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ABSTRACT
Wake flow measurements and multi-colored oil flow visualizations were performed in a 2D lin-
ear stator compressor cascade for tandem configurations. Two sets of tandem vanes with dif-
ferent load split (LS) are compared to a set of conventional single vane reference blades. The
measurements were performed at a Mach number of 0.6 and a Reynolds number of 900.000.
During the experiments the tangential displacement (percent pitch PP) is varied from85% to
95% for the tandem blade configurations. The results of the oil flow visualization in addition
with wake flow measurements show how the secondary flow structures develop and change with
varying tangential displacement.

NOMENCLATURE
Symbols Abbreviations
c m chord length AB aft-blade
cxy m/s in-plane velocity magnitude AO axial overlap
δ99 m boundary layer thickness CDA Controlled Diffusion Airfoil
i ◦ incidence DF diffusion factor
κ ◦ flow angles DH deHaller factor
Ma 1 Mach number FB front-blade
Re 1 Reynolds number FSO full scale output
s m distance TE (AB) - LE (FB) LE leading edge
t m blade pitch LS load split
x, y, z m coordinate system PP percent pitch
ω 1 total pressure loss coefficient PS pressure side

SS suction side
TE trailing edge
TUB Technische Universität Berlin

INTRODUCTION
Modern tandem compressor research primarily focuses on the evaluation of geometric and aerody-

namic optimum parameters for an effective and preferably low-loss turning and pressure rise. Primary
areas of focus are the load distribution LS between the two blades, the choice of diffusion factor DF
and axial as well as tangential offset (so-calledaxial overlapAO andpercent pitchPP) of the blades
(cf. Fig. 2).

One of the most recent investigations were carried out by McGlumphy (2008). He focused his
research on the detailed numeric simulation of a rotor tandem configuration for the last stages of an
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axial compressor. His suggestions for a load split share ofLS = 50/50 found their way into this
work. In addition, the work by Schluer et al. (2009) and Falla(2004) was also used during the design
phase. The experimental investigations by Trehan and Roy (2007), Trehan et al. (2008) as well as
Sturm (1988) helped to set the scope for the experimental work. Trehan et al. concentrated on the
detailed investigation of the gap flow between the front- andaft-blade. Sturm analyzed the usage of
slots in the profile geometry for controlling the boundary layer development and in particular the in-
fluence of the geometry of the slot at the flow separation control. Frey and B̈ohle (2013) very recently
also examined the influence of the percent pitch variation for a 50% load split tandem configuration.
They proved that tandem cascades with a percent pitch ofPP = 90% achieve lower pressure losses
compared with those with a percent pitch of70%.

In summary, tandem configurations have proven to have a greatpotential in terms of reduced over-
all losses and flow turning in contrast to conventional bladedesigns during previous 2D-evaluations.
Thus they are appropriate for a specific turning- and load distribution and different Mach number
ranges. The load distribution between the front- and the aft-blade has a strong impact on the sec-
ondary flow development on the particular blade. According to current state of research, it is also
evident that the evaluation of three-dimensional flow phenomena is rather difficult at this stage. More-
over, the extreme influence of the present secondary flow phenomena has not been acknowledged in
a sufficient manner. As a consequence there is a high demand for research in order to evaluate the
characteristics of different geometric configurations in combination with the present flow conditions
with regard to an optimization of the aforementioned topics.

In the following chapters, an overview of the linear compressor stator test rig is given in chapter
EXPERIMENTAL FACILITY. The experimental setup as well as the measurement techniques used are
briefly described inEXPERIMENTAL SETUP AND PROCEDURES. The corresponding experimental
findings are presented in chapterRESULTS. At first, the flow phenomena around the single reference
blade are analyzed (see sectionBase configuration) followed by the detailed investigation for the two
tandem configurations at the design percent pitch ofPP = 91%. Subsequently, a variation of the
percent pitch of 85% and 95% is experimentally investigatedand compared to the results.

EXPERIMENTAL FACILITY
The high-speed wind tunnel and the compressor cascade used for these investigations have been

designed at the Chair of Aero Engines atTUB and is shown in Figure . The design is that of an open
wind tunnel, the so-calledEiffel design. The wind gallery consists of a diffuser, settling chamber,
a nozzle and the compressor cascade itself. Different screens and flow conditioners inserted in the
diffuser and inside the settling chamber rectify the flow before it enters the nozzle to provide uniform
conditions at the cascade inlet.

