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INTRODUCTION

The heat transfer to the components of a gas
turbine is influenced by the various flow mechanisms
encountered, as described in the survey paper by
Graham (1). One of the men,,hanisw, secondary flow,
has been shown to have a vary pront,unced effect, espe-
cially on the ondwall surfaces near the intersections
with the vanes. Blair (2), and Graziani, et al (3)
measured the heat transfer from the endwall in a
large scale, two-dimensional turbine rotor cascade,
and presented Stanton number contour plots, Thny con-
Iuded that the secondary flows greatly influenced
the heat transfer on the cascade endwall and on the
vane suction surface, T'aey observed especially steep
gradients in heat transfer on the endwall in the
vicinity of the vane leading edge. As shown by
Langston, et al, (4), it is in this region that the
incoming endwall boundary-layer rolls up into a horse-
shoe vortex that wraps around the leading edge. One
leg of this vortex stays close to the suction side
corner as it is swept downstream, while the pressure
side leg is driven across the passage by the pressure
difference, as it moves downstream, becoming part of
the passage vortex. Graziani, et al. (3) showed the
extent of the influence of this vortex system on
their heat transfer results by presenting pictures of
ink traces of limiting streamlines on the endwall of
their cascade.

Aerodynamic investigations of the secondary flow
patterns have been the object of flow visualization
srulies ^r some time. Using smoke, Herzig, et al.
(5) observed the roll-up of the endwall boundary
layer into a passage vortex, but they did not observe
the vortex in the vicinity of the leading edge. They

allowed very clearly that the deflection of the bound-
ary layer flow from pressure side to suction sidevar-
ies strongly with distance from the endwall, with the
fluid nearer the wall being affected the most.
Langston, at al. (4), made detailed aerodynamic mea-
surements in a large scale turbine rotor cascade, in-
cluding endwall flow visualization and smoke addition
to the boundary-layer. They observed the limiting
streamlines on the endwall associated with the leading
edge horseshoe vortex, and noted that all of the smoke
introduced into the endwall inlet boundary-layer
ended up in the passage vortex. Marchal and
Sieverding (6) used smoke and a laser light sheet to
visualize a cross section of the flaw near the leading
edge for both a turbine rotor cascade and a turbine
stator cascade. With this technique, they obtained a
view of the flow pattern in a plane at an instant in
time, but do not show the spatial development of the
vortex.

Thus it was decided to conduct an experimental
study of the endwall-leading edge region to show more
detail of the roll-up of the boundary layer and devel-
opment of a horseshoe vortex, and the relation of the
vortex to the flow traces observed on passage end-
walls. In addition, this work provides a background
against which efforts can be directed to modify or
control the local effects of the leading edge vortex.

In the present study, the horseshoe vortex was
visualized by injecting neutrally bouyant, helium
filled bubbles into the boundary layer upstream of
the leading edge of a two-dimensional turbine stator
cascade, and recording the bubble paths as streaks on
photographic film. Since the bubbles follow stream-
lines without diffusing as smoke does, the streak-
lines observed represent the complete time history of
inidividual fluid particles. Therefore, details of
the horseshoe vortex structure were seen that have
never beoo reported before. Also, endwall flow
traces were observed, using a mixture of oil and a
yellow p?.pent.

The cascade contained six vanes, with a profile
that was scaled up three times from that used in the
NASA Lewis High Pressure Turbine Facility (7). Air



flow through the cascade was drawn in from an atmo-
spheric inlet and exhausted to the lnboratot-y alti
tudo exhaust system. Inlet Reynolds number, based on
true chord, ranged between l.Ox1.0 5 to 3.0x105 for the
tests described. Bubble paths wore recorded photo-
graphically using both a motion picture camera and a
35 nm still camera.

