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Abstract

A visualization of the flow on endwall, suction and pressure
surfaces of the linear turbine blades is performed to investigate
the secondary flow near the blade/endwall region. Effect of
upstream component misalignment on the secondary flow is also
studied. An oil-lampblack technique is used. Photographs of the
flow pattern for the cases of flat endwall, forward- and backward-
facing step show a complex vortex system. On the endwall,
traces of a suction side leading edge corner vortex, suction side
corner vortex, passage vortex and pressure side leg of horseshoe
vortex are observed. On the suction surface, traces of a suction
side leg of horseshoe vortex, passage vortex, wall vortex induced
by the passage vortex, and suction side corner vortex are found.
Results of the flow visualization are compared to heat/mass

transfer results and found to be in a good agreement.

1. Introduction

An approaching flow in a gas turbine passage is complex
and characterized by high turbulence and periodic variations due
to vortices and wakes shed from upstream stages. Additionally,
separated flow regions, boundary layer transition and high flow
acceleration can take place because the passage is curved. The
secondary vortex flows near a blade/endwall region add more
sophisticated features to the complexity of an effective design of
a modern gas turbine engine.

Flow visualization is useful in understanding the secondary
vortex flows, and their effects on blade heat transfer. In addition
the secondary flows produced close to an endwall cause an extra
pressure loss and increase the rate of heat transfer on both the
endwall and the blade surface near the junction of endwall and

blades.

The aerodynamic performance of a turbine and increase in
heat transfer rate from the hot fluid to the surfaces of the blade
and endwall may be significantly affected by flow separation, a
horseshoe vortex, a passage vortex and some small but very
intense corner vortices at the junction of endwall and blade of a
turbine cascade. A comprehensive review of the secondary flow
structures in turbine cascades has been presented by Sieverding
[1]. Detailed experimental information about secondary flow
visualization and the secondary flow patterns can be found in [2-
9].

Langston et al. [7] observed that the passage vortex
originated near the pressure side of the blade and increased in
size through the passage, entraining fluid from both the
mainstream and the separated fluid from the endwall and suction
surface boundary layers.

To assist in visualizing the flow patterns and to aid in
understanding this complicated flow, several secondary flow
models have been proposed. The vortex flow pattern by [10-12]
suggests that the suction leg wraps itself around the passage
vortex instead of adhering to the suction surface. Goldstein and
Spores [12] proposed that the suction leg of the horseshoe vortex
stays above the passage vortex and travels with it. Among the
three models, the location of the suction leg of the horseshoe
vortex is the major difference. The suction leg, as it moves down
the passage, is difficult to follow. Most pressure or velocity maps
in the literature do not give a clear picture of how this leg
develops. Its small size combined with a strong stretching in the
streamwise direction makes it difficult to detect. Moore and Smith
[13] and Sieverding and VandenBosche [14] found that the
suction side leg wraps around the passage vortex.

Sonoda [6] found a new vortex pair which moves above the

passage vortex and stays close to the suction surface. Jabbari et



al. [2] observed in their surface flow visualization that this new
vortex is essentially a part of an endwall corner vortex which
climbs up the suction surface by the up-wash of the passage
vortex.

The secondary flow greatly affects the heat transfer on the
endwall and blade suction surfaces, but not on the pressure
surface [15-16]. Near the endwall the local heat transfer
enhancement was about 60% greater than the mid-span value
[16]. The average heat transfer rate on an endwall was almost
doubled downstream of the linear turbine cascade and local heat
transfer enhancement of more than five times was detected [12],
indicating a strong influence of the secondary flow.

In this paper, flow development in a linear cascade is
examined for low freestream turbulence and a turbulent boundary
layer on the endwall. Comparisons are made to the mass transfer
distribution on both the pressure and suction surfaces of the
blade.

Since the endwall of a turbine blade is not made up of one
continuous piece, there is a gap at the interface between the
rotor and stator components. Leakage flow through the gap is
supplied in order to cool the interface and prevent ingestion of
hot gases into the gap. Additionally, component misalignment
occurs  because of casting, manufacturing, assembly,
maintenance, and thermal growth. The effect of upstream
component misalignment is also investigated in this study by

introducing an upstream slot in front of the turbine blade cascade.

2. Experimental Apparatus

2.1 Wind tunnel and test section

The wind tunnel used for the flow visualization is a multi-
purpose blowing type wind tunnel. Air flows through a heat
exchanger before entering a couple of settling chambers. The air
flow is guided through a squared contraction nozzle with an area
ratio of 6.25. The exit of the contraction has the dimension of
45.7 x 45.7 cmz. The exit velocity at the contraction without the
test section connected is about 40 m/s while the turbulence level
is about 0.2%. A small trip wire is placed on the bottom endwall
at the exit of the contraction to make the turbulent boundary layer
flow more uniform.

