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ABSTRACT

This paper presents a detailed experimental investigation
of the evolution of secondary flow field characteristics and
losses at several measurement planes downstream of a highly
loaded low pressure turbine/outlet guide vane (LPT/OGV). The
experiments were carried out in a linear cascade at Chalmers in
Sweden. Several realistic upstream incidences and turbulence
intensities have been investigated for one Reynolds number.
Downstream characteristics have been measured with a 5-hole
pneumatic probe. This allows for the determination of the mean
vortical structures, their development and their interactions.
The passage vortex and the blade shed vorticity are clearly
visible at different downstream positions. Their intensity is
shown to be strongly dependent on the inlet flow angle. The
turbulence level seems to play a role on both the mixing within,
and between the structures. The measurements also show that
the losses along the blade span are dependent on the
development of these structures.

1 INTRODUCTION

Cost and weight requirements on modern jet engines often lead
to more highly loaded turbines with fewer stages. In un-geared
two and three shaft engines, this gives higher swirl angles into
the LPT/OGV and thus makes the aerodynamic design of the
OGV more difficult. Structural requirements also lead to non-
cylindrical shrouds with complex 3D polygonal shapes and
sunken engine-mounts with bumps protruding into the gas
channel. This has sparked a renewed interest in design methods
and validation cases for 3D OGV flows. Secondary flow
intensities are directly related to the loading and therefore to the
passage turning. This is more important for turbine cascades
than for compressors cascades, since the flow turning for a
turbine blade is much higher compared to a typical compressor
blade. Most of the literature, if not all, is dedicated to turbine
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flows and in this paper it is shown that there are differences in
the downstream evolution between these types of cascades,
mainly due to the lower loading for compressor cascades.

A good literature survey for secondary flows in turbine
cascades was written by Sieverding [1] in 1985. The endwall
inlet boundary layer impinges on the blade leading edge and
rolls up to form a horseshoe vortex with two branches on each
side. The pressure side legs, under the influence of the
transverse pressure gradient, are directed towards the suction
side of the neighboring blade where it interacts with the suction
side legs of the horseshoe vortex. The pressure side leg along
with the cross flow form the passage vortex The suction side
leg lifts up and away from the endwall and orbits around the
passage vortex as it is convected downstream. Depending on
the interaction strength, a corner vortex develops along the
suction side corner. A new highly skewed endwall boundary
layer forms downstream and develops the second pressure side
leg separation line. The downstream loss distribution is mainly
a function of loading, inlet boundary layer characteristics and
the downstream distance. In the conclusion, the author insists
that besides an increased knowledge of the separation line
patterns, more experiments were needed to determine each
factor’s influence.

Another factor of interest, the turbulence intensity, has
been investigated by Gregory-Smith and Cleak [2]. They
measured the secondary turbulent kinetic energy development
through the cascade under low and high freestream turbulence
intensities. Their measurements are of great interest, not only
for the determination of the flowfield but also for CFD
modeling. Moreover, they pointed out that the inlet turbulence
intensity has no major influence on the mean flow development
and that it has a limited influence on the gradient of loss
evolution through the cascade with the secondary turbulent
kinetic energy reaching a maximum close to the blade trailing
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edge. For a given loading, the loss level seemed to be directly
linked to the integral properties of the inlet boundary layer.
Their conclusion concerning the loss evolution was confirmed
by Sharma and Buttler [3]. For straight cascades with high
aspect ratio (no secondary flow interactions between the end-
walls), they provided a correlation based on the inlet boundary
layer features and the passage turning angle to estimate the
extension of the secondary flows on the suction surface of the
trailing edge. As a result of their investigations they were able
to obtain a correlation for the total pressure losses.

Secondary flow patterns have been investigated through
visualizations by Wang et al. [4] and by means of accurate heat
transfer measurements by Goldstein and Spores [5]. They
confirmed Sieverding’s findings and also added some important
features about the development of the secondary flowfield. A
horseshoe corner vortex is present beside the usual horseshoe
vortex at the leading edge. The suction side leading edge corner
vortex is stretched by the acceleration and is lifted up along the
suction side, close to the position where the passage vortex
interacts with the suction side horseshoe vortex. This leading
edge corner vortex remains along the blade surface further
downstream whilst the passage vortex separates from the
suction side. Visualizations of Kawai et al. [6] show that the
pressure side leading edge corner vortex is most likely to form
the pressure side corner vortex.

The aim of this paper is to present the downstream passage
secondary flows as well as evaluating the performance with
downstream distance of a typical modern highly loaded
LPT/OGV. This will be done for a fixed inlet boundary layer
height with varying inlet turbulence intensity and flow
incidence.

