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ABSTRACT

This paper presents wall shear stress measurements ob-
tained with a new type of wall-mounted probe based on the ther-
mal electrical principle. The sensor consists of three single sur-
face hot wires arranged in a delta configuration. This allows for
measuring wall shear stress magnitude and direction simultane-
ously. Each probe has to be calibrated in a flat plate experiment
for a number of wall shear values and flow directions before ap-
plying it to the relevant flow situation.
To assess the full potential of the newly designed sensors, they
were applied to a low speed, large scale cascade test section
equipped with highly loaded compressor blades. The high blade
loading in conjunction with a small blade aspect ratio results in
a strongly three-dimensional flow field with large secondary flow
structures and flow separation. Furthermore, laminar separation
bubbles can be observed on the blade surface. The wall shear
stress distribution allows for resolving these existing flow struc-
tures and provides detailed insight into the flow on the blade's
surface. The additionally measured flow direction reveals fur-
ther details of the flow field.
Parallel to the experiments, RANS simulations were conducted
using the commercial flow solver CFX to compare the simulated
results with the measured values.

*Address all correspondence to this author.

NOMENCLATURE

Geometric and Flow Quantities

cr="Twlq — skin friction coefficient

cp = PiPifq — pressure coefficient

E \' anemometer voltage

h m blade height

L m chord length

Ma — Mach number

Dr Pa total pressure

p Pa static pressure

q Pa dynamic pressure

Re — Reynolds number

s m length from leading edge
Sax m total length of blade suction side
t m pitch

u mfs velocity

X m coordinate in flow direction
y m coordinate in blade spanwise direction
B deg cascade inflow angle

Y deg stagger angle

o deg flow angle

Ty Pa wall shear stress
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Subscripts

B bridge
1 inlet

2 outlet
INTRODUCTION

The wall shear stress is one of the major quantities in bound-
ary layer theory. Its spatial and temporal development reveals a
detailed picture of the boundary layer state. The magnitude and
direction allow for an evaluation of the wall friction losses. Mea-
suring the wall shear stress provides detailed information on the
global and near wall flow topology. Due to this a lot of effort has
been spent on developing measurement techniques to determine
the wall shear stress. An overview of the existing techniques can
be found in [2] and [3]. Most of these techniques are not suitable
for turbomachinery applications. In [4] is given a summary of
the measurement techniques that are used in turbomachine aero-
dynamics. Hot films are commonly used in turbomachines for
measuring the wall shear stress. A major challenge using sensors
based on thermoelectrical concepts is their calibration, especially
on curved surfaces. As shown in [5] a calibration of hot films is
not stringently required for observing transition and separation
phenomena on turbomachinery blades. Even a so called quasi
wall shear stress can be calculated from the anemometer output
signals without calibration. However, a calibration is required
when detailed boundary layer studies are conducted or for com-
paring measurement results with numerical simulations. Beside
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FIGURE 1: CALIBRATION SURFACE [1]

the magnitude of the wall shear stress vector, the measurement
of the direction reveals further information on the flow topology.
This provides for example detail information on secondary flow
structures occurring on turbomachine blades. Approaches mea-
suring magnitude and direction using a two-component hot film
or hot wire sensor is presented in [6] and [7]. The sensor applied
in the second paper allows an exact determination of the flow
direction if the topology of the observed flow field is a priori
known, because the calibration curves show multiple solutions
for the flow direction. This drawback can be overcome using the
newly developed wall shear stress sensor presented in [8]. It con-
sists of three surface hot wires arranged in a delta configuration
to measure the magnitude and direction of the wall shear stress
vector. The use of surface hot wires instead of surface hot films
has some particular advantages. The increased overheat ratios
that can be used for hot wires reduce the influence of the fluid
temperature on the measurements. Also the heat losses due to
heat conduction to the substrate can be reduced by mounting the
surface hot wire over a small cavity. Both factors result in an im-
proved signal-to-noise ratio for the hot wire [9]. Asymmetrical
design of the cavities allows for a distinct determination of the
flow direction with the newly developed delta sensors.

