailing edges of the upstream stationary blade row. Of the three
major sources of flow unsteadiness, potential flow interaction and
wake effects have received considerable prior attention.

Third, for transonic turbines, significant unsteadiness occurs be-
cause of the nozzle guide vane (NGV) trailing-edge shock structure
impinging on the downstream rotor blades.* This source of flow
unsteadiness, shock-wave passing, has received much less atten-
tion because of the complexity of creating repeatable passing shock
events at the required spacing to simulate a real engine environment.
However, if progress is to be made in modern turbine blade design,
reliable experimental results and computational methods will be
required in this flow regime.

Recently, the transonic turbine cascade facility at Virginia Poly-
technic Institute and State University (Virginia Tech) has been mod-
ified to allow the study of unsteady passing shock flow. Here, a shock
tubeis used to pass a two-dimensionalshock along the cascadelead-
ing edge to simulate the shock impingement from a nozzle guide
vane row onto the first high-pressure rotor stage in a transonic tur-
bine engine. To allow for a quantitative, time-resolved study of this
phenomena, we altered our previous steady interferometric flow vi-
sualization system.> The unsteady system design and initial results
detailing the flowfield generated by a single passing shock are pre-
sented here.

To date, the most extensiveresearch conducted on unsteady wake
and shock passing was performedin the Isentropic Light Piston Tun-
nel of Oxford University® In this facility, passing wakes and shocks
are generated in a stationary cascade of highly loaded transonic tur-
bine rotor blades by moving a row of wake-generating rods past
the cascade at the required rotor velocity. The Oxford tunnel ap-
proximates ideal two-dimensional shocks and wakes over a single
cascadepassageby mounting the bars on the rim of a large-diameter
rotating disk. Periodic shocks and wakes were produced by fitting
the disk with a large number of bars, whereas only two bars on the
disk gave isolated shock/wave events. Each rotating bar generates a
bow shock wave, a wake, and a recompressionshock wave. Another
method of producing approximately two-dimensional shock/waves
is the “squirrel cage” apparatus used by Pfeil et al.” and Bayley and
Priddy.® The flow produced by both of these methods differs from
the flow producedin an NGV, where the bow shock wave is absent.

Doorly and Oldfield® reported on the effects of passing shock
waves and wakes on the heat transfer. Transient spikes in the blade



490 WESNER, SCHETZ, AND GRABOWSKI

; High Pressure
ﬂ:‘” Air Tnlet

Buttertly Valve ~

— Heoting Loop ~

Test\Sectiom

\ Flov @ Exhoust

i —

Flopper Valve

Fig. 1 Virginia Polytechnic Institute and State University Transonic Cascade Wind Tunnel.

suction surface heat transfer rate were found and attributed to the
collapseof aleading-edgeseparationbubble. High-frequencyshock
wave impingements were found to have a complicated interac-
tion and seemed to indicate that even relatively weak shock waves
could have a noticeable effect on the boundary-layertransition pro-
cess. These results were further supported by Schultz et al.® De-
tailed blade surface heat transfer rate measurements were made
with high-response surface-resistance thermometers, enabling the
wake and shock phenomena to be separated. It was found that the
passage of the reduced velocity wake through the rotor blading
gave rise to a time-varying change in incidence angle. This par-
ticularly affected the suction surface heat transfer rate and pressure
distribution.

Johnson et al.'® proposed an explanation different from the sep-
aration bubble proposed by Doorly and Oldfield® for the transient
spikesin the surface heat transferrate during the passing shock/wake
event. Schlieren images and surface heat transfer measurements
clearly detected the presence of a convecting bubble moving along
the pressure surface, as opposed to the suction surface as seen in
previous experimental results. The authors suggested that the fea-
ture was a vortical bubble formed at the blade leading edge from a
shock-producedbifurcation.

