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ABSTRACT
A flow-control system for a high-turning-stator cascade is investigated using Digital Particle Image Velocimetry
(DPIV). The system employs small (millimetric) blowing cavities and suction holes in the blades. Experiments are
performed in the transonic blowndown wind tunnel of Virginia Polytechnic Institute and State University for various
Mach numbers, cascade angles, and blowing and suction ratios. The results show that flow control can provide
significant reduction in wake width and an increase in turning. A 50% reduction in loss coefficient is realized, even
though the blowing velocity is below design expectations. Through redesign of the flow-control geometry, it is
anticipated that even greater improvements regarding loss and turning can be achieved. Comparison with CFD
results is also presented. The DPIV system consists of two Nd:YAG lasers, a cross-correlation ES1 camera, an
optical probe for laser-sheet delivery, Plexiglas walls for optical access, and a seeding system. The optical probe
can slide and rotate inside a glass tube that is mounted across the test section downstream of the cascade. This
allows the laser sheet to illuminate any location of the cascade in the main flow direction. Aluminum-dioxide
particles are used as the free-stream and blowing seeding material. New DPIV approaches for velocity
measurements on the small blowing and suction holes and details of the boundary layer very near the blade during
the blowndown tests are also presented. The millimetric size of the viewing areas prevents the direct application of
standard DPIV since the laser thickness is typically greater than the hole size and because regular optics cannot be
used in a standard manner for viewing very small areas. Issues related to volumetric illumination, fiber-optic
delivery, particle-seeding image size, scattering direction, optical focusing, and speckle and glare reduction are
explored. An advantage of making measurements in small areas is that high resolution can be accomplished with
regular 1k x 1k CCD sensors. This also makes it feasible to use digital-holography approaches for measuring
velocities in small volumes and micro-volumes.
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1. INTRODUCTION
Boundary-layer-based flow control provides an excellent opportunity to expand the design space for counter-flow
stators (Car et al., 2000). Many opportunities exist to control the secondary flows that reduce the potential for a
counter-swirl stator to create efficiently a pressure rise in a turbomachine. Described herein is a flow-control
approach for a counter-swirled stator. Boundary suction and blowing (flow control) are used to reduce the suctionsurface separation and increase the overall turning of the cascade section. A unique ejector-pump-based control was
utilized to achieve both suction and blowing with a single source of high-pressure motive flow. Internal cavities
were formed in the blades to allow prescribed suction and blowing in the mid-span section. The approach employed
to achieve simultaneous suction and blowing for flow control utilizes ejectors, without the requirement of lowpressure air for suction. Details of the ejector pump design for this study are described briefly here and in greater
detail by Carter et al. (2001). The suction and blowing locations were optimized through a 2D computational
analysis. Based on a CFD optimization study, locations were selected for suction and blowing. The suction holes
were placed at 80.5% chord, while the blowing holes were placed at 89.5% chord, as shown in Fig. 1.