NOMENCLATURE

C Blade chord [m]

Cp Pressure coefficient

Ps Static pressure [Pa]

Piot Total pressure [Pa]

Payn Dynamic pressure based on the inlet velocity [Pa]
Pss Total pressure outside the downstream wakes [Pa]
Re. Reynolds number = UC/v

Tu Turbulence intensity [%]

U Inlet velocity

X x-coordinate

y y-coordinate

z z-coordinate

Greek Symbols

8999 Boundary-layer height [mm]

& Total pressure losses = (Pss-Piot)/Payn

Acronyms

LPT Low pressure turbine
OGV  Outlet guide vane

2 EXPERIMENTAL SETUP

The linear cascade used for these measurements is an open
circuit blower type. A 30 kW fan is used to drive the flow
through a diffuser and a flow conditioner (consisting of a

honeycomb and three screens with different porosity). The flow
is accelerated in a 5:1 contraction before it enters the test
section. The test section is built up of four parallel discs, two on
each side, with the inner discs constituting the side walls of the
7 OGV’s, thus forming the cascade.. The gap between the inner
and outer discs is used for sucking out the boundary layers
developed in the upstream sections. There is one separate
suction system on each side driven by two 7.5 kW motors. The
two suction systems can thus be adjusted independently in
order to obtain an equal static pressure at the wall on both sides
of the test section. This has to be done for each incidence angle
that can range from 0 to 52 degrees by rotation of the outer side
walls. A more detailed description of the test-facility has been
given earlier by Hjérne et al. [7,8]

The grid used for generation of free stream turbulence
consisted of 5mm bars with a mesh size of 25mm, thus giving a
solidity of 0.31. This grid was placed 450mm upstream of the
cascade and parallel to the leading edge plane, see Fig. 1.
Besides increasing the turbulence intensity from 0.5% to 5%,
the parallel grid has two effects. The positive one is that the
inlet turbulence intensity is uniform in front of the cascade.
However, as it deflects the flow, the outer side wall inclination
had to be adapted so that the inlet incidence remained
unchanged.

This OGV was designed to obtain experimental results for
the validation of numerical simulations It is a 2D geometry
profile which is extended in the span direction (z-direction).
The on-design requirement for this vane is to turn an incoming
flow field with a flow angle of 30 degrees to an axial outflow
whilst minimizing the pressure losses. A typical off-design
requirement of LPT/OGV’s is that the flow should not separate
completely in the range of £10 degrees incidence from the
design point. The cascade geometry data is given in table 1.

The periodicity has been checked and is illustrated in Fig.
2 and Fig. 3. The first one shows the static pressure distribution
around the three mid vanes for the on-design case with a
turbulence intensity of 5%. The variation from one vane to
another is insignificant for both the suction side and the
pressure side. The second, also showing very good periodicity,
gives the total pressure distribution at midspan 0.8 chord
lengths downstream of the trailing edge plane for the same load
case. In Fig. 4 the loading for the three different inlet angles is
shown. For the highest inlet flow angle the loading can be seen
to be very high for the OGV investigated, and as a result the
periodicity is not as good as that was seen at the two lower inlet
flow angles. This is due to a corner separation between the
suction side of the OGV and the endwall which extends
towards mid span and thus affects the pressure distribution. It
can however be noted that the symmetry of the flow field was
still good and is shown in Fig. 4 by the six additional control
points positioned at 25% and 75% span on the OGV.

Table 1 Cascade geometry data

Number of vanes 7

Chord length (m) 0.22
Pitch to chord ratio 0.91
Aspect ratio (Span to Chord ratio) 0.91

Inlet Reynolds number 280000
Inlet flow angles (°) 20,30,40
Turbulence intensity (%) 0.50r5
Incoming boundary layer height, 8o00 (mm) |7.15-9.6
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Figure 1 Drawing of the experimental set up.
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Figure 2 Cp distributions for the three mid OGV for the
inlet flow angle 30 degrees and a turbulence intensity of
5%.
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Figure 3 Downstream wakes of the total pressure
(normalized with inlet dynamic head) for the on design case
with a turbulent intensity of 5%.
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Figure 4 Cp distributions for the three different inlet flow
angles

Instrumentation

Two traversing systems have been used to measure the
flow field both upstream and downstream. The movements in
the (y, z) plane are controlled by stepper motors with an
accuracy of at least 12.5um. The five hole pressure probes used
for the upstream and downstream traverses have been
manufactured at Chalmers and were calibrated between —20 to
20 degrees for both pitch and yaw angles. The finite size of the
probe head diameter was 3.5 mm with an individual distance
between the holes of 2 mm.

