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ABSTRACT
Turbine blades with ultra-low aspect ratio are not covered by loss correlations and the
physics of merging secondary flows is only rarely investigated. Experimental investiga-
tions in a transonic cascade test-rig with 10 and 6mm channel height, corresponding an
aspect ratio of 0.23 and 0.13 will be presented. The measurement results are compared
to numerical cascade simulations representing the same geometry.
The influence of the gap flow is evaluated by using test-blades with and without tip clear-
ance. The blade turning angle is varied between 70◦ (zero incidence) and 85◦ (15◦ inci-
dence).
Total and static pressure and total temperature have been measured at the inlet and far
outlet. For this reason, a combined pressure/temperature probe was designed and used
in the measurement campaign. Moreover, the density field has been determined by using
conventional schlieren and background oriented schlieren techniques. Oil film painting
was applied on the blades suction sides and end-walls to visualize the near wall shear
stress and point out the penetration depth of the secondary flow.
The present paper will describe the experimental and numerical setup, compare signif-
icant results on both sides to show the CFD validity and finally point out the secondary
flow behaviour and its interaction with the gap flow in the transonic ultra-low aspect ratio
turbine cascade.
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NOMENCLATURE

B2B blade to blade RANS Reynolds averaged Navier Stokes Equations
LE leading edge Re Reynolds number
M Mach number TC tip clearance
MP measurement plane TE trailing edge
OP operating point Y ∗ total pressure loss coefficient ((Pt1 − Pt2)/Pt1)

INTRODUCTION
Turbine loss correlations have a long tradition of application in the first design phase of

turbomachinery. The history of one important equation set reaches back to Ainley and Math-
ieson (1951). It has been reviewed and updated by several scientists such as Dunham and Came
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(1970), as well as Kacker and Okapuu (1982). In recent years Benner et al. (2006) updated the
calculation of the secondary loss for this correlation. These correlations have a limited valid-
ity range regarding low aspect ratios below unity, which is intentional since the effect of the
secondary flow intensifies strongly when the vortices from both end-walls collide at midspan.
Benner et al. (2006) excluded those cases from their database on purpose.

Low aspect ratio turbines are used in small scale applications, for example in turbine pow-
ered engine simulators (TPS) that are necessary for wind tunnel tests of jet planes. Due to very
high inlet pressure and a small throat area in these applications it is essential to include tran-
sonic flow next to the ultra-low aspect ratio in the loss prediction that is used for the TPS design
calculations.

The common way to extend the validity range of a correlation would be to perform intensive
measurements including a geometry parameter variation, to determine the loss development
over cascades directly. In the here presented case, the determination of measured data, that
should directly serve as a basis for empirical correlation development in a transonic test-rig
with a very low channel height that is only a few times the probe diameter would be extremely
difficult, if even possible. Consequently, an alternative approach had to be taken. A low aspect
ratio linear turbine cascade was used to measure the flow field at the far outlet with a combined
pressure-temperature probe and detect the average shock structure by schlieren optics. The far
field measurement results are used to validate a numerical model, and to provide as much insight
into the flow physics as possible. The numerical model represents the test-rig geometry as close
as possible with a reasonable cost-benefit relationship.

Beschorner et al. (2013) already used the described strategy to successfully extend the corre-
lation validity to an aspect ratio of 0.2 by using a test-rig channel height of 10mm. It turned out
that this is not enough, since current examples of turbine powered engine simulators realized
by industry already used a channel height far below that value for the first turbine stage.

With the data of this investigation the loss correlation can be extended to an aspect ratio of
0.13 since the validation is performed with a channel height of 6mm. Moreover, the current
CFD model includes tip clearance (TC) and is validated by measurements in order to extend
the correlations validity for unshrouded blades. In order to enhance the understanding of the
secondary flow and improve the validation process, oil film visualization on the end-walls and
blades suction sides are used.

EXPERIMENTAL TEST FACILITY
The specification of the linear cascade test-rig features a variable very low aspect ratio below

unity, glass end-walls for the optical measurements, a swivel-mounted cascade to enable a blade
loading variation via different incidence angles and the possibility for transonic flow.