Motive Plenum
Suction Plenum

Figure 1. Ejector configuration within the cascade blade. Chord is 4 in.; span is 6 in.
Digital Particle Image Velocimetry (DPIV) data were obtained for both design and off-design operating conditions
at various Mach numbers and angles of incidence, and the results indicated an improvement in turning and a
reduction in blockage and loss. The study demonstrated that mass averaged loss could be reduced by 30%, while
blockage could be reduced by 27% and turning increased by nearly 3 degrees with 1.3% of design flow used for
control. The study also showed that the ejector-pump concept reduces stator-wake blockage by 13% as compared to
that of blowing only with the same amount of supply flow.
2. DPIV SYSTEM FOR CASCADE MEASUREMENTS
A DPIV system was developed for transonic-cascade investigations (Estevadeordal et al., 2001). Two frequencydoubled Nd:YAG lasers are used for instantaneous marking of the seed particles in the flow field. The beams are
combined and directed through sheet-forming optics and illuminate the test section with a 2D plane of thickness < 1
mm. The scattering from the seed particles is recorded on a ES1.0 Kodak CCD sensor (1008 x 1012 pixels). The
camera maximum repetition rate is 15 double exposures per second and was set to 10 Hz for synchronization with
the laser repetition rate. A 105-mm Nikon lens was used. The magnification for the present macro-experiments was
~ 23 pixels/mm, which corresponds to a viewing width of ~ 43 mm. The time delay between the lasers was
typically 3 µsec. Once the PIV image has been captured and digitized, the velocity field is obtained using crosscorrelation techniques. The correlation function is calculated over small segments (interrogation domains) of the
PIV image. The peak of the correlation map corresponds to the average velocity displacement within the
interrogation spot. An intensity-weighted peak-searching routine is used to determine the exact location of the peak
to sub-pixel accuracy. For these experiments 20 image pairs were obtained during a 2-sec tunnel blowdown period.
Of those 20 images, 15 were averaged for presentation. Averaging the instantaneous velocity fields has the effect of
smoothing the flow and permit better comparison to CFD predictions. Velocity median levels are reported with
outlier rejection of two standard deviations.
A compact laser-sheet delivery system was designed. This system consists of an optical probe designed with lightsheet-forming optics internal to the probe, which is similar to that reported by Estevadeordal et al. (2002). The
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probe was placed downstream of the cascade in the flow path inside a glass rod that is transverse to the main flow
direction. The cascade endwalls were formed with 31.75-mm (1.25-in.-) thick Plexiglas to allow optical access.
The power required for laser-sheet illumination was very low (< 10 mJ/pulse) because of minimal optics loses.
Seeding particles were injected into the flow approximately 10 blade-chord lengths upstream of the cascade section
with an injection rake. Sub-micron particles of aluminum dioxide were used as the seeding material. Figure 2 is a
schematic of the DPIV setup. The setup for detailed measurements in small areas will be discussed in Section 4.
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Figure 2. Schematic of DPIV setup for cascade macro-measurements
The uncertainty in the DPIV velocity measurements was determined as follows. The velocity V (m/s) was
computed dividing ∆x, the displacement (pixels) of each interrogation region, by ∆t (sec), the time interval between
the two exposures, and by M, the magnification of the digital image relative to the object (pixels/mm). The ∆t was
adjusted to yield typical displacements of the free stream in the present experiments of > 10 pixels, with an
uncertainty of <1%. Values in the wake region where the minimum velocity occurs, however, have higher
uncertainties because of the lower ∆x; for example, a ∆x of 1 pixel could yield an uncertainty of ~ 10%. The
maximum uncertainty in the ∆t was calculated from the time interval between the two laser pulses. It was found that
this uncertainty increases with lower laser power and with lower ∆t. A conservative number for the present
experiments, which employed a ∆t of 3 µsec and powers around 20 mJ, was found to be 1%. The magnification was
measured from images of rulers located in the laser-sheet plane, and it is conservatively estimated that could be read
to better than 1%. Combining these three conservative measurements of uncertainty yields a maximum error of <
±2% of the reported value for the free-stream velocity, which increases to ~±10% of the reported value at the wakeminimum-velocity location.
3. RESULTS AND DISCUSSION OF MACRO-MEASUREMENTS
DPIV data were obtained for both design and off-design operating conditions for various Mach numbers and angles
of incidence. The flow visualization and velocity fields for design conditions at the exit of the cascade are provided
in Figs. 3-6. The Mach number was determined under the assumption of adiabatic conditions, based on total
temperature measured at the cascade inlet. The regions where DPIV data could not be obtained are outlined in black
(Figs. 4-6), while the blade is shown in white. The blowing location is indicated on the DPIV figure as well as the