The test section, shown in Fig. 1, is connected to the wind
tunnel contraction. All the walls of the test section are made of
1.9cm thick Plexiglas. The cascade is a five blade setup plus two
bypass flexible walls. The two tailboards behind the two outside
blades and the flexible walls can be adjusted while monitoring the
static pressure to balance the flow distribution in the central

passage with the neighboring passages in order to get uniform

flows in each passage. Several slots are cut into the walls ahead
of and behind the cascade to insert probes to measure pressure,
velocity and temperature. The cascade geometries are shown in
Fig. 2. The cascade and test-section data and the flow conditions
are listed in Table 1.
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Fig. 2 Turbine blade geometry

2.2 Flow balancing

A pressure blade is used to measure the static pressure
distribution on the pressure and suction surfaces of the turbine
blade to check if the flow through the passage is uniform. It is a
hollowed-out aluminum blade with 25 pressure taps. The static
pressure distribution is measured at midspan of the blade. The
balanced flow through the passages is achieved when the static
pressure distribution matches the potential flow calculation. The
results of static pressure distribution measured along the suction
and pressure surface is shown in Fig. 3. The solid lines in the
figure are the results calculated from potential flow theory. The
static pressure data match quite well with the calculation.

2.3 Upstream component misalignment

The effect of upstream component misalignment on fluid flow
is studied by introducing an upstream slot in front of the turbine
blade cascade. A schematic

diagram of misalignment

configurations is shown in Fig. 4. Three misalignment



configurations, i.e. flat surface, forward-facing step and backward-
facing step, are used. In this study, the slot has 4 mm width, 45°
angle, and 25.5 mm length. Distance from the slot to leading
edge of the turbine cascade is 13 mm. For the cases of forward
and backward-facing step, a step height is 4 mm.

Table 1. Cascade and Test Section Data

Number of blades 5
Chord length of blade (C) 18.42 cm
Axial chord of blade (C,) 12.97 cm
Pitch of cascade (P) 13.81 cm
Height of cascade (H) 45.7 cm
Blade inlet angle (B+) 35°
Blade outlet angle (j3,) -72.49°
Inlet/Exit area ratio of the cascade 2.72
Exit Reynolds number — Re,x10" range 45869
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Fig 4. Schematic diagram of gap configurations

3. Experimental Technique

Flow visualization on the endwall, pressure and suction
surfaces of the linear turbine blade is conducted using an oil-
lampblack technique. A mixture of fine lampblack and light oil is
spread thinly over a thin sheet of contact paper smoothly
attached to the endwall, suction and pressure surfaces of the
turbine blade. As the flow passes over the surfaces, the oil
mixture follows the flow direction at the surfaces. The shear flow
near the wall drives the particles through the oil, leaving streaks
which give an indication of the local shear stress. In addition,
regions of higher and lower shear can be identified by comparing
the relative amount of oil mixture flow on the surfaces.

The flow visualization measurements presented are
conducted within the central passage of the cascade. The exit
Reynolds number for the tests is about 5.2x105 and the running
time is about 25 minutes.

4. Results and Discussion

4.1 Endwall flow

Flow visualization pictures on the endwall are shown in Fig.
5 for the cases of a flat endwall, forward- and backward-facing
step. A flow pattern is consistent with a flow model presented in
Fig. 10. The surface flow pattern on the endwall for the case of
flat endwall without cavity in Fig. 5a shows traces of a suction
side leading edge corner vortex (V,.¢), suction side corner vortex
(Vso), passage vortex (V,), pressure side leg of horseshoe vortex
(Vpn)- The pressure-side horseshoe vortex (V) moves toward the
suction side of the adjacent blade. Between the adjacent blades,
fluid in the endwall boundary layer flows in a converging region
toward the suction surface of the blade due to the pressure
gradient.

The boundary layer fluid is swept up into the passage vortex
as it approaches the merge point. Thus, the crossflow in the
passage can be interpreted as feeding these legs of the
horseshoe vortex system and is responsible for some of the
growth of the vortex system.

Downstream of the merge point, the black powder has been
completely removed from the surface. This could be due to the
counter rotating of the passage vortex and the accumulation of oil
in this region.

