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Nomenclature

Re Reynolds number
N Exit angle, deg

Subscripts

C Chord length

SSL Suction surfacelength
1 Freestream

d Wire diameter

Intro duction

The gasturbine engine has serned as the predom-
inant form of aerospacepropulsion in the latter half
of the 20th certury and increasing performance re-
quirements for gas turbine enginesin military and
commercial aerospaceapplications cortinue to drive
developmert in speci ¢ componerts of gasturbine en-
gines. Small improvemerts have beenshown to result
in signi cant cost savings in the past, particularly in
o® design operating conditions where separation be-
comesa signi cant factor in performancedegradation
such asin the low pressureturbine (LPT). Designed
for high Re operating conditions near sealevel, the
low-pressure turbine section is prone to separation
and transition e®ectsat high altitude cruise where
low air density results in a reduced Re. There are
seweral parameters that must be studied in order to
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Measuremen ts are run for a Rerange from 1¢10% to 1¢10°; preliminary
suremen ts are presen ted from 1¢10% to 4¢10*. In the wind tunnel,
with a variable exit angle for °ow visualization
results are presen ted for Re 2:5¢10* to 9 ¢10%.
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dewvelop a comprehensive understanding of the °ow
behavior around the low-pressure turbine blade, in-
cluding Re, FSTI, blade geometry and the pressure
gradient. Laminar separation in particular leads to
signi cant degradation of engine performance due to
large re-circulation zones. A turbulent boundary layer
is much lesslikely to separatein the rst place, and
previous work has shavn that turbulent separation
bubblesover turbine bladesare smaller and have a less
drastic e®ecton performance. The goal of this study
is to explore LPT separationand the parametersthat
a®ectit.

Previous W ork

Experiments on LPT bladestypically consist of 2-
D cascadesf 3 or more blades. Ditculties typically
arise in cortrol and measuremeh of °ow parameters
such as FSTI and exit angle, both of which e®ectthe
pressuredistribution along a blade's surface.

Dorney et al. examined lossesin an 8-blade LPT
cascadeover a range of Re experimentally and nu-
merically and found increasedlossesat lower Re due
to separation! Also, illustrating the potential for im-
provemen even at lower Re conditions, the losseswere
signi cantly reducedby implemerting atrip wire. Sev-
eral studies have guided us in the designand focus of
our own experiments. Mayle reviewed the importance
of laminar-to-turbulent transition with respect to gas
turbine engine design? He concludedthat transition
plays a major role in the °ow behavior on both sidesof
a turbine blade, and described seweral modes of tran-

lof 11

American Institute

of Aer onautics and Astr onautics Paper 2001-0447



AIAA-2001-0447

sition and their relation to gasturbine engine design.
Halstead et al. conducted an experimental study of
boundary layer °ows in a simulated low-pressuretur-
bine section with hot-wire probes®* They obsened
large regions of laminar and transitional °ow on the
suction surface of the blades. Under the wake behind
the blades,FSTI wasincreasedfrom about 1.5%to 2.5-
3%, and they found regions of suppressedseparation
downstream of turbulent wakes. Baughn et al. also
explored the e®ectof FSTI..®> Controlling the level
of FSTI at 1% and 10%, they found that the transi-
tion point moved forward with an increasein FSTI.
Qiu and Simon alsoinvestigatedtransition on the suc-
tion side of a turbine blade with hot-wire probes for
varying FSTI and Re.® They found that increasing
Re and/or FSTI resulted in a smaller separation bub-
ble and also prompted earlier transition. Murawski
et al. have also conducted experiments on a turbine
blade cascadeand have obsened similar °ow behavior
in a Re range of 50,000to 300,000and FSTI levels of
1.1% and 8.1%.”'8 They have explored the e®ectof
trailing edgeextensionson bladeswhich alter the up-
stream pressuregradient. In our own study, we have
attempted to recreatethe parameter spacesstudied by
previous studiesto allow for comparisonof our °ow vi-
sualization and PIV measuremets with their hot-wire
measuremets .58