Experimental Setup

As already mentioned in the introduction, the delta sensors
allow a distinct determination of the near wall flow direction us-
ing asymmetric cavities beneath the surface hot wires. A detailed
description of the employed delta sensor layout can be found
in [8] and [1]. A sketch of the probe design is also given in
Fig. 5. The three surface hot wires are symmetrically placed
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FIGURE 2: WALL SHEAR STRESS VECTOR IDENTIFICA-
TION [1]
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FIGURE 3: CASCADE TEST SECTION

on a circle with a diameter of 3.5mm. The length of each hot
wire is 1.5mm. They cover a hexagonal area of A = 9.1mm?.
Concerning the blade sizes of the cascade test section described
below and summarized in Table 1, the geometrical dimensions of
the delta sensors are two orders of magnitude smaller. Therefore
they are well-suited for the selected flow case. It can be seen
that the delta sensors are flush-mounted to an insert with a di-
ameter of d = 10mm. These inserts can be easily positioned on
the suction side of a specially prepared compressor blade. The
usage of these inserts is also required for sensor calibration. The
calibration procedure is to be conducted in a flat plate test sec-
tion with a fully turbulent two-dimensional boundary layer. The
delta probe is flush-mounted into the flat plate surface next to
a high sensitive wall shear stress balance. The wires are oper-
ated in constant temperature mode (CTA). During calibration the
delta sensor is rotated by 360 degrees in steps of five degrees.
For each rotation step the anemometer signals for all three wires
and the signal of the balance were measured. The CTA signals
were sampled with F; = 8192Hz for a measurement period of 4s.
The signals were recorded with the multichannel data acquisition
system DAP 4400a. This procedure has to be conducted for dif-
ferent wall shear stress values which can be adjusted by varying
the free stream velocity of the flat plate. The delta sensors were
calibrated for wall shear stress values up to 7,, = 2N /mm? which
corresponds to a skin friction coefficient of ¢y ~ 0.006 for the fol-
lowing cascade measurements. After the measurements the CTA
values were temperature-compensated according to [10]. After-
wards they were plotted over the wall shear stress magnitude 7,
and the flow angle & as shown in Fig. 1. The surface is calculated
by fitting the measurements to the relation

E*=A+B1!

FIGURE 4: PROFILE GEOMETRY

according to the formulation published by [11]. The measure-
ment uncertainty for the wall shear stress vector is 5% in a two-
dimensional steady state flow field. During the cascade experi-
ments the bridge voltage for all delta probes were recorded with
the same sampling frequency and measurement time used during
calibration. After applying the same temperature compensation
as for the calibration, a look up in the corresponding calibration
surface has to be done for each surface hot wire signal. These re-
sults in three different curves showing all possible combinations
of wall shear stress magnitude and direction as displayed in Fig.
2. Due to the asymmetry of the cavities the three curves intersect
in one single point, because all three hot wires of the delta probe
are linked to the same wall shear stress vector during the mea-
surement. In the example presented in Fig. 2 the three curves
intersect at an flow angle of § = 96.1° and a wall shear stress
magnitude of 7, = 1.9 N/m?.