The requested features resulted in the design shown in Figure 1, where the flow direction
is from right to left. The right side of the Figure shows a central sliced CAD model including
the final nozzle (1) to adjust the desired channel height. The cascade test section includes three
blades in the free stream and two outer blades that implement only the suction or pressure side
contour and are directly connected to the inlet (2) tailboards as well as the front outlet (3) and
rear outlet tailboard (4). The uppermost free stream blade will be designated as the first blade in
the following description. Number (5) indicates the rough position of the final straight shock.

The high pressure air for the transonic experiments is delivered by a 6m3 pressure tank that
is fed by a screw compressor, with a maximum delivery rate of up to 0.7 kg/s at 7 bar.
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Figure 1: Transonic linear cascade test facility.

Measurement Application
The test facility offers traversable conical total pressure probes with a diameter of 2mm in

MP1 and MP2 (see Figure 1). In order to achieve a minor probe influence on the cascade flow,
the outlet measurement plane (MP2) has been shifted far away from the cascade, with a distance
of about 7 times the blade chord length. In this area the flow is subsonic as it is behind the final
straight shock.

The spatial sampling rate in MP2 is one point per millimetre in each direction. Static
pressure measurements are placed in MP1b and MP2 realized by wall tappings. The density
field in the near area of the cascade can be observed with a conventional schlieren system in
a z-arrangement. It includes two convex mirrors of 250mm and two flat mirrors of 50mm in
diameter that are placed on each side of the test-rig together with the light source and the knife
edge.

Cascade Setup
The here presented investigation includes four different blade configurations. The blades

have a chord length of 44.3mm, a maximum thickness of 10.2mm at a position of 28% of
chord length. While the profile type stays the same, the blade height is changing as presented
in Table 1. Reynolds numbers are based on blade chord length and are given for the operating
point (OP) with 2.8 bar inlet total pressure, while the experimental tests range from 2.0 bar to
3.2 bar.

Verification of Experimental Setup
The faces of each blade have a direct contact to the glass end-walls. Due to the tiny blade

face area towards the trailing edge, there is no additional rubber sealing implemented in this
region. As the first experiments in 10mm configuration showed that there is the possibility for
an undesirable minimum gap flow, additional effort was made to avoid this in the 6mm setup.

An oil film application at the end-walls were used to determine the existence of any gap flow,
in a first verification step. If a gap flow could be identified for a connection area, additional spray
paint was applied on this blade face to increase the blade height for a minimum amount. This
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Table 1: Blade and test-rig dimensions.

blade height [mm] 10 9.5 6 5.5

aspect ratio [−] 0.226 0.214 0.135 0.124
flow turning [◦] 70 to 85 70 to 85 70 70
inlet area [mm2] 1260 1260 756 756
theoretical throat area [mm2] 503 541 302 340
outlet area [mm2] 1088 1088 653 653
average Re at inlet [106] 0.63 0.65 0.59 0.62
average Re at outlet [106] 0.93 1.04 0.83 0.83

procedure has been repeated until the oil film investigation showed end-wall streamlines along
the suction sides following the blade contour till the trailing edge.

NUMERICAL METHODOLOGY
The intention of the numerical setup is to replicate the existing test-rig geometry as good

as realizable. The grid begins at MP1 and ends at the test-rig exit. Hence the inlet boundary
condition can be directly taken from the measurement.

Flow Solver and Domain Discretization
The used RANS solver is Euranus of the software package Numeca FINETM/Turbo, where

the spatial discretization is based on a cell centred control volume approach and a multi stage
explicit Runge-Kutta scheme is used for temporal discretization. The used turbulence model for
all computations is Spalart Allmaras, as it is simple and robust. A known issue of the Spalart
Allmaras model are inaccuracies in the prediction of flow separation, that will be discussed in
the results section. Nevertheless, it is justified to use this turbulence model for the ongoing
geometry variation for the loss correlation validity range increase, as cases with flow separation
are not included in this database.

The main characteristics and quality criteria of the cascade meshes are given in Table 2 in
order to distinguish between the four different geometries that are used in this investigation.
The geometry is represented by a structured 3D mesh, while the mesh around the blades is built
by an automatically generated O4H-topology.

In the case with TC the mesh features 33 additional flow path close to the right end-wall
including a refinement of the layer distance towards the end-wall and the blades. This leads to a
strong increase in the number of cells, since additional layers and the refinement is implemented
in the complete cascade.