All of the experimental work just described employed bars mov-
ing at high velocities along the leading edge of a linear cascade to
produce combined passing shocks and wakes. Using this combina-
tion it is difficult to separate the effects caused solely by the passing
shocks because of the unavoidable nonlinear interaction between
the wake/shock events. Work recently conducted at Virginia Tech
has concentrated exclusively on the unsteady effects produced by
shock waves passing through transonic turbine rotor cascades to
permit the study of the complex processes separately.

Experiments by Collie et al.'" were the first to attempt devel-
oping a method to produce passing shock waves without wakes.
Utilizing the explosion from a blank shotgun shell, the blast wave
produced is shaped and directed through the cascade test section,
parallel to the leading edge of the blade row. Using a specially
designed shock shaper, highly repeatable single shocks could be
produced, allowing data from numerous single shock events to be
coupled. Spark shadowgraphs were used to track the propagation
of the shock wave through the blade passage. The formation of the
vortical bubble, described by Johnson et al.,'” was also documented
in the shadowgraphs. Other measurements centered around signifi-
cant variations in the blade performance as the shock wave passed
through the passage. A 120% peak-to-peak variation in estimated
blade lift was found. Also, wake total pressure traverses found that
the cascade loss coefficients fluctuated as much as 40% near the
blade passage center because of shock-passing effects. Doughty
and Schetz'? abandoned the shotgun in favor of a shock tube. With
this method, up to three variably spaced shocks can be directedinto
the cascade test section. This system for simulating the unsteady ef-
fects of shock waves is what is currently being used in the Virginia

Fig. 2 Relative positioning of areas 1, 2, and 3 to the studied blade
passage.
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Fig. 3 Transonic tur-
bine blade profile.

Polytechnic Institute and State University Transonic Cascade Wind
Tunnel.

Facility

All of the experiments described here were conducted in the Vir-
ginia Polytechnic Institute and State University Transonic Cascade
Wind Tunnel (Fig. 1). This facility is a blowdown-type cascade tun-
nel, providing up to 40 s of usable run time. The cascade consists
of 11 turbine blades, two end blocks, and two aluminum endwalls
fitted with precision crown glass inserts for optical access (Fig. 2).
The cross section and dimensions of the blade studies are shown
in Fig. 3. The blade was designed by General Electric and has a
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3.81 cm (1.5 in.) axial chord and a 4.5 cm (1.77 in.) aerodynamic
chord with an approximate turning angle of 127 deg. The span is
5.08 cm (2.0 in.) and the blades are spaced a distance of 3.81 cm
(1.50 in.) apart. Labeling the 11 blades from the top of the cascade
to the bottom (right to left), the blades of interest in this study are
blades number 6 and number 7 (Fig. 2).

The shock-wave generationmethod developed for use in the tran-
sonic turbine cascade is a variation on the shock-tube system of
Merritt and Aronson'? (see Fig. 4). Utilizing a pressure-burst di-
aphragmshocktube,up to three shock waves are shaped and directed
into the top of the transonic test section parallel to the leading-edge
line of the blades. Three pressure-ratedconduitsextend from the end
cap of the shock tube up to the top of the test section to create the
three separate shocks. A diaphragm thickness of 24 mils was used
for all of the shock tests, requiring a driver pressure of 576 psig
for diaphragm failure. Only single passing shock experiments were
performed.

A shock shaper was designed to reduce reflected shocks and cre-
ate a two-dimensional shock face at the studied blade passage. A
series of shadowgraph and high-frequency pressure studies were
performed to optimize the shaper position and design. The studies
included benchtop experiments into stationary air, performed using
simulated Plexiglas® endwalls to allow optical access from all di-
rections, as well as in situ tests, both with and without flow. These
shadowgraph and pressure studies show that the shock is, in fact,
fairly two dimensional at the blade passage being studied. Also, re-
flected shocks, created from the suddenareaexpansionas each shock
wave enters the test section, are shown to dissipate before reaching
the blade passage of interest. Figure 5 illustrates the positioning of
the shock shaper relative to the cascade and shows a representative
shock positioned within the test section. The nominal pressure rise
upstream of the cascade generated by the initial shock passage is
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~7.0% of the upstream static pressure. The shadowgraphand static
pressure studies have also shown the shock locations and strengths
to be repeatable to within 10 ns and £1.0 psi, respectively.