To explore the full potential of the delta probes, they have
been used for wall shear stress measurements conducted at the
low-speed compressor cascade test section at the department for
aeronautics and astronautics at the Technische Universitit Berlin.
Figure 3 shows a sketch of the cascade test section. The test sec-
tion is attached to the nozzle of an open wind tunnel. The dis-
charge pressure at the outlet is matched to the ambient pressure
of the laboratory. To achieve pitchwise periodic flow conditions
the cascade consists of seven blades with additional tailboards at
top and bottom. Boundary layer suction was applied upstream
of these tailboards. The static pressure distribution at the inlet
is observed with 13 pressure taps placed in each cascade side-
wall. The inflow velocity profile can be controlled adjusting the
volume flow rate of the boundary layer suction and the position
of the tailboards. The approaching sidewall boundary layer is
laminar with a displacement thickness of §; = 4.2mm. All mea-
surements were conducted on the center blade of the cascade at
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a constant inflow velocity of u; = 24.2m/s. This corresponds
to a blade chord Reynolds number of Re = 600,000 and a Mach
number of Ma = 0.07. An inflow angle variation in the range
of B; = 55° — 60° is feasible by rotating the disc the cascade is
mounted to. The blade design conditions are Re = 600,000 and
B1 = 60°. Changing the inflow angle requires an adaption of the
bottom and top wall at the test section inlet as well. Figure 4
shows a sketch of the used profile geometry with the correspond-
ing parameters summarized in Table 1. The profile geometry
was especially designed for this cascade test section. The design
goal for the profiles was a highly loaded blade profile with a flow
turning as high as possible considering a representative pressure
distribution. The ¢, distribution was scaled from high subsonic
flow conditions to incompressible flow conditions. This results
in a flow turning of AB; = 60°. For investigations of secondary
flow structure and separation phenomena a blade aspect ratio of
AR = 0.8 was chosen for the blades. The large-scale blades allow
for a simple and dense equipment of the blades with sensors to
get a detailed view of the occurring flow phenomena. In addi-
tion, active flow control experiments were conducted on the cas-
cade test section to reduce the strong secondary flow structures
on the blades [12, 13]. To integrate the actuation systems a suffi-
cient blade high is needed. However, the investigations presented
here are focused on the application of the newly developed delta
probes and were all carried out without the application of flow
control.

For the wall shear stress measurements a special measurement
blade was designed which can be equipped with 56 delta sensor
inserts on the blade suction side as shown in Fig. 5. The inserts
have been positioned according to preceding oil flow visualiza-
tion results and the blade curvature. To avoid tripping of the
laminar boundary layer in the leading edge area due to surface

Parameter Value

chord length L =375mm
blade pitch t = 150mm
blade height h = 300mm
inflow angle P1 =55°—60°
flow turning AB = 60°
stagger angle Y=20°

Mach number 0.07

Reynolds number 600000

inlet turbulence Tu=15%

TABLE 1: BLADE GEOMETRY DATA

FIGURE 5: BLADE EQUIPMENT

faceting, all delta sensors were placed in the fully turbulent flow
downstream of the laminar separation bubble. The delta sensor
inserts were mounted between x/L = 23% and x/L = 70% blade
chord along the blade‘s midspan and in the region with strong
secondary flow structures. The preceding visualization results
reveal a fully separated flow downstream of x/L = 70%, there-
fore no sensors have been placed in the trailing edge region. In
the laminar flow region only standard single surface hot wires
were used because of the high surface curvature in this region.
They have been placed along blade midspan, because of the two
dimensional flow topology in this part of the blade. The surface
hot wires are mounted to a flexible printed circuit board (PCB)
which was carefully integrated into the blade surface to avoid
boundary layer tripping.

Numerical Simulation

The commercial flow solver CFX [14] was used to solve the
steady RANS equations. To account for the transition process
on the blade surface the Gamma Theta transition model devel-
oped by Menter and Langtry [15] was employed in conjunction
with the Menter SST turbulence model [16]. The Gamma Theta
model is a state-of-the-art transition model in commercial CFD
codes which works only in combination with the SST turbulence
model. The SST turbulence model is a modified version of the
BSL model [16], adding a cross-diffusion term to the specific
turbulent kinetic energy in the kK — w formulation to reduce the
influence of the free-stream value of @ on the results. The tran-
sition and turbulence models require a grid with more than ten
grid points inside the boundary layer and a maximum wall dis-
tance of y* = 2 for the first grid cell to carefully resolve the near
wall flow behavior. A plot of the numerical grid is shown in Fig.
6. The grid consists of approximately 1.65 million cells and the
calculations reveal a maximum value of y© = 0.7 for the dimen-
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FIGURE 6: COMPUTATIONAL MESH

sionless wall distance. Beside the y* criteria also the number of
grid points inside the boundary layer was controlled at selected
points in the laminar and turbulent boundary layer to account for
the requirements of the models used.