Inaccuracies in Geometry Transfer
The transformation of the test-rig into a CFD mesh should be as realistic as realizable with

an acceptable cost benefit relationship. Of course it is not applicable to model minor details in
the CFD mesh. Test-rig features that are not modelled in detail are for example the connections
of the outer blades to the inlet and outlet tailboards with an unavoidable unevenness in the test-
rig. The position of the outlet tailboards is fixed as exact as possible but underlay unavoidable
positioning tolerances. In general one can point out that the test-rig consists of machined parts
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Table 2: Facts of the cascade meshes.

notation 10 0 10 5 06 0 06 5

channel height [mm] 10 10 6 6
gap size [mm] 0 0.5 0 0.5
number of B2B flow paths 81 113 65 97
number of cells [106] 23.6 35 19 30.3
minimum cell orthogonality [◦] 33.5 33.5 33.5 33.5
maximum cell aspect ratio [103] 1.6 2.3 1.6 2.3
maximum cell expansion ratio [−] 1.8 1.8 1.8 1.8

with small tolerances, while the numerical mesh is derived from the CAD model with the exact
design geometry. This for example pertains to the blade geometry.

Beyond that, the suspension of the blades in the end-walls, realized by two pins, polyamide
sleeves and washers is not included in the mesh. The sum of the blade mounting tolerances
results in the possibility for a small uncertainty in the blade stagger angle that can not be mea-
sured or controlled after the test-rig is assembled. The implemented washers influence the gap
flow by decreasing the effective gap area, while the numerical simulation features a plain shroud
gap.

Finally it should be underlined that the mentioned uncertainties in the test-rig and the mesh
are all very small in dimension, but will unavoidably influence the solution.

Boundary Conditions
The used inlet boundary conditions are total pressure, total temperature, turbulent viscosity

and the flow direction which is perpendicular on the inlet face. The total pressure is given as a
two dimensional profile derived from measured data that is extrapolated towards the end-walls.
The pressure value is varied for the different investigated operating points (OP) in an overall
range of 2.3 to 3.2 bar, while the total temperature is set to 300K. At the outlet the standard
atmospheric pressure is used as an averaged static pressure boundary. Solid walls are defined to
be adiabatic.

Convergence
For the high pressure OPs good convergence was achieved for all four tested geometry

configurations. The 6mm channel height grid with TC showed also a good convergence down
to OPs of 2.3 bar. In contrast to that the 10mm configuration with TC showed an oscillating
mass flow for operation points below 2.8 bar. Below that value the inlet boundary condition
was switched to mass flow in order to achieve convergence.

Both grids without TC did not converge for OPs below 2.8 bar due to oscillating residuals.
Even the mass flow inlet boundary condition did not improve convergence. The reason of
convergence problems is a flow separation located at the final straight pressure shock between
the cascade and the test-rig outlet. It causes the flow to separate from the outlet tailboards (3 in
Figure 1). The separation switches the sides from the front tailboard at low pressure OPs, to the
rear tailboard or both tailboards at high pressure OPs, which is known from the experimental
results. The numerical simulation was not able to predict the tailboard side for the separation
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correctly. The oscillating residuals and mass flow is caused by a switch of the separation from
one tailboard to the other, during the numerical time stepping.

RESULTS
Pitch wise Averaged Data
Figure 2 shows the pitch wise averaged total pressure loss coefficient Y ∗ as function of

the relative channel height. The graphs for the 10mm channel height configuration show the
mean values for all four tested inflow angles with a resulting flow turning between 70◦ and 85◦.
The additionally shown dashed lines presenting the mean ± the standard deviation, lead to the
conclusion that the influence of the blade loading in the tested range is very low, and is likely
close to the range of measurement repeatability. For the 6mm configuration the graph directly
presents results for zero incidence, as the other configurations are not yet tested. Areas with
flow separations from the tailboards are excluded from the presented datasets.
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Figure 2: Pitch wise averaged total pressure loss coefficient Y∗ as function of the relative
channel height for the 2.0bar OP (left) and the 2.8bar OP, for all four tested configura-
tions.

10 mm channel height
For the 2.0 bar OP the 10mm loss data in the gap free configuration (10 0 with the notation

shown in Table 2) shows, as expected, a high symmetry. For the case with TC at the right end-
wall (10 5) a strong difference in the pressure loss for each half of the channel height can be
determined. Compared to the shrouded configuration, the pitch wise averaged loss is increased
for about 60% of the channel height, opposite the gap.