Instrumentation

Interferometer

An optical interferometeris an instrumentdesigned to exploit the
interference of light and the fringe patterns that result from opti-
cal path differences. To achieve interference between two coherent
beams of light, an interferometerdivides an initial beam of light into
two or more parts that travel differentoptical paths and then reunite
to form an interference pattern.

The most commonly used type of interferometer is the Mach-
Zehndertype (see Holderet al.'* and Lightman and Cartwright'® for
a general discussion of these instruments). Because the light source
used in a Mach-Zehnder-type interferometer is not coherent, it is
necessary to adjust the path length difference between the reference
and working beams to be less than one-tenth of a wavelength of
the light, or 5 x 107% cm. Thus, this type of interferometeris very
sensitive to temperature changes and mechanical vibrations.

The developmentof the laserintroduceda source of highly coher-
ent light, permitting the interference of wavefronts that propagated
along various axes. The inherent improvement in coherence length
relaxedthe requirementfor nearly identicalpath lengthsbetween the
arms of interferometric systems. The 1.0 in. (2.54 cm) path length
difference created by the wedge plate in a single-plate interferom-
eter was well within the allowable parameters. Figure 6 shows the
basic optical components of a single-plate interferometric system.
The wedge plate splits the light beam into two overlapping beams
with a slightangle between them. It is the action of the wedge plate
that causes fringe formation. The wedge plate is also the cause of
the most distinctfeature of single-plateinterferograms, the presence
of a double image. Because of the light reflection off both the front
and rear surfaces of the wedge plate, all objects in the test section
create two separate images at the image plane. The distance be-
tween the two images is referred to as the image separationdistance.
The second parabolicmirroris used to focus the parallellight beams.
This image can be focused onto a photographic plate or a charge-
coupled device (CCD) camera.

Several of the advantages of a single-plateinterferometerover the
Mach-Zehnder interferometer can now be seen. First, because the
parallel beam is split only after it passes through the test section, no
compensation chamber is needed. Also, because the wedge angle
is fixed, there is no need for heavy vibration-free mounting of the
wedge plate. Furthermore,only a single wedge plateis needed, com-
pared with the two beam splitters and two flat mirrors required for
the Mach-Zehnder interferometer. Finally, and most importantly,
the setup of a single-plate system is simpler. Disadvantagesinclude
lower fringe quality and more difficult data interpretation. For a
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Fig. 5 Passing shock orientation within the test section.
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single-plate interferogram, a domain in the flowfield with a known
density distribution will be required; however, this flowfield can be
chosen in a region where data acquisition is relatively easy. De-
tails of interpreting single-plate interferograms can be found in the
dissertation of Kiss.’

Figure 7 depicts the image formation for a certain orientation of
the wedge plate. If one picks two points, A and B, in the interfero-
gram, the A, A,, By, and B, points can be traced back to the test
section. Then, the following relationshipcan be written between the
densities at these points:

(PA. —PB.) - (PAZ _sz) = —(Ao/ K)(fAB, - fAB,,) (1)

The K constantis given by
Lk

1o Pref

K = 2)

where p is the reference density of (1.252 kg/m?) and k=
3x 1074

Looking at Eq. (1), it is clear that if the absolute value of the
density at a given pointis to be found, the density must be known at
three otherlocations. It can further be shown that when the density is
known in aband having the width of the image separationdistanced,
the density can be found anywhere else in the studied flowfield. The
two edges of the strip of width d will be two of the required known
points,and the third will be from within the band. By moving across
and down the band with the third known point, all of the densities

in a new band of width d, located directly adjacent to the original
band, can be calculated. This, in turn, is used to calculate a new
band of known densities.