Curren t Study

The study conducted in our laboratory consists of
PIV measuremets of the °ow over a cascadeof Pratt
& Whitney PAK-B turbine blade models mounted in
a tow tank and a low-speed wind tunnel. The tow
tank runs were conducted with a 3-blade cascadeand
are preseried only as proof-of-conceptwork, while the
wind tunnel tests were conducted with a 6-blade cas-
cade under conditions much closerto low Re engine
operating conditions. The former experimens use
methods to facilitate instantaneous measuremets of
the unsteady °ow “eld about the blade. This researt
has built on the previous work with LPT separation
with a study of the separationregionin detail, includ-
ing the re-circulating region. From the °ow eld mea-
suremeris obtained, we hope to determine the e®ects
of Re and evertually FSTI on the geometry and loca-
tion of the separation bubble, aswell asany unsteady
characteristics within the separationregion. The car-
toon in "gure 1 depicts the area of interest with an
exaggeratedseparation bubble for illustration.

Exp erimen tal Setup
Test Facilities

Preliminary results have been obtained in both a
tow tank and a low-speedwind tunnel. The tow tank
is approximately 4.0 m long by 0.38 m wide and deep,
with a capacity of approximately 1000gallons. A car-
riage is pulled along two rails spanning the length of

Fig. 1 Carto on of separation bubble formation the
suction surface of a turbine blade.

the tank with a syncromeshpulley and timing belt sys-
tem to prevert slippage. A 1.6 kW (2 hp) motor drives
the pulley up to 5 m/s. A three-blade cascadewas
mounted to the carriage with two streamlined struts
betweenendplates. Before eat run the °uid was qui-
escem and essetially turbulence free; along with the
inadequate cascadearrangemen, this makes any re-
sults from the tow tank runs valuable only in testing
the diagnostics.

The water is seededwith 40 micron diameter silver-
coated hollow glassspheres. For the preliminary tow
tank runs, a 5 W Argon-lon laser was usedto create
a laser sheetacrossa portion of the tank as shawn in
“gure 2. For higher Re runs a 50 mJ pulsed Nd:YAG
laser is used in sync with the camerato avoid the
streaky imagesthat result from higher speedruns with
cortinuous illumination. A Pulnix TM-6701 with a
square pixel CCD array (648x484pixels) and a frame
rate of 60/120 Hz, or a Sory XC-55 (640x480 pix-
els, 30 Hz) are positioned perpendicular to the laser
sheet. The imageswere captured using a Matrox Pul-
sar or Meteor Il PCI frame grabbing software with a
PC in real-time. The Pulnix was mounted on a tri-
pod and images were acquired for an instant as the
carriage passedin front of the camera for prelimi-
nary results. For later runs, the remote head Sory
camerawas attached to the outside of the carriage to
allow measuremen of unsteady °ow characteristics, as
shawvn in gure 3. WaLPT asdescribed below is used
to extract two-dimensionalvelocity and vorticit y “elds
from the images.

The Low-Speed Wind Tunnel (LSWT) is a low-
turbulence open-circuit blow-down wind tunnel with
a computer cortrolled 7.5 hp motor driving radial
fan. Upstream of the nozzlea vibration damper, °ow
straightener and turbulence damping screenscondition
the °ow. The nozzle has a contraction ratio of 6.7
and the test section has cross-sectionof 0.2 m£ 0.4 m.
The test section is constructed from 1/4" thick clear
polycarbonate movable walls allow for variations in the
exit angle  from 80* to 100° asillustrated in "gure
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Fig. 2 Optical arrangemen t for tow tank exp eri-
men ts.

Fig. 3 Photograph of \°ying PIV"
showing carriage moun ted camera.

con guration

Fig. 4
justable

Wind
turning angle and 6 blade cascade.

tunnel test section with with ad-

4. Within the test section, a 2.5 cm slot allows for the
placemen of turbulence grids approximately 1 m up-
stream of the cascadeto control FSTI. The maximum
velocity in the test sectionis 35 m/s.