The boundary conditions for the simulation have been chosen ac-
cording to the flow conditions in the experiments. A total pres-
sure profile was measured at the cascade‘s inlet and afterwards
set to the inlet plane of the numerical simulation to account for
the secondary flow structures that develop in the cascade pas-
sages. Beside the total pressure profile, the total temperature and
the inflow angle have been set at the inlet plain of the compu-
tational domain according to the experimental flow conditions.
Only the turbulence intensity was increased for the numerical
simulations to a value of Tu = 3% to resolve the turbulent reat-
tachment sufficiently. In the simulations the average static pres-
sure at the outlet was adapted to match the inflow Reynolds Num-
ber of the experiment.

RESULTS
Qil Flow Visualization

To position the delta sensors correctly, preliminary oil flow
visualization experiments were conducted for the cascade side-
wall and the blade surface. The visualization experiments were
carried out on a clean blade before designing the blades for the
wall shear stress measurements. Two results for the blade suc-
tion side are shown in Fig. 7. Due to the midspan symmetry of

B, = 55°
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FIGURE 7: OIL FLOW VISUALIZATION

the flow field the results are plotted for a half blade span only.
Figure 7 shows the result for an inflow angle of 8; = 55° on the
left side and for B; = 60° on the right side respectively. The
main flow direction is from top to bottom. In the leading edge
(LE) area a laminar flow region can be observed for both inflow
angles. Regardless of the inflow angle, transition occurs over
a laminar separation bubble as can be clearly seen by the dye
accumulation between s/, = 20% — 30%. For the reduced in-
flow angle of B; = 55° the separation bubble shifts further down-
stream and the streamwise length of the bubble shortens. The
strong three-dimensional character of the flow in the rear blade
part causes a variation of the spanwise position of the separa-
tion bubble, especially for the reduced inflow angle. Together
with the laminar separation bubble the corner vortices between
the blade suction side and the endwalls begin to develop. The
emergence of the corner vortices causes a more and more three-
dimensional evolution of the flow field after turbulent reattach-
ment of the flow. The area of attached flow decreases in axial
direction towards the trailing edge (TE). For 8; = 60° the flow
fully separates at approximately 63% of the suction side length.
Reducing the blade loading results in a downstream shift of the
separation to nearly s/S.x = 80%. The corner vortex develop-
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FIGURE 8: ¢y DISTRIBUTION AT MIDSPAN

ment seems to be independent of the inflow angle. In both cases
the corner vortices cover nearly one quarter of the blade span at
the trailing edge. The delta sensor inserts were positioned be-
tween s/Spax = 27% — 70% according to the oil flow visualiza-
tion results and the blade curvature. A row of eleven sensors
were placed at blade midspan. Due to the high blade curvature
and the mainly two-dimensional flow, eight additional single sur-
face hot wires were mounted upstream of the delta sensors as il-
lustrated in Fig. 5. Additional 41 delta sensor were positioned in
the region with a fully three-dimensional flow between the sep-
aration line and the cascade sidewall. These measurement po-
sitions were selected to prove the ability of the delta sensors to
measure the flow direction and the wall shear stress magnitude
in non-uniform flow fields.

Shear Stress Measurements

First the results for the midspan sensors will be discussed.
After calibration, the delta sensor inserts and the single hot wires
were installed on the blade‘s suction side. The first three wires
of the single hot wire array, installed in the leading edge area,
broke during installation. Therefore the first measurement po-
sition moves downstream to s/S;.x = 13%. The so measured
non-dimensional skin friction coefficient ¢y at blade midspan is
shown in Fig. 8. For the calculation of the skin friction coef-
ficient the wall shear stress 7, is normalized with the dynamic
pressure g at the cascade inlet.