APPARATUS AND PROCEDURE

The vanes used in the cascade were fabricated to
the surface coordinates shown in Fig. 1. These coor-
dinate values are three times the mean section values
of the turbine vanes designed for use in the NASA
Lewis High Pressure Turbine Facility (7). however,
the span of the vanes in the test cascade was four
times the actual vanes, due to a requirement to match
the cascade with existing hardware, This change in
aspect ratio should not affect the reoult p of the
tests, since the phenomenon under study is concen-
trated in the vicinity of the passage endwall. The
pertinent cascade parawetero wires axial chord,
11.4 cm (4,48 in,); chord/axial chord, 1.46; pitch/
axial chord, 1,08; aspect ratio (span/axial chord),
1,34; air inlet angle, 0 0 (axial); air exit angle,

670,
Tito wind tunnel built to hold the cascade is

shown schematically in Fig. 2(a). The inlet was de-
signed for constant acceleration of the flow through
it, as described in Ref, 8. At the end of the inlet
section the flow enters a duct, 68.6 cm (27 in.) wide
by 15.2 cm (6 in,) high by 152.4 cm (60 in.) long,
The cascade of six vanes is located at the end of
this section, :lane pitch is 12,3 cm (4,84 in.),
three times actual size, The end vanes have adjust-
able tailboards to assure periodicity of the flow
through the cascade. From the cascade, the flow is
ducted to the laboratory altitude exhaust system.
Figure 2(b) is a photograph of the cascade test see-
tion. The vanes were fabricated from wood and
painted black. The rest of the cascade was built
from clear acrylic plastic, wit's: the bottom endwall
painted black.

There is a slot in the endwall located about
21 cm (8.25 in.) upstream of the vane leading edges.
The helium bubbles used for flow visualization are
injected into the boundary layer from a plenum be-
neath this slot. The bubble generating system is
described in detail by lisle, at al. (9) and an exam-
ple of its use for visualization of film cooling was
presented by Colloday and Russell, (10), Figure 3
shows a cross section of the bubble generator head.
The bubble solution flows through the annular passage
and is formed into a bubble inflated with the helium
passing through the inner concentric tube. The bub-
ble is blown off the tip by a continuous blast of air
flowing through the shroud passage. The desired bub-
ble size and neutral bouyancy are achieved by proper
adjustment of air, bubble solution, and helium flow
rates. As drany as 300 bubblr.s per second are formed
in this device. For these tests the bubble diameter
was about 1.5 mm (0.06 in.). The bubble generator
head was placed through a grornnct in the wall of the
plenum beneath the injection slot. The. actual rate
of bubble injection into the cascade boundary layer
was about 13 per second, based on a number of one
second time exposures of the flow. The reduced rate
resulted from bubbles in the ples;um colliding with
the walls and bursting before reaching the injection
slot.

The light source for bubble illumination con-
sisted of a 300 watt quartz arc lamp, a rectangular
aperture, and a 300 mm lens. The light source was

located upstream of the tunnel i, , ilet nozzle and pro-
jected a boom down the tunnel into the cascade. Tha
image of the aperture was focused in the cascade, just
off the endwall surface. When viewed from above, or
from the side, the bubbles showed up very brightly
when they were in the light beam. Photographs of the
bubbles were taken from two locations, directly above
the cascade, providing a plan view of the flow, and
upstream of the cascade, looking through the tunnel
sidewall into the cascade, providing a perspective
view of the flow. At both locations, a motion picture
camera, running at either 3 or 12 frames per second,
won used to record the bubble traces. Also, for the
plan view,a sorter of one second time exposures were
taken with a 35 on still camera. The movies that were
taken have to be considered an a collection of inde-
pendent data records, since the time of flight of the
bubbles through the field of view was much shorter
than the open time of the shutter. Thus, the bubbles
appear so streamlines on the film, and adjacent frames
of the film can never show the name bubble. The com-
bination of low bubble injection rate and camera shut-
ter speed resulted in only about one film frame in
ovary one hundred containing something of interest.
The procedure was to view the movie film, one frame at
a time, and make a 35 mm negative of the interesting
frames.

In addition to photographing bubble traces,
drops of oil, mixed with a yellow pigment, were placed
on the endwa4 and allowed to flow when the tunnel was
run. The smeared-out drops were then photographed,
presenting a view of limiting streamlines on the sur-
face.