At the high pressure OP with 2.8 bar, the difference between both 10mm datasets is strongly
decreased. Towards the left end-wall even the gap free case shows an increasing loss, leading
to an asymmetry in the loss pattern. This effect reaches as far as 20 − 30% of the channel
height, while the gap flow in the case with TC shows its influence as far as 50% of the channel.
The mentioned effect can be interpreted as an unwanted minimum gap flow in the shrouded
configuration.
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6 mm channel height
The pitch wise averaged measurement results for the 6mm case show only minor differences

between the configurations with and without shroud gap. There is no asymmetry of the loss
pattern while approaching one of each end-wall. In the gap case (06 5) the loss is increased in
the channel centre, and slightly decreased towards the end-walls. Moreover, the results show
nearly the same behaviour for both OPs, but of course on a different loss level.

Comparing all shown datasets with each other, it can be determined that there is one com-
mon difference for both OPs and aspect ratios. In the case including gap flow the pressure loss
in the channel centre is always higher compared to the shrouded configuration.

Field data of Measurement Plane 2 and comparison to numerical results
A detailed field data visualisation of the total pressure loss coefficient Y ∗ as a selected

quantity will show how far the computational simulations can reflect the experimental results.
Due to the incorrect prediction of the tailboard flow separation at the final straight shock, one can
see the complete loss patterns shifted towards either tailboard side compared to the measured
results. This shift will not be of further interest in the following evaluation.
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Figure 3: MP2 total pressure loss coefficient Y∗ for the configurations without TC. From
top to bottom: 06 0 at 3.0bar inlet pressure; 10 0 at 2.8bar OP.

Results for the gapless configurations are presented in Figure 3, while the uppermost chart
shows the measured results for the 6mm channel height configuration, with the computational
pendant directly below. The two lower charts show the 10mm configuration.

Regions with low loss values result from the four main passages and can be seen in all pic-
tures. Both computed results are symmetrical in channel height direction, which is reasonable.
In contradiction to that, the measured loss patterns can be found to be asymmetrical. In the
6mm configuration all secondary flow loss cores (1) at the right end-wall, are shifted a few
millimetres towards the rear tailboard with respect to the computed symmetrical loss core. Ad-
ditionally, smaller loss cores (2) close to the same end-wall can be found for every blade, that
are not represented in the numerical results. According to the positions, these loss areas can be
originated close to the blades trailing edge. A single sided corner stall is a likely reason. This
is also indicated by the oil flow result presented in Figure 8.

At the left end-wall (lower side in the chart) the presented loss patterns of the 6mm experi-
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ments and the simulations show the same structure, while the penetration of the loss structures
into the channel is a bit steeper in the measurement compared to the numerical prediction.

In the 10mm measurement results a strong shift of the centre secondary flow loss core at
the left end-wall can be determined. This shift is likely caused by an unwanted minimum gap
flow.
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Figure 4: MP2 total pressure loss coefficient Y∗ for the 6mm channel height configuration
with 0.5mm gap. From top to bottom: 06 5 at 2.6bar OP; 06 5 at 3.0bar OP.

By adding a 0.5mm TC to the 6mm geometry, the total pressure loss pattern is completely
changed as shown in Figure 4 for the two OPs of 2.6 and 3.0 bar. The main structure of the
complex loss pattern which is dominated by the tip gap vortex influence shows a good fit, while
the absolute values of Y ∗ are over predicted by the CFD, while comparing for the same inlet
pressure. The loss cores marked with (1a) and (1b) are not the tip leakage flow, but are caused
by the rotation of the TC vortex of the first blade, (2a) and (2b) by the second blade, and so
on. The tip leakage flow direction is from the blade pressure side to the suction side, which is
from right to left in the picture. Hence the vortex rotation is clockwise in flow direction, with
the gap at the right end-wall. Positions of the three vortices are marked by curved arrows, while
the diameter of the vortices is close to the channel height. The rotation of the gap vortex causes
the same penetration of low energy boundary layer fluid at both end-walls, which is remarkable
and attributed to the low channel height of only 6mm. The development of the loss structures
between the cascade and MP2 is illustrated by numerical results close to both end-walls shown
in Figure 10 in the Appendix on page 13.