cCfr=—
! q1

The results for §; = 55° and B; = 60° are plotted over the frac-
tional length of the suction side s/Syc. The flow direction is
not shown here because of the two-dimensionality of the flow
at midspan. The uniform flow orientation up to the separation
is shown in Fig. 7 and was also verified by the delta sensor
measurements. The flow reversal below the laminar separation
bubble could not be resolved, because at this blade position only
single hot wires were employed. Therefore the absolute value
of the wall shear stress was used to calculate the skin friction
coefficient c¢y. As can be expected, maximum cy values are mea-
sured at the first sensor for both inflow angles, because of the
thin boundary layer thickness despite the laminar flow that is
shown by the oil flow visualization in this region. The grow-
ing boundary layer thickness results in a decreasing skin friction
coefficient with increasing suction side length. During transition
over the laminar separation bubble between s/ = 20 — 30%
for B; = 60° and s/Syax = 25 —33% for B; = 55° the wall shear
stress magnitude reaches minimum values, characterizing sepa-
rated flow. Negative ¢y values caused by a backflow cannot be
resolved with the single hot wires mounted in this blade region.
The subsequent turbulent reattachment results in a strong shear
stress increase. Further downstream the values decrease again
with increasing suction side length. The fluctuations of the wall
shear stress around s/, = 60%, especially for §; = 60°, are
caused by the flow separation occurring at the rear blade part.
Generally higher skin friction coefficients can be observed for
B1 = 55°. Decreasing the inflow angle results in a lower blade
loading and a stronger flow acceleration in the leading edge area
which leads to thinner boundary layers and therefore higher wall
shear stresses.

Figure 9 presents the measured ¢y values and flow directions
for the delta sensors located in the corner vortex region. The left
side shows the results for f; = 55° and the right for §; = 60° re-
spectively. The flow direction is from top to bottom. The results
are plotted over the fractional suction side length and the normal-
ized blade span whereas +50% is the position of the cascade side
walls. In addition to the contour plot and the arrows, the topology
lines extracted from the oil flow visualization results were added
to Fig. 9. High skin friction coefficients are denoted in darker
colors, whereas small values are shown in lighter colors respec-
tively. For the design case of f; = 60° mainly small ¢ values
can be observed except close to the sidewall. This indicates that
the flow is separated over a large portion of the observed flow
region. This observation can be confirmed by the oil flow visu-
alization. In addition to the magnitude, the measured wall shear
stress directions are depicted with arrows. There is a segmen-
tation in three groups of arrows. The first includes the arrows
in the corner vortex region between the sidewall and the dashed
corner vortex line, marked with (7). The second group (I1) is lo-
cated between the dashed line of the corner vortex and the solid
line which marks the turbulent flow separation. The last group
of arrows includes the sensors within the attached flow on the
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FIGURE 9: ¢y DISTRIBUTION AND FLOW DIRECTION ON
THE BLADE SUCTION SIDE

blade suction side (/I). In the corner vortex region (I) most of
the arrows show a flow direction directed away from the side-
wall which can be expected for the corner vortices, because of
the known direction of rotation for these vortices. For the sec-
ond group (II) within the flow separation no distinct flow direc-
tion can be observed due to the non-uniform flow structures in
this region. This means for the delta sensors that the three sin-
gle hot wires are no longer linked to the same wall shear stress
vector. Slightly different wall shear stress magnitudes and di-
rections between the individual wires result in poor correlations
and a strong increase of the measurement error. This is caused
by the large diameter of the delta sensors compared to the flow
structures in this region. Therefore no exact conclusions can be
made for the wall shear stress direction in separated flows [1].
For an exact determination of the wall shear stress vector uni-
form flow conditions are needed at the measurement location.
However, this limitation can be overcome by further reducing the
sensor by means of MEMS technology demonstrated, for exam-
ple, in [17]. Nevertheless the presented results show the ability
of the newly designed delta sensors to measure the wall shear
stress magnitude and direction in complex flows. In the last re-
gion it can be seen that most arrows point to the trailing edge.
The flow is attached and mainly two.dimensional; except for the
arrow close to the laminar separation bubble which is oriented in
the opposite direction. At this position there is a close interaction
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FIGURE 10: MEASURED FLOW DIRECTION AND OIL
FLOW VISUALIZATION