The cascade was run over a range of inlet
Reynolds number, based on true chord, of 1.3x10 5 to
3.0 105 , corresponding to a tunnel inlet velocity
range of about 12,5 m/sec (41.0 ft/sec) to 28.6 m/sec
(94.0 ft/sec). Over this range of velocity, there was
no change observed in the behavior of the horseshoe
vortex, so it was decided to run at the lower velocity
for all data pictures, since the slower bubbles were
easier to photograph. Periodicity of the cascade was
set by monitoring the endwall static pressures in the
center of each passage at the cascade exit and adjust-
ing the tailboards. Figure 4 shows the pressures m.,--
sored,  for two different velocity levels, after final
setting of the tailboards. The pressures are refer-
enced to atmospheric.

The tunnel boundary layer profile was measured
at a point 21,6 cm (8.5 in.) upstream of the vanes.

RESULTS AND DISCUSSION

All the results presented herein are for the
tunnel running with a free-stream velocity of about
13.1 m/see (43,0 ft/sec) unless otherwise specified.
As noted in the preceding section, the lower tunnel
velocity gave brighter bubble traces on the film.

The velocity profilu through the endwall bound-
ary layer was surveyed with a total pressure probe at
a point 1.4 passage heights upstream of the vanes.
The dimensionless profile is shown in Fig. 5. Also
included in Pig. 5 is the logarithmic distribution in
the wall region for a fully turbulent boundary layer,
from Schlichting (11). The boundary layer thickness,
defined as the point where the velocity is 99 percent
of the free-strea,n value, was 1.81 cm (0.714 in.).
Momentum thickness was 0.165 cm (0,065 in.) and the
boundary layer shape factor was 1.27. Momentum thick-
ness Reynolds number was 1389. These values are as
would be expected for an equilibrium turbulent bound-
ary layer.



The limiting atreamlineo on the endwall surface,
as evidenced by oil traces, are discussed first,
Figure 6 is a representative photograph of the oil
drop traces observed in these touts, with the loca-
tion of the three-dimensional separation saddle point
Indicated, Due to the fact that this cascade had a
smaller turning, and thus a milder pressure gradient
across the passage, the coddle point is much closer
to the vane than shown for the blades in Reif. 4. The
three-dimensional separation line than crosses the
passage from the saddle point to the auction side of
the adjacent vane reach:+o that vane surface at about
50 percent of axial cre:x °b 	At that location, the all
streaks were observed vi" ally to flow up the suction
surface and curve back toward the trailing edge,
Near the cascade exit, the endwall oil streaks were
seen to flow directly across the passage in a tangen-
tial direction, from the pressure aide to the suction
side, The endwall oil traces in the wake region be-
hind the vane trailing edge region followed the vane
exit angle smoothly, further indicating good period-
icity for the cascade. Comparison of the andwall
flow traces of this work with that of Marchal and
Sieverding (6), who used a vane of similar profile,
shows good agreement.

The endwall traces ,just discussed provide a vis-
ible boundary condition on the three-dimensional sec-
ondary flows, At the other extreme, outside the
boundary layer, the potential flow solution provides
the limit. In between these two region$, in the
boundary layer, is where the bubble traces are fol-
lowed,

Figure 7 shows representative pictures of the
overhead view of bubble ;treaklines through the cac-
code, These views were extracted from the 16 mm
movies made of the tests. The height of the light
beam was about 7.6 cm (3 in,) in this test, consider-
ably higher titan the boundary layer thickness, so
bubbles that have reached the free stream will still
be visible in some photographs. The bright spots on
the endwall in these photographs are reflections from
the residue of bubbles that have burst in the passage.
Figure 7(a) is a schematic of the camera field of
view, showing the orientation of the flow and light
beam, Figure 7(b) shows the traces of some bubbles
that are out of the boundary layer, and unaffected by
the secondary flows. Figure 7(c) shows two streak-
lines, one apparently out of the boundary layer, fol-
lowing a potential flow streamline, and one in the
outer portion of the boundary layer that has been en-
trained into the horseshoe vortex. Figure 7(d) shows
a strealine for a bubble close to the wall that has
been trapped in the vortex core, The twists in the
streakline indicate that bubble is in a region of
flow with intense rotation, From Fig. 8, some fur-
ther insight into the vortex form can be gathered,
in these oblique views, looking downstream, the three
dimensional nature of the flow is dramatically evi-
dent, For these tests, the light beam extended from
the endwall surface to about 0.9 cm (0.37 in.) above
it, assuring that all bubbles seen were in the bound-
ary layer. Figure 8(a) is a view into the cascade
with the room lights on, included here for orienta-
tion purposes, In Fig. 8(b), a bubble streakline
follows a tight corkscrew path as tt follows the core
of the horseshoe vortex, In Fig, 8(c) a bubble ap-
pears to follow a more relaxed twisting path, such as
would be expected for fluid particles further from
the vortex core, In Figs. 8(b) and (c), note that
reflections of the bubble streaks can be seen on the
endwall surface. The distance between the streakline
and its reflection is a measure of distance from the