A distinct difference between experiment and numerical results is caused by the loss core
visible close to the right end-wall, that is marked with a dashed rectangle. It strongly increases
in size for values of the inlet pressure of 2.8 bar and higher, which is not predicted by the
numerical simulation. The origin of this specific loss core can be linked to the first blades
trailing edge. Hence an increased corner separation at high OPs is a likely reason for this
specific loss increase. For the other two blades this additional loss increase can not be explicitly
determined since the trailing edge flows of these blades are too close to the tip vortices of the
adjacent blade, and are already merged with them in MP2.

The 10 5 configuration creates a total pressure loss pattern, shown in Figure 5 with obvious
differences to the 06 5 configuration. First of all, it can be found that the loss area (1b) has
heavily increased in size and value. It is clearly larger and stronger than all the other loss areas,
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Figure 5: MP2 total pressure loss coefficient Y∗ for the configurations 10 5 at 2.6bar OP
(top) and 10 5 at 3.0bar OP (bottom).

as visible in the measurements and CFD as well. The root cause for the loss increase is not the
cascade flow itself, but its interaction with the final straight shock positioned upstream of MP2,
and indicated by (5) in Figure 1. The loss core in position (1b) starts to develop at the end-wall
separation line of the TC vortex of the first blade. The vortex rotation causes an accumulation
of low energy fluid and an increasing thickness of the boundary layer at this separation line.
Downstream vortex movement causes this line to be nearly in the centre between both outlet
tailboards. Only here the final shock is really straight. Closer to the tailboards the shock be-
comes oblique due to the flow separations there. However, the interaction of the strong shock
and the thick boundary layer at the vortex separation line causes a separation bubble, as shown
in Figure 6, with the flow direction from left to right. The left and centre pictures present views
on the glass end-walls at the position of the final straight shock, zoomed towards one single
separation bubble, observed with different viscosity oil flows, while the right picture presents
the appropriate simulation result.

Figure 6: Separation bubble downstream the straight shock in the 10mm configuration
with TC; left and centre: oil flow in test-rig; right: streamlines, Mach number and flow
direction vectors of numerical results.

The flow inside this bubble forms onion shaped rings and is comparable to the effect of a
vortex break down caused by a straight shock as also shown in different literature as for example
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Settles and Cattafesta (1993) and Thomer et al. (2001). Comparable but much reduced separa-
tion bubbles can be found for the loss cores (1a) and (2a) in Figure 5. In the 6mm configuration
the straight shock caused a strong deceleration of the flow inside the loss cores at the end-walls,
but no separation or reverse flow could be found in the experiments nor simulation. The shock
induced end-wall separation has a good agreement between numerical and experimental results.

The loss areas (4a) and (4b) in Figure 5 have a complete divergent development history.
While (4a) is a product of the end-wall loss that emerges from the blade trailing edge of the
counter gap side, the loss core (4b) is a product of the gap vortex. The accrued low energy fluid
in area (4b) was diverted there by the outer area of the vortex and has not moved through the
shroud gap.

Optical Measurements of the Shock Pattern
Figure 7 shows the shock pattern for the setup with 6mm channel height with (left) and

without shroud gap (right). The measurement results clearly show that the implemented glass
walls are not density gradient free, but shocks and other flow characteristics are still visible.

While comparing the simulation to the test rig results, it can be summarized that all oblique
shocks originating from the blades trailing edges are predicted, however with lower shock an-
gles. Shock reflections at the outlet tailboards are also visible in the computation but with
decreased intensity. Moreover, the experimental results show an effect that is not visible in the
CFD: by passing the adjacent blades wake, the oblique shocks change their angle and show a
weak reflection.

Figure 7: Shock pattern for configuration 06 5 left and 06 0 right; for the 3.0bar OP.

In the configuration with TC only one oblique shock can be found in the cascade that is
originated from the pressure side trailing edge of the first blade. It is visible in the CFD as well,
which is not true for its reflection.

Both measured results show an oblique shock at the transition of the uppermost boundary
blade to the upper outlet tailboard. This shock cannot be included in the CFD due to a com-
pletely smooth transition at the named connection. All presented shock configuration findings
are very close to those presented for the 10mm configuration by Beschorner et al. (2013).