Some of the improvements to the existing steady system needed
to produce viable unsteady interferograms are now described. In
the unsteady flowfield of interest here, the passing shock generated
by the shock tube travels through the test section at a nominal ve-
locity of 340 m/s. The shock velocities of both the initial incident
shock and all subsequent reflections are calculated using the tem-
poral spacing of the voltage spikes from two closely spaced Kulite
pressure transducers. The direction of shock travel was verified us-
ing a series of timed shadowgraphs. This flow feature is the driving
force behind many of the required changes.

First of all, much shorter shutter times, of the order of 0.33 us,
are needed to capture the image of the passing shock without ex-
cessive blur. This shorter shutter time requires an increase in light
intensity of at least two orders of magnitude at the photographic
plane. Another problem is synchronizing the shuttering of the light
source with the passing of the shock. Finally, the major problem of
collectinga known density field in these unsteady conditionsneeded
to be addressed as well as the difficulty of referencingall of the data
together.

The first possibility investigated was simply switching to a pulsed
laser system. Because of cost constraints, a high-powered pulsed
laser system was prohibitivelyexpensive. While researching various
possibilities for increasing light intensity, a reference to intensified
CCD cameras was uncovered. CCD intensifier cameras typically
have nanosecond shuttering times and high gain capabilities. The
addition of the CCD camera offered many advantages and simplifi-
cations.

To producea sequence of timed interferogramsshowing the pass-
ing of the shock, a triggering and synchronizing mechanism was
sought. While performing preliminary testing on the shock system,
a simple setup using a high-frequency pressure transducer was em-
ployed to initiate the data collection. A high-frequency static pres-
sure transducer is placed slightly upstream of the blade passage to
be studied. As the shock passes, it creates a sharp pressure spike.
This sharp pressure spike, with the addition of a time-delay circuit,
triggers the shuttering of the CCD camera.

To produce the required known density field over a simple region
of the flow, a variety of measurements needed to be performed. Fac-
tors in selecting the properinstrumentationincluded optical accessi-
bility, flowfield disturbances, survivability,and frequency response.
Because of these factors, it was decided to use a miniature hot wire
specially constructedfor use in the cascade’s narrow blade passages
to calculate the temperature changes of the flow as the shock wave
passed upstream of the blades. These signals can also be synchro-
nized off the spike on the upstream pressure transducer. Because
the total pressure, static pressure, and total temperature were known
prior to the initial passage of the shock, the pressure measurements
could be used to calculate shock strengths, and, subsequently, the
small total temperature and pressure variations caused by the pas-
sage of the initial incident shock and all subsequentreflections. The
known static pressures and the small calculated total pressure vari-
ations were then used to calculate the flow velocities. Finally, using
the flow velocities and total temperatures, the hot-wire data allowed
calculation of the flow temperature and density.

Data Reduction

Because of the large number of images to be reduced, we elected
to automate the fringe detection. Two C™* codes were written to
reduce the gray-scale images to density values. The preprocessing
algorithm has four main functions: image stretching, low-pass fil-
tering, adaptive binarization, and line thinning. The second code
performs the fringe counting and outputs the final reduced density
values.

Image Preprocessing

The 512 x 480 pixels in the CCD camera are arranged in a square
grid, thus the aspect ratio of each pixel is not the 1:1 aspect ra-
tio required by the data reduction program. Therefore, a stretching
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algorithm was employed to expand the distorted horizontal axis
approximately by a factor of 1.21. This algorithm consists of two
nested loops that traverse the destinationimage area pixel-by-pixel.
For each pixel in the destination image, a reverse mapping is used
to determine the correspondingpixelin the sourceimage. Often this
pixel addressis a fractional value. This means that the calculated ad-
dress would have fractional components of the neighboring pixels.
Here, an interpolation technique is used. The four pixels that sur-
round the calculated position of the destination pixel in the source
image are fetched and a linear interpolationis used on pixel intensi-
ties to determine the destination pixel’s gray-scale intensity value.