The inlet measurements were conducted 1.3*C upstream of
the cascade with a discretization of 20mm in y and z direction.
The typical total pressure variation was below 2% of the
dynamic head. The upstream traversing system, equipped with
a hot wire, was also used to measure the incoming boundary
layer height along the side walls. In order to obtain a boundary
layer height similar to what is present in a real engine, the end
wall boundary layers were tripped with a 1.5 mm wire placed
1.36*C in the flow direction in front of the blade leading edge
plane. The heights of the turbulent boundary layers (8499) Were
9.6mm and 7.15mm respectively with and without the
turbulence grid inserted. The boundary layers were measured in
the flow direction 0.91*C upstream of the leading edge plane.

The downstream traversing system can be moved manually
in the x direction with an accuracy of + 0.0025*C. As the test
rig has very good symmetry, see Hjarne et al. [8], the outlet
measurements were taken over half of the span one pitch length
over the central blade at three different streamwise locations
downstream of the trailing edge (0.25*C, 0.5*C and 0.8*C). A
discretization of 2mm in each direction was used. To avoid wall
proximity effects, as suggested in [9], the flow field was not
measured at a distance lower than two times the probe head size
from the endwall.

3 RESULTS AND DISCUSSION

Complete investigations of an OGV downstream passage
have been made with a 5-hole pressure probe. A time mean
value of the flow field variables can thus be deduced. Besides
the losses and outlet flow angles, by employing a high plane
discretization, it was possible to compute the streamwise
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vorticity. Even if it allows for a better understanding of the
development of the secondary flows than the distributed total
pressure losses, the interpretation of the results requires
caution. There are multiple reasons for this. The first being that
the probe has a finite head size with respect to the vorticity
field. Secondly, the probe calibration is normally dependent on
the turbulence intensity and anisotropy. Gregory-Smith and
Cleak [2] have measured turbulence intensities up to 30 % in
the loss core, which, from [9], can lead to an uncertainty on the
measured pressure of 3%. Finally, pressure measurements do
not resolve the time variation of the flow. These factors have an
influence on the measured absolute value but this should not
affect a global interpretation. It should also be noticed that the
color scale used for plotting the results varies for each of the
different inlet flow angles. This has been done to improve the
resolution of the vorticity distribution in each case. For all the
vorticity figures the pressure side points towards the top and the
suction side towards the bottom, the sidewall standing on the
left. To provide a better idea of what is happening within the
flow, streamlines of the v- and w-components have been
superimposed on the vorticity plots. In addition the maximum
and minimum values for the positive and negative vorticity
fields are shown at the top of each plot.

30deq inlet flow angle (design point)

Streamwise vorticity for the on design case (inlet flow
angle 30 degrees) is presented in Fig. 5 and 6. Figure 5
represents the vorticity distribution with a turbulence intensity
of 5% at 0.25*C, 0.5*C and 0.8*C going from left to right and
the results for the lower turbulence intensity are shown in Fig.
6.

At a downstream position of 0.25*C in Fig. 5 a
concentrated negative vorticity field occurs beneath the trailing
edge close to the endwall. This circulation is clockwise as
confirmed by the streamlines and will be referred to as the
passage vortex even though it is hard to see from the
streamlines if it actually is a vortex. Below this is the skewed
boundary layer vorticity, also visible in blue, along the endwall
growing from pressure side to suction side. It is obvious from
the streamlines that the pressure gradient is pushing the endwall
boundary layer towards the suction side and feeds the passage
vortex. The final major visible vortical structure is the extended
red area which is referred to as the blade shed vorticity. This
vorticity is produced by the shedding motion of the fluid
towards the OGV which is pushed away from the wall through
interaction with the passage vortex. The absolute maximum
intensity of the blade shed vorticity is higher compared to that
of the passage vortex.

The relative evolution of these vorticity fields is depicted
in the two following plots (Fig.5). The passage vortex core
seems to remain at the same position, even if its strength is
gradually decreasing. At the positions 0.5*C and 0.8*C
downstream of the trailing edge, the passage vortex is not well
defined since it has dissipated and merged together with the
boundary layer vorticity. The boundary layer extends and
decreases in intensity as the distance from the trailing edge
increases. Considering the blade shed vorticity, it seems to roll
up into a vortex which moves slightly towards mid span but
remains at the same pitchwise position. This effect is depicted
by the line A-A which is drawn through the locus of the blade
shed vorticity field for all three downstream positions.