Oil film visualization on blade suction sides and comparison to numerical results
To gain the results in the test rig a mixture of titanium dioxide, motor oil (5W-300), gear oil

(SAE 250) and methylated spirit was applied on both end-walls directly upstream the cascade.
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Numerical results are visualized by streamlines emerged from a layer with 0.2mm blade surface
distance and the colour contour of the velocity component in channel height direction on the
same layer.
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Figure 8: Blade suction side with oil flow for the 3.0bar OP; left: 06 5; right: 06 0;
numerical results are at the bottom.

On the right side of Figure 8 one can see the blade suction sides of the symmetrical con-
figuration without gap. The channel centred flow direction of the secondary flow is clearly
visible, while the merging of both end-wall effects happens at about 70% chord length for
the experimental and at about 100% chord length for the numerical results. That indicates a
stronger influence of the secondary flow in the measurements. Unfortunately, a clear secondary
flow separation line is not apparent for the gapless configuration experimental results. A corner
stall is predicted at both trailing edge corners in the simulation, while the experiment indeed
indicates a corner stall, but only on one side.

Comparing the configuration with TC shown on the left side of Figure 8, it can be seen
that the tip clearance vortex causes a downward followed by an upward flow component on the
suction side. The experiments show these effects about 10% of the axial chord length more
upstream and reaching deeper into the channel height, compared to the CFD. Additionally, the
end-wall vortex separation line (highlighted by a dashed red line), emerging from the opposite
end-wall, shows a higher upward tendency, causing it to crest about 4mm channel height at the
trailing edge. In contrast to that, the mentioned loss effect reaches approximately the channel
centre in the numerical prediction. Moreover, the numerical result shows an additional flow
area with a downward component starting at about 10% upstream the trailing edge, close to the
tip clearance, that is not visible in the experiment. A high portion of differences in tip vortex
related effects for measured and simulated results, are surely caused by the blade suspension
and distance washers that are implemented in the test-rig.

A comparison of the secondary flow vortex separation lines of the 10 0 configuration in
Figure 9 on the right side, indicated by red dashed lines, shows a very good agreement between
experiment and simulation. Moreover, does neither of both results show any kind of corner
separation, which is also an agreement. Nearly all findings of the 6mm configuration with tip
clearance are also true for the 10mm configuration, excepting the secondary flow separation
line which shows a better conformance here.

CONCLUSIONS
The comparison of experimental and numerical results of the ultra-low aspect ratio turbine

cascade in four different configurations and several operating points resulted in a good qualita-
tive agreement.
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Figure 9: Blade suction side with oil flow (3.0bar OP); left: 10 5; right: 10 0; computa-
tional results are at the bottom.

The realized decrease of the channel height to 6mm, clearly caused a merge of the sec-
ondary flow from both end-walls on the blade suction sides, which is shown by experimental
and the numerical results as well. In the extremely thin channel with 6mm height, the tip leak-
age does not remarkably increase the overall pressure loss in MP2, except a slight pressure loss
increase in the channel centre. For both tip clearance cases the secondary flow penetration depth
is increased opposite the gap, as indicated by the flow direction close to the suction side blade
surface.

Although it is an extreme test case with several different three dimensional flow effects in-
teracting and aggregating to a loss pattern in the far field measurement plane, this pattern is well
predicted by the numerical model. These effects are for example the tip clearance vortex, the
secondary flow vortex, oblique and straight pressure shocks, different kinds of flow separation
like the corner stall and the shock induced end-wall separation bubble. All the named effects are
predicted by the simulation, resulting in a quite correct arrangement of the loss cores in MP2.

On the other hand, differences in size and intensity of the loss cores could be identified. A
very high degree of uncertainty is caused by the shock induced flow separation from the outlet
tailboards. Its arrangement fits the experiment only for selected cases.

Respecting the known and unknown uncertainties in geometry and boundary condition
translation between experiment and numeric it can be summarized that the CFD model shows
a good overall performance. The achieved results enhanced the understanding of the complex
test-rig flow.

The core model of the CFD setup will be used for the planned geometry variation, in order
to increase the validity range of a turbine loss correlation, in which cases with flow separation
are not included.
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APPENDIX
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Figure 10: Numerical results for the 10 5 (left) and 06 5 (right) configuration with the
Mach number distribution close to both end-walls (0.5mm wall distance) and the Y∗

distribution in MP2.
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