The wind tunnel system is fed by three radial compressors with a combined output of1MW .
All three compressors can be independently controlled, allowing different mass flows and pressure
ratios. Each compressor has a pressure ratio ofΠ = 2 and a massflow oḟmair = 1.5 kg/s. Different
connection settings allow the provisioning of different inflow conditions for the test section. The test
section has a cross-sectional area of63 × 256mm. For blades placed in the cross-section, Mach
numbers fromMa = 0.3− 0.9 for corresponding Reynolds numbers between0.45× 106 − 1.3× 106

(based on axial chord length) can be established. In addition, an intercooler can also be added which
allows to vary the Reynolds number by constant Mach number.
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Figure 1:wind tunnel gallery

Geometry of the Cascade
The profile of the blades used for these experiments have beendesigned byRolls-Royce Deutsch-

land Ltd. & Co.KGand is similar to blades used in current engine applicationsin terms of size and
shape. The aerodynamic design is based on a purely two dimensional evaluation of the flow field
(sectional design) with the starting for the design approach being based on the work by McGlumphy
and NG (2007). The tandem vane geometry development was carried out usingMISESand theRolls-
Royce Deutschland Ltd. & Co.KGtool HYDRA(3D-CFD, full turbulent, SA-Tu model, grid genera-
tion with Numeca Autogrid) for the section.
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Figure 2:Tandem Blade Geometrical Parameters

The blades are designed as controlled diffusion airfoils (CDA) with a highly loaded aerodynamic
profile. The single reference blades have a chord length ofc = 63mm with a blade aspect ratio of
s/c = 1.0 and a pitch-to-chord ratio oft/c = 0.5. Both the design deflection angle and stagger angle
are fixed toβ = 50 ◦ andγ = 20 ◦ respectively. The cascade is designed to be operated at a Mach
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Number ofMa = 0.6 and a chord based Reynolds Number ofRe = 0.9×106.An incidence variation
of ±10 ◦ can be realized by rotating the moveable side wall.

The nomenclature for tandem vanes differs from ordinary single vanes and is shown in figure 2.
Here, FB stands for the front-blades and AB for the aft-blades, respectively.
Two important geometric parameters when describing tandemblades are the axial overlap and the
percent pitch. The axial overlapAO is described as

AO = ∆ x1/∆ x2 (1)

The percent pitchPP is described as the tangential displacement of the two blades. The gap between
the two blades increases the smaller the values are for thePP . It is defined as

PP = t/s (2)

The load splitLS is a parameter defining the work share between the front- and aft-blades. Ac-
cording to McGlumphy et al. (2009) a load split ofLS = 0.5 is desirable when designing tandem
vanes. In the course of the experiments two sets of tandem vanes with different load splits are ana-
lyzed. The following two equations (cf. Eqn. 3 and 4) describe the definitions used for the Load Split.
The first one uses the diffusion factorDF and the second thedeHallercoefficientDH.

LSDF =
DF1

DF1 +DF2

(3)

LSDH =
DH1

DH1 +DH2

(4)

The adjustment of the load split (LS) was done in the design program defining the upstream and
downstream flow angle. As can be seen from the values in Table 1, the flow angles are similar to those
of an outlet guide vane application. The tandem vanes have a chord length ofc1 = c2 = 31.5mm and
the same maximum thickness for both front and rear vane oft/c1 = t/c2 = 0.1. The single reference
blade and both tandem configurations show a similar thickness / camber-line-angle distribution along
the relative chord length. The design percent pitch (PP) is set toPP = 91% and the axial overlap
(AO) to AO = 0.5. Both the reference and the tandem vanes are designed to realize a working range
of 5◦. As tandem blades can withstand a higher blade loading before flow separation occurs, the blade
pitch is subsequently varied in order to meet the aforementioned design criterion.