between the laminar separation bubble and the developing corner
vortex. A comparison of the measured wall shear stress direction
with the results of the oil flow visualization shows good agree-
ment (Fig. 10). The results for the reduced inflow angle confirm
these findings. Decreasing the blade loading causes a reduction
of the separated flow area. Section (/1) in Fig. 9 is significantly
smaller. By contrast, section (II7) has extended towards the trail-
ing edge. Significantly higher ¢y can be observed in this region
compared to section (7). The flow is mainly oriented to the trail-
ing edge except for the area close to the separation line, where
the wall shear stress direction is parallel to the separation line.
As already described for f; = 60°, the two top arrows that are
closest to the separation bubble are reversed due to interaction of
the separation bubble with the corner vortices. Downstream of
these two measurement positions the maximum wall shear stress
values can be observed in conjunction with two arrows pointing
towards the leading edge. Analyzing the RMS values presented
in Fig. 11 reveals maximum values for this sensor positions as
well. This indicates strong flow fluctuations which makes an ex-
act determination of the flow direction difficult like in the region
of separated flow. Nevertheless, in the area of the corner vor-
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FIGURE 11: RMS(cy) DISTRIBUTION AND FLOW DOREC-
TION ON THE BLADE SUCTION SIDE

tex (I) increased ¢y values (Fig. 9) can be observed compared
to section(II) together with a uniform flow direction tilted away
from the sidewall as already observed for §; = 60°. The good
agreement between the delta sensor results and the oil flow visu-
alization can be confirmed for f8; = 55° as well (Fig. 10).

Numerical Simulation

In addition to the measurements numerical simulations with
the commercial flow solver CFX were performed for the com-
pressor cascade. For the simulations the inflow angle was set
to B; = 60° and the outlet pressure was varied to match the
chord Reynolds number of the experimental investigations. Be-
side the presented data, detailed pressure measurements for the
hole blade surface were conducted in earlier investigations [12].
Therefore a detailed database is available for comparison with
the numerical results. First a comparison of the normalized pres-
sure distribution ¢, is undertaken to prove the general quality of
the numerical simulations. ¢, is calculated by normalizing the lo-
cal pressure difference with the dynamic pressure at the cascade
inlet.

CFD @ Midspan

[ ] Measurement @ Midspan
———— CFD @ y/h = 40%
oy v Measurement @ y/h = 40%

o2fg - - - - %
0.4

0.6—*****;*-***

0.8

xIL [%]

FIGURE 12: COMPARISON OF THE ¢, DISTRIBUTION FOR
B1 = 60°

Where p; stands for the static pressure at the inlet and p; for
the total pressure respectively. Figure 12 shows the ¢, distribu-
tion for midspan and for a relative blade height of y/h = 40%.
The agreement of the results is rather good, especially at blade‘s
midspan. The position of the laminar separation bubble, clearly
recognizable by the pressure plateau on the blade‘s suction side
at a x/L = 20%, is fairly good predicted by the applied Gamma
Theta transition model. The pressure plateau is even visible in
the results of the numerical simulation. Downstream of the tur-
bulent reattachment a faster pressure recovery can be observed
for the numerical results, but the deviation from the experiment
is minor. The leading edge separation bubble on the pressure side
is also resolved by the numerical simulations, therefore a good
match is found for the pressure side as well, whereas small dif-
ferences in the ¢, distribution can be detected for the suction side
at a spanwise position of y/h = 40% (close to the sidewall). The
suction peak is less distinct in the numerical results and a pres-
sure plateau caused by the separation bubble is no longer present
as shown by the experimental data. Nevertheless, a good agree-
ment between the numerical and experimental results can be ob-
served downstream of x/L = 40%. A good match is also avail-
able for the pressure side results. Despite the small differences
in the pressure distribution close to the sidewalls the numerical
model has captured most of the spanwise flow patterns on the
blade surface induced by the three-dimensionality of the flow.
Therefore further comparisons can be made for the direction and
the magnitude of the wall shear stress. Figure 13 shows the ¢y
distributions at blade midspan for an inflow angle of §; = 60°.
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FIGURE 13: COMPARISON OF THE ¢y DISTRIBUTION AT
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For reasons of comparison the absolute values of ¢ were plotted
for the numerical results as well. Therefore no backflow can be
observed at the position of the laminar separation bubble. Again
a fairly good agreement between the experimental and numeri-
cal results can be observed, especially in the leading edge part
of the blade. As already seen in the pressure distribution the po-
sition of the laminar separation bubble between s/S,,,x = 18%
and s/Syax = 27% is well predicted in the simulation. The dif-
ferences in cy are within the measurement tolerances. Larger
differences are only observed downstream of s/Spqx = 55% due
to the beginning flow separation. As already noted before, an ex-
act measurement of the wall shear stress within separated flow is
rather difficult with the delta sensors.