To reduce the presence of artifactsin the image introduced by the
CCD camera and the frame grabber, it was necessary to spatially
filter the image. A low-pass filter was used, taking great care in
setting the upper frequency limit, to remove these artifacts without
destroying any fringe details.

The image information output from a CCD camera is in a for-
mat known as gray scale. In this case, the CCD camera returns an
eight-bitgray-scaleimage, providing 256 levels of gray. The image-
processingtechniquesalready employedrequiredgray-scaleimages
for proper processing. However, to detect the fringe edges and to en-
hance fringes that are lost in uneven background lighting, adaptive
binarization (also referred to as adaptive thresholding) must be em-
ployed. In fixed thresholding, a single gray level is set as the cutoff
level. Any pixel values falling under this level are set to 0 (black).
Otherwise, the pixel value is set to 1 (white), producing a simple
black and white image. Setting a single threshold level for the in-
terferometric images is difficult because the image is disturbed by
uneven lighting. Thus, a threshold level that adapts itself to the local
gray-scale level is required. Locally adaptive binarization methods
compute a threshold level for each pixel in the image on the basis
of the information contained in the neighborhood of that pixel. The
methodemployed here uses the idea of a threshold surface. If a pixel
(x, y) in the input image has a higher gray level than the threshold
surface evaluatedat (x, y), then the pixel is labeled as background,
otherwise it is labeled as an object (black). Our threshold surface
consistsofa20 x 20 pixel block surroundingthe studied pixel (x, y).
The average gray level is computed in the 20 x 20 threshold surface
and set as the threshold level for the surface.'® Figure 8 shows an
example of an adaptively binarized image. Because the binarization
algorithm can leave extremely thick fringes that could complicate
the fringe counting, it was necessary to process the binarized images
with a line-thinning algorithm. The Hilditch algorithm was chosen
for its robust nature and ease of implementation.!” Figure 9 shows
an example of a thinned image.

Uncertainty Analysis

A detailed uncertainty analysis was undertaken and can be found
in the dissertation of Wesner.'"® Using the uncertainty values pre-
sented in the preceding text and values representative of typical
data (without a shock directly over the reference domain) as jitter
programinputs, an overalluncertainty value was found for the com-
puted densities. By approximatingthe effects of the interpolationon

Fig. 8 Binarized interferogram of unheated flow.

Fig. 10 Unsteady interferogram, 258 us delay.

the uncertainties of the reference pressure values, a simplified ana-
lytical analysis was performed. The values from both calculations
compared favorably, lending validity to the jitter program formula-
tion. The computed density value and overall uncertainty given by
the jitter program was 2.808 +0.093 (£3.31%) kg/m®.

Results

Figure 10 shows the unsteady raw interferogramin area 1 of the
cascade at a delay time of 256 us after the initial shock passage.
The raw single-plate interferometricimages are difficult to visually
interpretbecause they are flipped both horizontally and vertically as
aresultof optical manipulationof the light path. The bottomright of
the image is upstream of the cascade and the upperleftis in the blade
passage. The initial shock wave travels from left to right across the
bottomof the image. The characteristicdoubleimage of single-plate
interferogramsis easily seen by examining the turbine blade found
in the upperright corner of the image. To reduce the interferograms,
both a no-flow (an interferogram taken without any tunnel flow)
and a flow image must be captured. In a no-flow interferogram,
the density is constant; therefore, the fringes are nominally straight
lines. When the cascade flowfield is generated and a flow image
captured, the density variations shift the fringes. Any shock waves
present in the flowfield are characterized by the coalescence of a
large number of fringe lines, as can be seen on the right-hand side
of Fig. 10. The raw data are converted to a density field using the
procedure outlined previously. The reduced density field plots are
presented next. First, the steady data will be introduced, and then
the unsteady density field results will be discussed.