The main geometric design parameters of the tandem vanes aresummarized in Table 1.

case Tandem κ11 [
◦] κ12 [

◦] κ21 [
◦] κ22 [

◦] ∆ [◦] s/c LSDH LSDF

#1 FB 50.00 37.62 - - 12.38 0.51 0.50 0.42
#1 AB - - 37.62 0.00 37.62 0.51 0.50 0.42
#2 FB 50.00 33.45 - - 16.55 0.45 0.47 0.50
#2 AB - - 33.45 0.00 33.45 0.45 0.47 0.50

Table 1: tandem geometric parameters

In addition to previous experiment (cf. Heinrich et al. (2014)), a percent pitch variation has been
added to the cascade to allow for the examination of this influence on the secondary flow development
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especially on the rear blade in future experiments. A variation of the axial overlap is only analyzed
numerically and not part of the experimental investigations and therefore not subject of this paper.

Also, the incoming boundary layer can be increased by inserting extension segments to the wind
tunnel. This is of particular interest as it is believed to also strongly influence the secondary flow
development around the tandem blades.

EXPERIMENTAL SETUP AND PROCEDURES
An experimental investigation was carried out on the 2D linear compressor stator cascade of the

Department of Aeronautics and Astronautics at the Berlin Institute of Technology. This test rig has
already been used in other publications for Active Flow Control investigations such as Tiedemann
et al. (2012a) and Tiedemann et al. (2012b). To investigate the flow phenomena on the compressor
stator cascade, different measurement techniques were used.

Test rig and Test conditions
The experiments shown here were carried out at a Mach number of Ma = 0.6 and a corresponding

Reynolds number ofRe = 900.000 (based on axial chord length). The total temperature was setto
Tt = 50 ◦C using the intercooler. The turbulence intensity is< 1% and the boundary layer thickness
δ99 = 6%c.

Wakeflow measurements
To quantify the losses produced by these secondary flow phenomena wake measurements were

conducted. A five-hole probe was used for the measurement of the downstream characteristics of
the cascade. By means of this probe the magnitude of all three velocity componentsVx, Vy andVz

of a flow vector, the static pressurep, the total pressurept as well as the spatial flow angle can be
determined. The straight probe features a head diameter of1.6mm and was installed at a three-
axis traversing system allowing two-dimensional wake measurements at different positions. Figure 3
schematically shows the experimental setup for the wake measurements. The measurement plane is
located half the chord length downstream of the trailing edge. The spanwise resolution is limited by
a3mm offset to the sidewall due to the size of the five-hole-probe (cf. Fig 3).

According to Liesner et al. a loss definition is realized in order to evaluate the loss production of
each configuration Liesner and Meyer (2008).

The total pressure loss coefficient is defined as

ω =
pt1 − pt2
pt1 − p1

(5)

with Index 1 representing the inflow and2 the measurement plane respectively. The total pres-
sure of the inflowpt1 is measured with a pitot tube in the settling chamber which isconnected to a
differential pressure sensor (Sensortechniques HDO series) with a pressure range of0− 1bar and an
uncertainty of max.±0.5% Full Scale Output (FSO). The static pressure of the inflow is measured
half a chord length upstream of the blades using the same pressure sensors. The measurement ports of
the five-hole-probe are connected via flexible pressure tubes with differential pressure sensors (Sen-
sortechniques HDO series) with a pressure range of 0 - 2 bar and an uncertainty of max.±0.5% Full
Scale Output (FSO). The deviation of the loss coefficient produced by error propagation amounts to
±1.54% corresponding to the mean loss of the design case.
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Figure 3: Measurement Planes

Oil flow visualization
The flow phenomena on the blade surface are visualized using the oil flow pattern method. The oil

mixture is composed of thick liquid paraffin oil with blue, green, and red fluorescent pigments with
an average grain size of5µm. The oil mixture for the sidewalls was composed using the same liquid
paraffin oil but was mixed with white pigments of titanium dioxide which through its nano structure
allows a higher resolution. The mixtures were painted onto the blade surface and the sidewalls and
dried in the course of the experiment. The particles follow the surface streamlines in the boundary
layer. The particle motion depends on the balance between the pressure gradient from outside the
boundary layer and the shear stresses in the boundary layer.Where the skin friction approaches
zero the color is completely removed by the flow, so separation lines are visible as black lines (cf.
Maltby (1962)). After the drying process the blade’s pressure and suction sides are photographed
perpendicular to the chord using a high-resolution digitalcamera.