zero-pitch location along a 110% chord line. The suction location is in the upper-right corner of the figures. The
instantaneous images from the DPIV study, with examples shown in Fig. 3, indicate large levels of unsteadiness
within the wake region, where large vortices were being shed from the suction-surface trailing edge, especially for
the “no control” condition. The DPIV results shown in Fig. 4 demonstrate significant separation prior to the trailing
edge of the blade without flow control. The streamlines indicate that minimal additional turning is achieved beyond
~ 90% of the blade chord. Modeling of this highly separated region with high levels of unsteadiness poses a
difficult problem for steady computational solvers. Figures 5 and 6 provide the same DPIV information for the test
case where 0.9% and 1.3% motive flow, respectively, is provided.
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Figure 3. Instantaneous flow visualization for “no control” (a), “0.9% control” (b),
and “1.3% control” (c) conditions
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Figure 4. DPIV results for “no control”
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Figure 5. DPIV results for 0.9% motive control
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Figure 6. DPIV results for 1.3% motive control
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The figures suggest that the wake has been reduced significantly beyond the 110% chord location from the “no
control” case by adding control. In addition, although difficult to observe in these images, the turning has been
increased somewhat by the addition of flow control. Wake reduction and changes in turning can be analyzed in
detail using the velocity data, as shown in Fig. 7.
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Figure 7. Velocity profiles at 110% chord
The data demonstrate that the diffusion levels of the cascade have been improved with control, as evidenced by the
velocity ratio being reduced outside the wake region. Therefore, it can be stated that the performance of the cascade
has been improved with flow control beyond simply filling the wake. The flow-control improvements can also be
readily represented in terms of changes of displacement thickness, which can be used to represent blockage. The
displacement thickness of the “no control” case is 20.2%, while for the 0.9% and 1.3% control cases, it is 17.2% and
14.7%, respectively. This is a 27% reduction in blockage with 1.3% motive flow control.
The data also indicate that the cascade without control fell short of design intent (-19 degrees) by nearly 12.5
degrees, i.e., the flow was only turned 6.5 degrees past axial. This is significantly different from the CFD-predicted
value of ~ 14 degrees turning past axial. Several possible reasons for this discrepancy is presented next.
Figures 8a and 8b show a comparison of experimental and computationally predicted baseline cascade performance,
along with the measured and predicted optimized ejector-pump performance. Figure 8a provides a comparison of
the computational and experimental exit Mach fields for the “no control” case. The contour lines are based on the
computational results, while the colors are from the experiment. The figure suggests that the computed flow turning
is greater than that measured. The wake is directed more toward the zero-pitch location than that measured.
Several possible reasons can be given for these differences, each of which could contribute to the overall difference:
1) the influence of freestream turbulence, 2) earlier separation, 3) the difference in periodic boundary conditions
downstream of the cascade (the experiment was performed without the benefit of tail boards in the downstream
section of the cascade), 4) the manner in which the baseline configuration was modeled in the computational study
(blowing holes are fairly large and have a step-like form in the suction surface, while a smooth transition was
modeled), 5) high levels of unsteadiness with large vortical structures seen in the instantaneous DPIV images of Fig.
3, and 6) 3D effects.
The y axis in Fig. 8b represents the ratio of exit-velocity magnitude to inlet-velocity magnitude. This differs from
the previous plots of experimental data alone. The figure shows the influence of the experiment having a higher
freestream velocity in the exit plane than that in the computational results. The figure also shows that similar levels
of diffusion improvement were achieved with 1.3% motive flow being applied for both the experiment and the
computation. The figure reveals that the baseline wake was significantly wider in the experiment than predicted.
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Figure 8a. Comparison of computational and experimental results for “no control” conditions. The contour lines are
based on the computational results, while the colors are from the experiment.
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Figure 8b. Comparison of computational and experimental results at 110% chord.
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4. APPROACHES TO VELOCITY MEASUREMENTS IN SMALL AREAS
Velocity measurements on the small blowing and suction holes and at the thin boundary layer during blowndown