Flow visualization is utilized in the tunnel to obtain
information about the separation region. The smoke
wire technique as described in Batill and Mueller is
used? A 0.005inch steel wire is stretched acrossthe
tunnel section and coated with a dyed oil. The wire
is heated using a 50 VDC supply and ne streaks of
smoke are momertarily produced. The °ow speed is
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limited by the wire Rey which must be kept low to
prevent shedding; typically Rey < 50. The °ow is
illuminated from the side using a 750 W lamp and
the streaklines are recorded with a Sory XC-55 CCD
camera and a Meteor PCI frame grabbing software
with a PC in real-time. Resulting movies made from
the image captures can be used to deduce the sep-
aration location and separation bubble size. Since
the upstream °ow is laminar, the point at which the
streaklines nearest the surface beginsto break down
can be usedto determine the transition location.

Turbine Blade Mo dels

Turbine blade models with an approximate chord
length of 114 mm, a span of 203 mm and a suction
surfacelength of 152 mm have been constructed of a
photo-reactive polymer at the Rapid Prototyping Lab-
oratory at the University of Kentucky. The geometry
of the blade is basedupon the Pratt & Whitney Pak-
B. For the tow tank runs two of the three bladesin
the cascadewere molded from the original SLA model
as shawn in "gure 5(a). The third blade also has a
clear trailing edge extension formed to the pressure
side of the blade to direct the °ow in the turned di-
rection behind the middle blade. As previous studies
have reported, howewer, trailing edgeextensionsalter
the pressuregradient and therefore the tow tank runs
are not run at realistic operating conditions.2 Imper-
fections with the injection molding processled us to
produce 6 SLA blade modelsfor the wind tunnel tests
as shovn in "gure 5(b). For PIV measuremets in
the wind tunnel, helium-Tled soapbubblesand smoke
droplets are used as tracer particles. Like in the tow
tank experiments, a cameraand laser sheetare posi-
tioned to isolate a 2 dimensional region of interest, in
which a 2-D velocity "eld may be determined.

PIV Measuremen t

PIV (Particle Image Velocimetry) has become a
commonmethod for determining the instantaneousve-
locities of tracked particles in a seeded®uid. Digital
PIV (DPIV) applies modern imaging and computa-
tional technology to make the oncetedious processof
PIV measuremeh much more manageable.The DPIV
algorithm usesthe wall adaptive Lagrangian parcel-
tracking algorithm (WaLPT) deweloped by Sholl and
Savas!® This algorithm tracks the seedingas °uid
parcels and determines their translations and defor-
mations. Fluid parcelsregistered by CCD pixels are
advected with individually estimated velocities and
total accelerations. A standard DPIV algorithm is
employed to determine the initial velocity “eld, and
the novel routines in WaLPT allow for more accurate
measuremen of the velocities near the blade surface
by essetially mirroring the °ow about the wall using
an image parity exchange routine, as shown in “gure
6.
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a) Tow tank cascade.

b) Wind tunnel

cascade.

Fig. 5 3 blade tow tank cascade and 6 blade wind

tunnel

cascade.

Fig. 6

Image from tow tank
°ow across the blade boundary used in PIV pro-
cessing.

American

run showing re°ected

Preliminary Results
Tow Tank

For the rst snapshottow tank runs in the proof
of concept stages of our researd, seweral runs pro-
duced clear illustrations of separation on the suction
surfaceof the middle blade. Figure 7 shows the veloc-
ity and vorticity plot for a run at a Ress. of 13,000.
Sincethe experiment was conducted in the tow tank,
the FSTI is essetially zero. Separation can clearly
be seen,but the resolution in these measuremets is
not great enoughto adequately describe the separa-
tion bubble characteristics in detail. The image shows
the capability of the DPIV processin determining the
velocity eld near the blade wall, however. It should
be noted that even for these roughly modeled runs
the separation bubble and vorticity diminished with
increasing Re as expected.