The result for the lower inlet turbulence intensity is shown
in Fig. 6. The endwall boundary layer vorticity field appears to
be thinner which results in an increased vorticity concentration
compared to that seen in the higher inlet turbulence case. The
relative differences seen in the properties of the blade shed
vorticity and the passage vortex are linked to the features of the
inlet boundary layer where the higher vorticity content is
directly related to the higher inlet boundary layer vorticity
concentration. The locus of the passage vortex has also got a
higher intensity and is penetrating the blade shed vorticity to a
larger extent. The blade shade vorticity consists of three smaller
loci as highlighted in Fig 6 at downstream position 0.25*C.
These legs merge together and evolve to form a vortex at
0.8*C. The effect of the higher turbulence intensity seems to
mainly ensure an increased coherence of the vortical structures
since dissipation has a more significant role.

The loading for an OGV is very much lower (less turning)
compared to the turbine blades studied by the before mentioned
authors [1-6]. In addition, the measurements presented in this
paper are taken quite far downstream the trailing edge, and as a
result the smaller structures mentioned by these authors have
already dissipated. This explains why the resemblance with the
theoretical model described by Wang et al. [4] for example, is
poor.

20 degrees inlet flow angle (-10° incidence)

In Fig. 7 and 8 the downstream evolution of the streamwise
vorticity for the lowest inlet angle is shown. Fig. 7 represents
the higher turbulence intensity case and Fig. 8 the lower
turbulence intensity case.

When the inlet flow angle decreases, the loading of the
vane also decreases, and an interesting effect of this is that the
passage vortex is barely visible in this case. The most probable
explanation of this is that it has mostly dissipated at 0.25*C
behind the trailing edge. A small dark blue spot is seen beneath
the trailing edge close to the end wall and this is the only
remaining evidence of the passage vortex. For this inlet flow
angle the most visible vorticity fields are the boundary layer
vorticity and the blade shed vorticity. The streamlines within
the boundary layer vorticity field are still moving from pressure
side to suction side, but because of the low loading, the blade
shed vorticity dominates the flowfield. The downstream
development is shown in the following two plots and is
contrary to the on design case as the blade shade vorticity does
not roll up into a vortex, instead it dissipates and dies out. The
boundary layer vorticity field has the same evolution as for the
on-design case, it becomes somewhat thicker but its intensity
decreases.

In the low turbulence intensity case depicted in Fig. 8
similar evolutions are found. The blade shed vorticity is the
most dominating part and the passage vortex is again very
weak. In the same way as for the higher turbulence intensity,
this vorticity dissipates and dies out at the furthest downstream
position. The boundary layer vorticity increases its thickness
but decreases its intensity.
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Figure 5 Streamwise vorticity for the on design case (inlet flow angle 30°) plotted downstream at positions 0.25*C, 0.5*C and
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Figure 6 Streamwise vorticity for the on design case (inlet flow angle 30°) plotted downstream at positions 0.25*C, 0.5*C and
0.8*C with the turbulence intensity 0.5%. The view is aft looking forward.
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turbulence intensity 0.5%. The view is aft looking forward.
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Figure 9 Stream wise vorticity for the inlet flow angle 40° plotted downstream at positions 0.25*C, 0.5*C and 0.8*C with the
turbulence intensity 5%. The view is aft looking forward.
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40 degrees inlet flow angle (+10° incidence)

The blade loading increases as the inlet flow angle changes
to 40 degrees. The magnitude of the adverse pressure gradient
on the blade rear suction side is enhanced and the transverse
pressure gradient from pressure to suction side is increased.
These combined effects influence the crossflow magnitude as
well as the secondary flows strength, size and position. This
situation is depicted in Fig. 9 for the high inlet turbulence
intensity and Fig. 10 for the low turbulence intensity.

The passage vortex is bigger but still located close to the
endwall. However, it is penetrating the blade shed vorticity
more compared to that seen in the lower loadings at the closest
downstream position 0.25*C. The intensity of the passage
vortex has increased significantly compared to the lower
loadings. In the downstream evolution of the boundary layer
and the passage vortex, it is clear that as a results of the higher
loading, the boundary layer is now feeding the passage vortex
to a larger extent. This results in the boundary layer vorticity
becoming thinner and its vorticity feeding the passage vortex to
roll up into a vortex which extends almost to 25% of the whole
outlet area.

Going further downstream some interesting effects occur.
The locus of both the passage vortex and the blade shade vortex
are now moving pitchwise. Because of the high loading, the
OGV s not able to effectively turn the flow into an axial
outflow, and as a result it can be seen that the v-velocity
component increases and hence pushes the vortices towards the
pressure side. This is clearly seen by looking at the plotted
velocity components and the inserted lines A-A and B-B. The
absolute value of the intensity of the passage vortex is also
higher than the blade shed vortex for position 0.5 and 0.8*C.
For the lower loadings the situation was that the absolute
intensity of the blade shed vorticity generally was higher
compared to that in the passage vortex. The effects which occur
for this inlet flow angle are more comparable to a turbine blade
than that seen in the lower loadings.