Figure 11 shows the density field results for the steady, adiabatic
case. Portionsof the blade are also shown for reference. As expected,
the flow away from the cascade, toward the inlet, is fairly uniform
with a density value ranging from between 2.4 and 2.5 kg/m>. Also,
the decrease in density as the flow enters the blade passage corre-
sponds to the increase in velocity experienced by the flow as it is
accelerated toward sonic velocity at the throat. Both the freestream
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Fig. 11 Density field for adiabatic flow.
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Fig. 12 Density field for 178 us delay.

density values and those near the throat agree with values computed
using a converging/diverging nozzle theory. Another feature of note
is the increased density values near the leading edge of the blade in
the left-hand lower corner of the plot where the flow is slowed by
the presence of the blade. The extremely dark region in the lower
corner is where the edge of the CCD image was encountered.

Now the unsteady results will be presented. The first density field
is given at a delay time of 178 us (Fig. 12). This is just prior to the
entry into the studied domain; therefore, the flowfield is generally
undisturbed. It should be noted, however, that even though a shock
is normally associated with supersonic events, the passing shock
is propagating into a subsonic flow; therefore, it can influence the
upstream flowfield. Again, the same general flow features as found
in the steady cases are found, although less pronounced.

In Fig. 13, taken at a delay time of 258 us, the presence of the
shock is clearly seen. In all of the density results, the approximate
location of the shock is shown by a black line with arrows indicating
the direction of travel. These shock locations were taken from a
time-resolved shadowgraphstudy of the single shock passing event.
The density behind the shock has increased to over 2.7 kg/m?®. The
reflection from the suction surface of the lower blade of the initial
shock is also shown. The passage of the reflection appears to have
reduced the flow acceleration in the blade passage near the suction
side, as evidenced by the elevated densities in this region.

As the shock moves farther upstream, the reflection generated as
it passed over the blade propagates upstream and is moving out of
the studied area by the time of the nextinterferogram(Fig. 14), taken
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Fig. 13 Density field for 258 s delay.
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Fig. 14 Density field for 337 us delay.

at a delay time of 337 us. Again, the presence of the shock wave
is clearly visible in the density field. The density upstream of the
blades is beginning to drop to more normal levels. Also, the initial
suction surface reflection has reflected again off of the opposing
pressure surface and is in the middle of the blade passage. The
density around the suction surface of the lower blade is low around
most of the blade although it does begin to recover some velocity
from the initial shock passage through the throat. The poor quality
of the data (not plotted here) was a result of poor fringe quality at
the interface of the two image areas (area 1 and area 2, see Fig. 2).

At a delay time of 393 us, the shock found in the blade passage
at 337 us has traveled upstream and again elevated the upstream
densities(Fig. 15). The flow also shows anincreasein density around
the leading edge of the lower blade. Also, the presence of a complex
shock pattern within the blade passage is again reducing the flow
acceleration (especially near the suction side of the passage) caused
by the converging section of the passage.

By adelay time of 465 us, reflected shocks are still present within
the passage, as seen in Fig. 16. However, both the upstream and
passage flowfields appear to be recovering.

By a delay time of 518 us, any reflected shock waves should be
extremely weak. The overall density level upstream of the cascade
remainselevated (Fig. 17). The passageof anotherreflectionthrough
the blade passage has again increased the density values near the
blade suction surface. However, it is expected that if interferograms
were taken at much longer delay times, the elevated levels would
drop down near the undisturbed value. The flowfield appears to be
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Fig. 17 Density field for 518 us delay.

taking on the general features associated with the undisturbed flow,
with a slight flow acceleration into the blade passage and slightly
changed density values far upstream of the cascade.

Conclusions
A single-plate interferometric system capable of capturing un-
steady passing shock events was successfully developed. This sys-
tem incorporated advanced CCD technology to facilitate the freez-
ing of a highly unsteady event, in this case that of a passing shock.