RESULTS
Base configuration
In order to rate the performance of the two tandem configurations against a single reference blade

it is necessary to characterize the flow phenomena around this blade. Figure 4 shows the oil flow
pattern for the reference blade at0 ◦ incidence and a Mach number ofMa = 0.60. Depicted on
the left hand side is a view of the suction side. The flow direction is from left to right, the leading
edge of the blade is positioned at 0% c at the x-axis while the trailing edge lies at 100% c. The zero
position of the y-axis is located at midspan. At about 20% c a separation bubble occurs followed
by an attachment line at around 30% c. A strong corner vortex starts to develop at about 25% c on
both sides. Adjacent to the corner vortex a large area of backflow region can be seen reaching from
50% c until the trailing edge. This backflow region takes up to35% span on each side, constricting
the undisturbed flow in the midspan area to 20 - 30%. The passage vortex which transports fluid from
the opposite pressure side to the suction side arrives at about 50% chord length (highlighted by the
blue color). Also visible is the location where the pressureside leg of the horseshoe vortex of the
opposite pressure side (white color) hits the suction side at about 45% c.
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Figure 4:Oil flow visualization for reference blade50◦ turning angle, 0◦ incidence atMa = 0.60.
Depicted on the left hand side is a view of the suction side. (Color usage as follows: red color
(suction side), blue color (pressure side) and white color (sidewall).)

Tandem configuration with 91% Percent Pitch (design point)
Figure 5 shows the oil flow visualizations of the suction sides for the two tandem configurations

at the design Percent Pitch ofPP = 91%. The pressure sides which are not presented here show a
laminar flow distribution. The left two pictures show the suction side of the front-blade (FB) and the
aft-blade (AB) for theLSDH = 0.5 configuration. The general flow formation of the front blade is
similar to that of the first half of the reference blade. A separation bubble is clearly visible again with
a separation being positioned roughly around 25% c (please note: c is now the addition of the FB
and AB chord) and the attachment line around 35% c. The development of the corner vortex starts
at about 30% c and covers about 10% of the blade height on each side. There is a little bit of blue
color visible on the trailing edge of the front blade. As the pressure sides were painted in blue, it
could be concluded that fluid coming through the gap between the two blades has been drawn into a
backflow region. However, it is too early to conclude this behavior at this stage. The flow pattern on
the rear blade starts with an attachment line at about 55% total chord length. This is clearly visible by
the green color representing the suction side flow from the front blade which has been lifted off the
surface by the gap flow from the suction side of the FB.

It seems as if the impact point of both the pressure side leg ofthe horseshoe vortex from the
opposite pressure side and the passage vortex are slightly shifted to the trailing edge of the rear blade.
However the blue particles originate from the pressure sideof the FB. The PS-leg of the horseshoe
vortex and the passage vortex are blocked away from the suction side of the AB by the gap flow. This
is clearly visible in Figure 6 and highlighted by the stream lines.

The right two pictures show the suction side of the front blade and the rear blade for theLSDF =
0.5 tandem configuration. The overall layout is similar to that of the LSDH = 0.5 configuration
although there a few differences.
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Figure 5: Oil flow visualization of the suction side for tandem blades with 50◦ turning angle,
PP = 91% (design point) at0◦ incidence atMa = 0.60. Depicted on the left hand side is the
tandem configuration with LSDH = 0.5 and LSDF = 0.5 on the right hand side respectively.
(Color usage as follows: green color (suction side FB), red color (suction side AB), blue color
(pressure side of both FB and AB) and white color (sidewall).)

Figure 6: Close-Up of the oil flow visualization
of the trailing edge and passage flow for the
LSDH = 0.5 tandem blade configuration with
50◦ turning angle, PP = 91% (design point) at
0◦ incidence atMa = 0.60.

The location of the separation bubble on the
FB has moved by 5% to the leading edge. The
reason for this is the increased blade loading as a
result of the higher turning of the FB compared
to case # 1 (cf. Table 1). The development of the
corner vortex of the FB seems to be unaffected
by the higher turning and shows the same dimen-
sion for case # 2. In contrast to the case #1 AB,
the case #2 AB does not show any sign of blue
paint. Furthermore it is noticeable that less green
paint is visible on the AB and that the dimen-
sions of the corner structures are well reduced.
This is an indication for an increased strength of
the gap flow which reduces the momentum ex-
change of the FB suction side’s flow with that
of the AB and also blocks off the passage vortex
from hitting the AB (no blue particles visible).