For the case of flat endwall with cavity, Fig. 5b, those four
vortices (Vgie, Vse, Vp and V) are present and there is another
additional trace of vortex (V;) at the middle of the passage. For
the case of forward-facing step, Fig. 5¢, Vg, Vs, V, and V, can
be seen, but it is not clear that V; exits due to an accelerated flow
in the endwall boundary layer. For the case of backward facing

step, Fig. 5d, a trace of Vg is not clear due to separation and



reattachment downstream of the backward-facing step. However, 4.2 Suction side flow

a trace of V; can be clearly observed. Further study for the Photographs of flow pattern on the blade suction surface are
development of V; is necessary. presented in Fig. 6 for the cases of flat endwall, forward- and
Gt backward-facing step. In Fig. 6a for the case of flat endwall,

flow ) g p g

traces of a suction side leg of horseshoe vortex (Vy,), passage

vortex (V,), wall vortex induced by the passage vortex (V,,;), and
suction side corner vortex (Vg) are found. The path of the
passage vortex moves away from the endwall after the merge

point. Generally, the flow pattern agrees well with the model in

merge point Fig. 10.
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Fig. 6 Visualization pictures on the suction surface
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Fig. 5 Visualization pictures on the endwall

Fig. 7 Mass transfer on the suction surface (from [17])



For the case of forward-facing step, Fig. 6b, all four vortices
(Vsh, Vo, Vuip and V) are still present but V,;,, moves closer to
the endwall. For the case of backward-facing step, Fig. 6c, a
trace of Vg, is not observed. V,,;, moves closer to the endwall and
possibly merges with the passage vortex.

Both the passage and wall induced vortex paths correspond
to the two peaks in the mass transfer Sherwood number (Sh)
shown in Fig. 7. High mass transfer rate in the triangular region is
caused by the passage vortex. Above the triangular region on the
surface, it appears that the flow in Fig. 6 moves toward the
endwall. The downward direction in the oil flow visualization is
caused by gravity. Mass transfer result in Fig. 7 indicates that the
flow above the triangle region is two-dimensional.

4.3 Pressure side flow

A flow visualization picture on the pressure surface is shown
in Fig. 8 for the case of flat endwall. Similar flow patterns are
observed for the cases of forward- and backward-facing step
(pictures not shown). Effect of upstream misalignment (forward-
and backward- step) on flow near pressure surface is
comparatively small. The separation bubble and reattachment line
are not distinct. The black area and downward motion by the oil
mixture indicate a very low shear region.

The contour of the mass transfer Sherwood number (Sh)

shown in Fig. 9 confirms the flow separation after the inflection

point and near the endwall.

Fig. 8 Visualization picture on the pressure surface
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Fig. 9 Mass transfer on the pressure surface (from [17])

4.4 Model of the Secondary Flow

As shown in Fig. 10, when the horseshoe vortex is formed
around the leading edge of a blade, its size is very small, similar
to the size of the boundary layer thickness. During its crossflow
to the suction side, the pressure leg (V) is gradually entrained
by the fluid from the boundary layer, crossflow and main flow to
form a much more vigorous passage vortex whereas the suction
leg (Vsic) essentially maintains the same size as it wraps itself
around the passage vortex traveling downstream. The multi-
vortex structure of the horseshoe vortex system becomes a single
vortex system after the merge point as the flow moves
downstream. A suction side corner vortex (V) is induced by the
passage vortex. There are some small vortices (V,,;,) which wrap
themselves around the passage vortex as counter rotating
partners to the passage vortex.

The suction surface and the endwall are most affected by
the secondary flows because they are the main bounding walls of
the passage vortex. It can be expected that there is a large
pressure drop and higher heat transfer rate to the suction and
endwall surfaces due to the strong three-dimensional flow.

For the flat endwall without a cavity, flow visualization result
is similar to the model described by Wang [17]. However, for the
cases of flat endwall with a cavity and backward-facing step,
there is a new induced vortex (V;) shown in Fig. 10 in the middle
of passage. Additionally, for the case of backward-facing step, V.
may be diminished. Effect of component misalignment strongly
influences the flow structure in the region near the blade/endwall

junction.

' ¢ Suction side leg of horseshoe vortex system
v, : Pressure side leg of horseshoe vortex system
V.* : Passage vortex

Jw : Wall vortex induced by the passage vortex
Viic : Suction side leading edge comer vortex

v, : Pressure side leading edge corner vortex
V:‘ : Suction side corer vortex

Vpe ¢ Pressure side cormer vortex

Fig. 10 Vortex flow pattern (adopted from [17])



5. Summary and Conclusion

The surface flow visualizations using pigment-oil mixtures
have been conducted to view the secondary flow pattern near the
endwall in the linear turbine blade cascade. Effects of component
misalignment on the pattern of secondary flow are also
investigated. From the flow visualization results the conclusion
can be summarized as follow:

(1) For the flat endwall without a cavity, the flow patterns on
the endwall, suction and pressure surfaces are similar to the
model described by Wang [17].

(2) A wall vortex induced by the strong passage vortex (V)
is strongly affected by the component misalignment. It moves
closer to the endwall for the cases of forward- and backward-
facing step.

(3) Flow visualization results on the pressure surface
indicate that the effect of component misalignment is small
compared to the one on suction surface.

(4) A new induced vortex (V,) is found in the passage flow
for the cases of a flat endwall with cavity and backward-facing

step.
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