Using this newly developedsystem, a study of the time history of the
density field in a transonic turbine blade passage during a passing
shock event was performed. The variations in the cascade inflow
could be seen, not only during the initial shock passage, but dur-
ing all of the subsequent reflections. A previous attempt made at
performing an idealized analytical study of the passing shock event
could only be performed up to the initial shock passing because of
the large number variables in the system.'”” These measurements
uniquely quantify this event and are a significant step in increasing
our understanding of unsteady rotor/stator interactions with tran-
sonic turbine engines.

Optical methods hold a great advantage over traditional measure-
ment systems in that there is little or no disturbanceto the flowfield.
Also, the entire flowfield can be studied simultaneously withouthav-
ing to resort to tedious pointwise measurement techniques. These
factorsare especially critical given the transonic flow conditionsand
small physical dimensions of the blades of interest here.

In the case of a single-plateinterferometric system, the disadvan-
tage of requiring a portion of the density field to be known and the
difficulties inherent in the data reduction must be weighed against
the simplicity of the setup. However, the area where the known ref-
erence density field is taken can be chosen to minimize the flow
disturbances and increase the accuracy of the measurement.

The single-plate system did indeed prove simple to set up, a very
importantconsiderationwhen using shared facilities. The entire sys-
tem setup could easily be performed in less than 2 h, compared
with the days a Mach-Zehnder interferometer often requires. The
replacement of the Polaroid film with the CCD camera proved ad-
vantageous. The internal shuttering mechanismof the CCD camera,
removed the Bragg cell from the previousoptical system, greatly re-
ducing the effortrequired in the interferometric system setup. Also,
because of the extremely quick shutter times used while working
with the intensified CCD camera, it was no longer necessary to cap-
ture the images in a darkened room. This made the task of operating
the tunnel simpler.

Using a combination of high-frequency pressure transducersand
custom hot-wire probes, the required unsteady known density field
was successfullyrecorded. To not disturb the flow in the blade pas-
sage, it was chosen to take the reference area upstream of the blade
row. Timed shadowgraphs were used to choose shutter times where
the shock wave was not situated within the studied density field to
improve the accuracy of the results. One problem that was encoun-
tered was the passage of diaphragm fragments from the shock tube
upstream of the test section after the passage of the shock. These
diaphragm fragments had a tendency to break the hot wire. Because
these fragments traveled behind the passing shock wave, the shock
event was completed before the hot-wire lost continuity. However,
because the number of required runs was high, the wire had to be
replaced numerous times.

The newly developed unsteady interferometricsystem was tested
under both steady and unsteady conditions. During steady oper-
ations, the experimentally obtained density field behaved as ex-
pected, decreasing in value as the flow entered the blade passage
(corresponding to flow acceleration within the passage). Also, ex-
perimentally obtained densities showed excellent agreement to the
calculated values, both upstream and near the nozzle throat. The re-
duced density field plots demonstrated the capability of the system
to track the passage of the shock wave and the numerous reflections
in a simulation of a NGV and high-pressure turbine rotor unsteady
interaction. The expected pressure rise following the shock passage
was shown in the density fields, and the effect of the passing shock
on the inlet flow was clearly seen. Elevated densities were also seen
near the blade suction surface following the passage of the incident
shock and its reflection. This could be indicative of a reduction in
the flow acceleration produced over the upper (suction) surface of
the cascade during unsteady operation.

Areas for future work include the expansion of the study to eval-
uate the effect of multiple passing shock events. This would allow
the quantitative study of the effect shock spacing (in time) has on
the inlet flow and pressure rise of the density field, and also, on
computationalstudies using the interferometricstudy for code vali-
dation. Databases generated with interferometric studies are crucial
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in the development and improvement of computational fluid dy-
namic (CFD) codes. If CFD calculations are to be performed on
this flowfield, it will be necessary to determine if the passing shock
changes, temporally, the state of the boundary layer. And, finally,
the improvement of the image-processingalgorithms will allow the
technique to be implemented more efficiently.
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