To compare the wall shear stress direction, surface streamlines
computed from the numerical results are shown in Fig. 14. The
left part of Fig. 14 shows the streamlines on top of the oil flow
visualization image for ff; = 60°. Again the good prediction of
the laminar separation bubble becomes clear. Downstream of the
separation bubble some differences are found in the region of
the corner vortex. This has already been observed in the pres-
sure distribution. The development of the corner vortex is over-
predicted by the simulation. The streamlines show corner vor-
tices that cover approximately 35% of the relative blade height
at the trailing edge. The analysis of the underlying oil flow vi-
sualization reveals only a spanwise extension of 25% (Fig. 7).
This overprediction leads to an increased passage blockage in
the simulation and a stronger narrowing of the attached flow in
the middle of the blade. Therefore the numerical results show a
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FIGURE 14: STREAMLINES AND MEASURED FLOW DI-
RECTION ON THE BLADE SUCTION SIDE

turbulent flow separation line which is curved to the right instead
of to the left as can be inferred from the oil flow visualization.
The right half of Fig. 14 clarifies this finding. The CFD surface
streamlines, colored in grey, are plotted together with the exper-
imental results of the oil flow visualization and the delta sensor
measurements. Distinct differences can be observed in the ori-
entations of the separation lines comparing the black topology
lines of the flow visualization with the numerically calculated
surface streamlines. Furthermore the numerical results reveal
flow separation extending further downstream at blade ‘s midspan
compared to the measurements. The flow remains attached until
$/Smax =~ 85% whereas the experiments show a fully separated
flow at s/Syqax = 65%. This explains the bigger differences in
the ¢ distribution for blade midspan beyond s/S = 55% in
Fig. 13 as well. Nevertheless, in the region of the corner vortex
the overall flow pattern is captured, even when there are some
differences between the calculated flow directions and the mea-
sured flow angles, whereas large differences can be observed in
the region of separated flow because of the mismatch among the
separation lines and the larger measurement error of the delta
sensors in separated flows.
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CONCLUSION

A newly designed wall shear stress sensor based on the ther-
moelectrical principle is presented and validated for turboma-
chine measurements. A layout of three single hot wires mounted
above a small asymmetric cavity allows for the measurement of
magnitude and direction of the shear stress distribution. The so-
called delta probes were tested in a strongly three-dimensional
compressor cascade flow field to prove their ability to measure
all three components of the wall shear stress vector. For these
measurements the probes were mounted on a blade ‘s suction side
of a highly loaded large scale compressor cascade. Visualiza-
tion results obtained in preceding measurements reveal a strong
three-dimensional flow topology on the blade‘s suction sides and
were employed to position the delta sensors on the blade sur-
face. Furthermore, numerical flow simulations were carried out
for the observed flow case with the commercial flow solver CFX.
The comparison of the oil flow visualization results with the mea-
sured wall shear stress directions of the delta sensor shows a high
degree of agreement in the regions of attached flow. Only in sep-
arated flows an exact measurement of flow direction and wall
shear stress magnitude is difficult. The numerical results confirm
the suitability of the delta sensors to measure the wall shear stress
direction and magnitude in complex flow fields.
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