tests are necessary for verifying the flow-control device performance and also for yielding details of the flow very
near the blade. An advantage of measurements in small areas is that high resolution can be achieved with regular 1k
x 1k CCD sensors. However, standard DPIV cannot be directly applied to these millimetric-size areas. For
example, in attempts to measure the velocity at the center plane of a hole using the optics setup employed in macroDPIV, it is found that the laser thickness is typically greater than the hole diameter (sub-millimiter); when one
typically employs a depth of field greater than the laser thickness, the measurement location cannot be resolved.
Thus, issues arise involving volumetric illumination, optical focusing, depth of field, particle-seeding image size,
scattering direction, laser delivery, speckle and glare reduction, and relative movements during the experiment.
Initial tests with the standard DPIV setup (a laser sheet of thickness greater than the hole diameter) in a “close-up
mode” (the macro lens directly attached to the camera and located as near as possible to the target to yield a depth of
field that is less than the laser sheet thickness of the image-recording system) allowed viewing areas as small as a
few millimiters, with resolutions of about 100 pix/mm using the 1k x 1k sensor. However, only a few images
yielded data at the center of the hole, the reason being that during the actual blowndown test, the exact location of
the laser sheet with respect to the target (e.g., centerline of a blowing hole) and optics can be obscured within a
millimiter for various reasons such as vibrations. For example, the laser-sheet delivery probe is attached to the
tunnel, while the camera is not, allowing a potential shift in the distance between the laser sheet and the camera
focused plane within a given depth of field. Even when the hole remained illuminated (partially or totally) by the
laser sheet, the focused plane was shifted from the hole center. However, the approach yielded a few sharp results at
the target when the relative positions of the target, the laser sheet, and the recording system did not change during
the experiment.
A more reliable approach that would assure successful acquisition of data at the target location would be to employ a
full volumetric technique similar to those employed in micro-PIV techniques (Meinhart et al., 2000) but with a much
simpler standard PIV setup. First, a much closer view (to sub-millimiter level) than that possible with macromeasurements can be obtained by introducing spacers or bellows between the camera body and the lens. The
required extension of the bellows attachment is the product of the reproduction ratio (magnification) and the focal
length (Micro-Nikkor 105 mm f/2.8 Nikon Instruction Manual). The depth of field decreases with the spacing and
large aperture and can produce a very thin focused plane (e.g., sub-millimiter).
With a volumetric illumination all particles in the volume contribute to scattering. However, the diffraction pattern
of the particles (assuming that they are point sources imaged through a circular aperture or lens) has a maximum
intensity (corresponding to the Airy function for Fraunhofer diffraction) at the focal plane of the lens. Typically the
depth of field is arbitrarily defined as a specified fraction of that maximum. Therefore, for planar PIV
measurements, the scattering intensity from particles within the object plane (in-focus) has a maximum (Fig. 9). In
addition, the scattering intensity from particles within the out-of-focus portion of the volume is much lower and its
contribution is minimal (in the form of background noise), the final contribution to the velocity correlation being a
function of the diffraction, the optical geometry, and the finite size of the particle (Meinhart et al., 2000). The
overall signal-to-noise ratio can be improved by decreasing the seeding density at the cost of reducing the spatial
resolution.
An additional advantage of these close-up arrangements is that the contribution from indirect light from the ambient
is negligible and, thus, the experiment itself does not require a darkened environment.
For the present measurements, which are not on the micro-PIV scale, distinct strategies for illumination were
required. The macro-PIV laser sheet at 90 degrees proved to be inefficient for extreme close-ups (sub-millimiter),
and direct in-line illumination used in micro-PIV produced unacceptable levels of speckle. Reduction of speckle
noise was accomplished using an off-axis (but near-in-line) laser illumination and by fiber-optics delivery to achieve
partial-coherence. It was found that this near-forward-scattering setup (Fig. 10) provides more efficient and
convenient illumination and produces very sharp images (Figs. 11 and 12). With this approach the particle-image
sizes remained a few pixels using the same seed particles (micron-sized) as those in standard PIV.
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Fig. 9 Schematic of volume illumination with sharp DoF optics. Using near-forward scattering direction and low
seeding density, the image quality at the focused plane can be optimized. Scattering from out-of-focus particles that
contribute to background noise is inefficient and minimized; near-forward illumination avoids speckle of in-line
illumination.