Tandem configuration with 85% Percent Pitch
Figure 7 shows the oil flow visualization for a percent pitch variation ofPP = 85%. In this setup,

the gap between the FB and AB has its maximum value positioning both the FB and AB furthest apart
from each other.
The left two pictures characterize the flow for theLSDH = 0.5 configuration. In contrast to Figure
5 one can easily notice the similar flow topology on both blades. The front blade shows a separation
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Figure 7:Oil flow visualization of the suction side for tandem blades50◦ turning angle, PP =
85% at 0◦ incidence atMa = 0.60. Depicted on the left hand side is the tandem configuration
with LSDH = 0.5 and LSDF = 0.5 on the right hand side respectively. (Color usage as follows:
green color (suction side FB), red color (suction side AB), blue color (pressure side of both FB
and AB) and white color (sidewall).)

bubble at around 27% c followed by an attachment line at 37% c.The corner vortices start to develop
around 30% c. The AB also features a separation bubble (starting at 70% c with an attachment line
at 83%c) which is slightly positioned more upstream (compared relatively to the FB). Disregarding
from a few minor green spots just before the separation line,no green color is evident on the AB
suction side. The corner vortex structures are a bit more complex. Blue paint indicates that fluid from
the opposite pressure side reaches the trailing edge of the AB and its spanwise dimension reaches up
to 25% on each side constricting the main flow to the midspan area.

TheLSDF = 0.5 tandem configuration also shows an almost similar pattern onboth FB and AB
but in addition continues the same tendency as seen in Figure5 before. The separation bubble on the
FB occurs a little earlier than for the case #1 and the topology on the AB is more calm compared
to the case #1 AB (missing of blue paint), although it still features a separation bubble (positioned
from 75% c - 85% c). Again, the absence of green paint indicates that due to the increased gap size
between FB and AB, the flow around the two blades can rather be considered as two separate flows.

Tandem configuration with 95% Percent Pitch
The oil flow visualizations in Figure 8 represent the resultsfor thePP = 95% variation. In this

setup, the front and rear blade have its closest tangential position to each other.

The flow structure on the front blade of theLSDH = 0.5 configuration (left two pictures) is similar
to the previous front blades of the same configuration. Clearly visible is the separation bubble with
a width of around 13% c ranging from 22% - 35% chord length. Thecorner vortices develop around
30% c and take up to 10% in spanwise direction on both sides. The rear blade shows, for the first
time, a 3D separation for a larger area in the midspan at the trailing edge and a strong development
of the corner vortices (starting at 75% c and covering almost25% in spanwise direction). The blue
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Figure 8:Oil flow visualization of the suction side for tandem blades50◦ turning angle, PP =
95% at 0◦ incidence atMa = 0.60. Depicted on the left hand side is the tandem configuration
with LSDH = 0.5 and LSDF = 0.5 on the right hand side respectively. (Color usage as follows:
green color (suction side FB), red color (suction side AB), blue color (pressure side of both FB
and AB) and white color (sidewall).)

particles indicate that fluid from the FB pressure side coming through the gap is pushed onto the
suction side. The small size of the gap between the FB and AB limits the development of a strong gap
flow which is strong enough to encounter the passage cross flowand also would be able to prohibit
the 3D separation at the AB TE.

The two pictures on the right hand side visualize to flow phenomena for theLSDF = 0.5 tandem
configuration. The front blade looks pretty similar to thoseprevious case # 2 FB oil visualizations
with a laminar turbulent transition point at around 21% c anda corner vortex development starting
roughly at 25% c. For the first time visible is a little recirculation area at the TE of the FB starting
at around 45%. The rear blade now is in good alignment with thecase # 1 rear blade except for the
missing blue particles. (The excessive amount of white particles at the TE are due to the shortened
drying process.) The dimensions of the corner vortices are the same except for the fact that there is
again a recirculation area starting at 93%.