Further tow tank runs allowed for unsteady mea-
suremerts with the use of the \°ying PIV" con gu-
ration (‘gure 3). With theseruns it was possibleto
averagethe velocity and vorticity “elds for a sample
of seweral image pairs. The sizeof this samplewas de-
pendert upon the quality of the imagesand the speed
of the run. For faster runs, the carriage speedreduces
the amourt of time the cascadespendsin the region
of optimal laser sheetintensity consequetly reducing
the number of image pairs with suzcient illumination.
Figure 8 shaws the resulting velocity and vorticity "eld
plots for an averageof 15 image pairs at a Regs of
approximately 38,000basedon suction surfacelength.
The plot is another example of how the DPIV tech-
nigue has enabled us to study the separation region
itself. It should be noted that this separation region
appearedto be a steady °ow characteristic basedupon
the examination of the individual image pairs.

To further test our procedure, we re-processecthis
sampleisolating a smallerregionaround the separation
bubble to increasethe resolution in that area. The re-
sult is the plot showvn in gure 9. This ability will
be useful in the more rigorous wind tunnel PIV tests
where a similar detailed study of much smaller sepa-
ration bubbleswill be necessary

Wind Tunnel

The smoke wire imagesfrom the wind tunnel runs
are shown in "gures 10 through 12. The sequences
are arranged with increasing Ress; from 3:0 ¢10° to
9:0¢10° for exit anglesof 93*, 95 and 97*, respectively.
Approximately nine to fteen imageswith suzciently
densesmolke streak-lines were obtained for ead run.
Theseimageswerethen viewed in an animator to esti-
mate the relative locations of the points of separation
and transition, aswell asthe separation thickness,all
based upon SSL. An approximate scale for the suc-
tion surfacelength was overlayed on one image image
from ead run for analysisasshaown in "gure 13. Inter-
preting these imageswas a rather subjective process
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due to varying image quality with tunnel speed and
the unsteady nature of the separation region itself. A
monotonic decreasein the boundary layer thickness
at a particular Re when we increasethe exit angle is
obsened as shown in “gure 14 plotting the separation
thicknessasa percertage of SSLagainstRess, for the
three exit anglesexamined. The plot clearly shaws the
e®ectof the higher turning angleon the sizeof the sep-
aration region. There waslittle obsened movemert of
the points of separation and transition over the ertire
range.
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a) Velocity. b) Vorticit y.

Fig. 7 Instan taneous velocity and vorticit y plots for Ress. = 1:3¢10%

a) Velocity. b) Vorticit y.

Fig. 8 Averaged velocity and vorticit y plots for Ress. = 3:8¢10%,

a) Velocity. b) Vorticit y.

Fig. 9 Averaged velocity and vorticit y plots for Ress. = 3:8¢10* at increased magni cation.
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a) Ress. = 3¢10% b) Ress. = 5¢10%.
C) Ress, = 6¢10%. d) Ress, = 7¢10%.
€) Ress. = 8¢10%. f) Ress. = 9¢10%.
Fig. 10 = 93,
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a) Ress. = 3¢10% b) Ress. = 5¢10%.
C) Ress, = 6¢10%. d) Ress, = 7¢10%.
€) Ress. = 8¢10%. f) Ress. = 9¢10%.
Fig. 11 ~— = 95,
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a) Ress. = 3¢10% b) Ress. = 5¢10%.
C) Ress, = 6¢10%. d) Ress, = 7¢10%.
€) Ress. = 8¢10%. f) Ress. = 9¢10%.
Fig. 12 ~— = 97,
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a) ~ = 93,

b) ~ = 95,

Fig. 13 Comparison of 2 runs at Re= 3¢10*. Note that the ~ = 93 case clearly transitions Tst.
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Fig. 14 Separation height at transiton point versus Re for all wind tunnel runs.
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