Fig. 10 Schematic of milli-DPIV setup for single focused plane with off-axis volume illumination.
Figure 11 shows the effect of volume-illumination direction for a bubble emanating from a 2-mm-diameter orifice.
The sharp focused plane is at the center of the orifice and bubble. A few degrees off in-line still produces speckle
(a); an optimal value exists for the near-forward scattering angle (b) where only the focused plane scatters
efficiently. Digital In-line Holography (DIH) (to be discussed later) can produce a full-3D volume image, and the
reconstruction of a similar bubble is shown for comparison purposes (c). The 90-degree scattering direction used in
standard PIV and backward scattering proved to be inefficient with this method.

a)

b)

c)

Fig. 11 Effect of volume-illumination direction for a bubble emanating from a 2-mm-diameter orifice. The sharp
focused plane is at the center of the bubble. A few degrees off in-line produces speckle (a); optimal value for single
focused plane occurs for near-forward scattering and occurs at few degress from forward (in-line) (b). DIH
reconstruction of a similar bubble is shown for comparison purposes (c).
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Fig. 12 Examples of milli-DPIV images and velocities using volume illumination and a single focused plane; a) exit
from channel flow with maximum velocity of 1 m/s and seeding with smoke particles (< 0.5 µm) at resolution of
1000 pix/mm and b) jet from a 3-mm-diameter hole with maximum velocity of 30 m/s and seeding with cornstarch
particles (< 15 µm) at a resolution of 255 pix/mm.
The examples in Fig. 11 involve low velocities and cross-correlation. The actual blowing holes of the flow-control
system are jets that can attain velocities comparable to those of the transonic free stream. Therefore, when viewing
small areas, a double-exposure on a single frame and auto-correlation techniques are required with the standard PIV
cameras (e.g., the present ES1 which has a 1-µsec cross-correlation lower limit). The system is capable of capturing
the 2D information at the center plane of the holes or at the boundary layer, but extension to stereoscopic viewing
would allow capture of the out-of-plane component, which can be very important.
Although this approach also promises the capability of producing velocity data during a typical blowndown windtunnel test (which lasts about 10 sec), the possibility of missing the target is still high because of the shifting of the
focused-plane location with respect to the center of the flow control holes, as explained above. An approach under
study is the use of auto-focus techniques that would allow one to keep the target in-focus throughout the test.
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Ultimately, an approach that is fully capable of capturing any location at any time is desired. For example, a
technique such as holography that can capture volumetric information could be used. Digital holography is a
convenient technique for measuring velocities in small volumes and micro-volumes with sufficient resolution. For
digital holography a CCD sensor rather than holographic film is used to record interference between the “object”
beam and the “reference” beam. Reconstruction and interrogation are accomplished numerically. Distinct
advantages over standard holography include no need for chemical developing of film, no need for a laser
reconstruction, and no need for traversing interrogation which is accomplished numerically also. Three simple
setups shown in Fig. 13 are based on DIH. The collimated-beam approach (a) uses a plane wave to record
information in the volume. The point-source approach (b) (Kreuzer et al., 2001) employs spherical waves; it is
similar to digital electron-microcopy, except that photons rather than electrons are used and its capability of undermicron resolution could make it an attractive technique for volumetric micro-PIV applications. An example of
numerical reconstruction using “LEEPS: Low Energy Electron Point Source” software (Kreuzer et al., 2001) for a
double-exposure digital hologram obtained with the collimator approach and its corresponding velocity (computed
using DPIV techniques) is shown in Fig. 14.

a)

b)

c)

Fig. 13 DIH approaches using collimated beam (a), point-source micropinholes (PH) (b), and condenser lens (c).
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Fig. 14 Example of double-exposure DIH reconstruction image with collimator (100 pix/mm) and its corresponding
velocity; flow is a spray with maximum velocity of 10 m/s, and seeding is the spray droplets (estimated sizes range
from ~ 0.5 µm to ~ 0.5 mm).
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The power of the numerical holographic interrogation is shown in Fig. 15 for the setup of Fig. 13(a). Different
depths (or planes) and close-up regions can be interrogated.

a)
b)
c)
Fig. 15 Interrogation of a spray hologram (a) from two different magnifications, showing the full spray (b) and a
region inside (c).
5. CONCLUSIONS
In summary, it appears that the baseline “no-control” conditions predicted by the computational-optimization study
could not be verified in the experiment, and several possible reasons have been identified. However, even with this
discrepancy in baseline conditions, the expected levels of improvement with the application of ejector-pump flow
control were achieved. This would suggest that ejector-pump flow control can improve stator performance and that
improvement can be predicted with computational models currently available. However, flow control cannot be
used to improve stator rows with large levels of deviation and flow separation. Based on this study, perhaps the
optimum application of flow control would be improvement of a conventionally “well-designed” blade row. DPIV
has proved to be an excellent diagnostic tool for turbomachinery studies. The system design is being improved to
allow simultaneous measurements in a wide range of viewing areas from large cascade passages to micro-volumes
typically encountered in flow control and film cooling and also to allow elucidation of details on thin boundary
layers and on small-scale turbulence.
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