wall, in Fig, 8(b) the bubble appears to be entering
the cascade x4ch closer to the wall than in Fig, 8(c).
Thus the bubble in Fig, 8(b) is in the inner region of
the boundary layer, where the vortief.ty is higher, and
ends up forming the core of the horseshoe vortex.

Figure 9 is another plan view of the enscada,
with the streoklines of bubbles in the horseshoe vor-
tex traced from a number of 16 mm movie frames, When
this movie was made, the light source was locatedat
the side of the tunnel, projecting a beam through the
sidewall, This providot3 illumination further into the
cascade than when the light was directly upstream.
With this arrangement, the bubbles were illuminated
all the way to the trailing edge plane of the cascade,
The most striking feature 'n Fig, 9 is that the core
of the vortex remains in the middle of the passage,
all the way to the exit -,,lane,

Figure 10 is a composite tracing showing the oil
traces on the endwall and the limit of the vortex path
taken from Fig, 9. Note that near the loading edge,
the vortex path is closely following the ondwall
limiting streamlines, but further down the passage
there is a big difference in direction between the
two, This is the some type of behavior as noted by
Marchal and Sieverding (6) for their stator cascade,
The fact that the vortex location in the stator cas-
cade is markedly different than observed in a rotor
cascade implies that the heat transfer patterns on the
endwall will also be different. There is some addi-
tional evidence of this seen when the work of
Georgiou, at al. (12) is compared with that of
Graziani, at al. (3). Georgiou, at al. (12) reported
iso-heat transfer lines for a stator cascade similar
to the one used by Marchal and Sieverding (6). In
their work, the location of the maximum endwall heat
flux near the cascade exit appears to be near the
middle of the passage, whereas in Graziani, at al, (3)
it appears to be closer to the suction surface,

CONCLUDING REMARKS

Stre,akline flow visualization using neutrally
bouyant bubbles has been used in conjunction with end-
wall oil flow traces to show details of the develop-
ment of the horseshoe vortex and subsequent passage
vortex in a two-dimensional turbine stator cascade.
Plan view pictures of the bubble streaklines and
oblique, perspective views show that the fluid closest
to the wall in the inlet boundary layer rolls up to
form n tight vortex core. Fluid from further out in
the boundary layer is entrained in this vortex. Com-
parison of the bubble streaklines with oil flow traces
on the endwall show that the path of the vortex is
aligned more with the free-stream flow than with the
endwall limiting streamlines. Near the trailing edge,
the vortex core was observed to be about midway be-
tween the pressure and suction sides of the passage.
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2,286 .900 .191 .075 4.039 1.590
2.667 1.050 0.358 0.141 4.176 1,644
3.048 1.200 .495 ,195 4.282 1.686
3.429 1.350 .617 .243 4.359 1,716
3.810 1.500 .724 .285 4.404 1.734
4,191 1,650 0.800 0.315 4.420 1.740
4.572 1.800 .876 .345 4,427 1.743
5.334 2,100 , 991 .390 4.389 1.728
6.858 2.700 1.118 .440 4.145 1.632
8.382 3.300 1.143 0.450 3.772 1,485
9.906 3.900 1.059 .417 3.330 1.311

11,430 4.500 .891 .351 2.835 1.116
12.954 5.100 .663 .261 2.240 .882
14.478 5.700 0.396 0.156 1.554 0.612
16, 002 6.300 .076 .030 .777 , 306
16.657 6.558 , 267 .105 .267 .105

L

Figure 1. - Vane coordinates.
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Figure 9. - Composite of bubble streaklines from 16 mm movie frames.
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