The result of the lower turbulence intensity is shown in
Fig. 10. As for the two lower angles, the boundary layer
becomes thinner but more intense when the turbulence intensity
is decreased. The flow patterns are mainly the same as for the
higher turbulence intensity.

4 LOSSES

The spanwise total pressure loss distributions for the
different downstream positions are plotted in Fig 11-14. The
losses are calculated as the mass averaged value of total
pressure difference between the free stream and the total outlet
divided by the inlet dynamic head.

30 deg inlet flow angle and different downstream positions

The high inlet turbulence intensity case shown in Fig. 11
has several interesting characteristics. Firstly, the value of the
losses does not vary with the downstream distance from span
position -0.065 to -0.09. It seems that no mixing but only
dissipation takes place at this position. Then, the passage vortex
together with the boundary layer leads to an increased value of
the losses close to the endwall. Finally, the blade shed vorticity
loss core induces a bump in the loss distributions which appears
around -0.04 span locations. The variation in the loss
distribution is directly related to the mixing process increasing

with downstream position, whilst the migration of the
secondary flow towards midspan is responsible for the “bump”
seen in the distribution.

By comparison with the low inlet turbulence intensity case
of Fig. 12, some differences can be found. Close to the endwall,
the boundary layer vorticity and the passage vortex do not
extend as long towards mid span which leads to a faster loss
decrease. Closer to midspan, the blade shed vorticity loss bump
is followed by a second one. The later of these two is linked to
the lower turbulence intensity being responsible for the
decreased coherency of the vortical structures.

Inlet flow angle effect on downstream losses

Figures 13 and 14 show the losses for various inlet flow
angles at the furthest downstream plane, with and without
turbulence grid respectively. At high inlet turbulence, the
change of pattern from 20 to 30 degrees is linked to the
secondary flow evolution. For the lowest loading the passage
vortex has died out at this downstream position and does not
push the blade shed vorticity away from the wall. In addition
the blade shed vorticity has almost vanished because of
dissipation and consequently the losses are low in this case. For
the highest inlet flow angle the passage vortex extends a lot
further from the endwall and concentrates into a vortex. The
blade shed vorticity increases in size and strength and moves to
midspan where it could start interacting with the opposite one.
It is also clear that a higher loading has a strong impact on the
level of losses. The high loss for this inlet flow angle is also
linked to the suction side endwall corner separation. This
separation is spread towards mid span which increases the
losses significantly.

The low turbulence intensity case depicted in Fig 14 shows
a similar spanwise loss evolution. One major difference for the
lowest inlet flow angle is that the losses plateau over a wide
part of the span. This contrasts with the evolution seen in the
high inlet turbulence case and the difference is thought to again
be related to the decreased coherency of the vortical structures
when the turbulence intensity is low.

Losses, Tu=5%
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Figure 11 Losses for an inlet flow angle of 30 deg and
Tu=5% at varying positions downstream
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Figure 12 Losses for an inlet flow angle of 30 deg and
Tu=0.5% at varying positions downstream
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Figure 13 Losses for different inlet flow angles at the same
downstream position 0.8*C and Tu=5%
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Figure 14 Losses for different inlet flow angles at the same
downstream position 0.8*C and Tu=0.5%

5 CONCLUSIONS

This paper presents detailed experimental results for incidence
and turbulence effects on three dimensional flows downstream
of a LPT/OGV linear cascade. In addition to this the
consequences of some boundary layer characteristics are also
investigated. The results are summarized below.

e A good explanation of the downstream secondary flow
field distribution can be developed from measurements
of a 5-hole probe. The position, size and interactions
of the main vortical structures are clearly visible and
can be interpreted.

e The loading has an effect on the secondary flow
intensity, the relative position of the developed
vortical structures and their absolute location.

e The turbulence intensity enhances the coherency of the
vortical structures and their mutual interactions. Its
limited influence on the mean flow field
characteristics reduces as the turning increases.

e For the same overall vorticity content and shape
factor, the thickness of the inlet boundary layer
influences the secondary flows position and size. The
vorticity concentration within the inlet boundary layer
has an impact on the downstream vorticity magnitude.

As shown by Gregory-Smith and Cleak [2], additional
information could be provided for the downstream flow field
with cross wires measurements.
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