Wake flow measurements
Figure 9 shows a selection of the conducted wake flow measurements for 0◦ incidence at

Ma = 0.60 and aPP = 91% (for the tandem blades). These measurements represent the best
case scenario for the minimum losses. Figure 9 a) shows the integral spanwise total pressure loss
distribution for the single reference blade and both tandemconfigurations. Apart from the symmetry
of the plots which is a sign for the good quality of the measurements, the different pressure loss char-
acteristics are clearly visible.

Both tandem configurations (red lines) show a well reduced total pressure loss in the midspan
area. In the sidewall area however, the trend is reversed andthe single reference blade shows lower
absolute values especially very close to the sidewall. These results are in good alignment with the oil
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Figure 9: Wake flow measurements atMa = 0.60, 0◦ incidence and0.5c behind trailing edge.
a) Comparison of integral spanwise total pressure loss distribution ωges. b-d) Area plots of total
pressure loss distribution for single reference blade (b),LSDH = 0.5 (c) andLSDF = 0.5 (d).

flow visualizations in Figures 4 and 5 respectively. The visual conclusions that the expansion of the
corner vortex in its spanwise domain is limited by the gap flowthrough the front- and aft-blade is now
confirmed by the wake flow measurements.

Figures 9 b-d) show the corresponding area plots for the total pressure loss distribution 0.5c be-
hind the TE. The corner vortices are quite remarkable in terms of its dimension and absolute values.
TheLSDF = 0.5 tandem configuration shows slightly higher values as theLSDH = 0.5 case. This is
interesting as the oil flow visualizations of the aft-bladesin general show a more calm flow distribu-
tion for theLSDF = 0.5 tandem blades. However, for the front-blades it is a different scenario and
it seems as if the accumulated losses on the front-blade cannot be absorbed by the aft-blades and are
more or less transported further.

In absolute values, both tandem configurations reduce the amounted total pressure loss.
ωsingle = 0.0901 > ωLSDF0.5 = 0.0805 > ωLSDH0.5 = 0.0798.

CONCLUSIONS
This paper presents an experimental study about the secondary flow development around tandem

vanes and in particular the influence of the percent pitch (PP) variation on the secondary flow struc-
ture. For this purpose multi-colored oil flow visualizations together with wake flow measurements
were conducted. The objective was to get a thorough understanding of the influence of the gap flow
on the development of the secondary flows and its influence on the associated losses.

Tandem configurations have the ability to reduce the total pressure losses by limiting the extreme
secondary flow development. This study has shown that the twoanalyzed tandem configurations with
different blade loading definitions were capable of reducing the losses especially in the midspan area
and repressing the corner vortex expansion. Although the losses in the sidewall area increased in
absolute terms, the overall absolute total pressure loss values could be reduced. Interestingly to note
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however is that the higher front-blade loading of theLSDF = 0.5 tandem blades compared to the
LSDH = 0.5 blades is reflected in the higher absolute total pressure loss values. This is in accordance
with former findings in literature, i.e. Frey and Böhle (2013).

It has also been shown, that the variation of the tangential displacement (Percent Pitch) has a
strong influence on the secondary flow phenomena. Especiallythe development of the corner vortices
on the aft-blades is highly affected by the gap size between the front- and the aft-blades. However, the
oil-flow visualization only prove this for the aft-blade. The flow around the forward-blade is hardly
affected by the position of the aft-blade which was altered by the percent pitch variation. For the
flow propagation of the aft-blade one can conclude that if thegap size is reduced to a minimum, 3D
separation occurs which cannot be suppressed by the energetic gap flow. This was a little unexpected
and needs to be monitored in the future as the single blade does not show any sign of this separation.
Nevertheless if the gap size is increased, the flow structures on each of the tandem blades become
similar to that of a single vane and the stabilizing influenceof the gap flow is lost (cf. Fig 7).

At the moment, the results are in accordance with the available open literature and prove the de-
cision of the authors to more closely examine a percent pitchvariation around 90%. More detailed
investigations with further variation of the blade loadingincluding Mach number and incidence vari-
ations for the same percent pitch settings are planned for the future. Together with accompanying
numerical investigations they will further enhance the knowledge, especially in the 3D domain about
the influence of the blade loading on the developing flow structures and the associated losses for
designing tandem blade configurations.
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