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Abstract: Since its first operation in 1956 at DFL Braunschweig and after its movement to Munich, the
High-Speed Cascade Wind Tunnel (HGK) at Bundeswehr University Munich is intensively used for
fundamental and application-oriented research on aero-thermodynamics of turbomachinery bladings.
Numerous systematic airfoil design studies were performed over the last decades. Thanks to the HGK
facility, which enables thorough and detailed cascade testing at turbomachinery-relevant conditions,
many of those airfoils for different purposes finally made it into turbomachinery applications.
Nowadays, the HGK still provides very useful contributions to the understanding of the complicated
flow in compressor and turbine bladings, and thereby extends the knowledge on relevant physical
phenomena. As a consequence of the intense usage, this unique test facility was subject to a major
revision and upgrade. The performed changes are presented within this paper including an overview
on new capabilities in terms of the extended operating range, the data acquisition system, and the
recently available measurement equipment.

Keywords: high-speed cascade wind tunnel; engine-relevant conditions; linear cascade; operation range

1. Introduction

The High-Speed Cascade Wind Tunnel (HGK) of the Bundeswehr University Munich
is a well-established test facility in the turbomachinery community. Due to its ability to
change two similarity parameters, namely, Mach and Reynolds number, independently
from each other at jet engine relevant flow conditions, it is a unique test facility worldwide,
whose performance map is very well suited for research on airfoil aero-thermodynamics.
The facility’s large test section dimensions of up to 500 x 300 mm? (height x width) enabled
very detailed experimental performance characterizations on numerous compressor and
turbine airfoil generations which finally made it into service.

Initially, based on a design proposal by Scholz, the facility was erected in 1956 at DFL
Braunschweig by one of Germany’s pioneers on experimental fluid mechanics, see Schlicht-
ing [1]. A first comprehensive documentation of its performance was published by Scholz
and Hopkes [2]. In 1984, the entire test facility was moved to the Bundeswehr University
Munich, where it got operational in 1985 after an overhaul of the main components as
documented in Sturm and Fottner [3]. As a major change, the original pressure tank (2.4 m
in diameter and 9.0 m in length) was replaced by one of significantly bigger volume (4.0 m
in diameter and 11.8 m in length) allowing the realization of a longer settling chamber
providing much better flow homogeneity and, moreover, a much better access to the wind
tunnel components.

Nowadays, there is still a high demand on cascade testing under engine relevant test
conditions from industry, which, more than ever, seeks for highly efficient airfoils, especially
to fulfill the goals of “Flight Path 2050” published by the European Commission [4].

Int. . Turbomach. Propuls. Power 2021, 6, 41. https:/ /doi.org/10.3390/ijtpp6040041

https://www.mdpi.com/journal/ijtpp


https://www.mdpi.com/journal/ijtpp
https://www.mdpi.com
https://orcid.org/0000-0003-2368-2510
https://doi.org/10.3390/ijtpp6040041
https://doi.org/10.3390/ijtpp6040041
https://creativecommons.org/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.3390/ijtpp6040041
https://www.mdpi.com/journal/ijtpp
https://www.mdpi.com/article/10.3390/ijtpp6040041?type=check_update&version=2

Int. J. Turbomach. Propuls. Power 2021, 6, 41 2 of 15

a.c. electric motor hydraulic

coupling

M

Beside this, there is also a particular and long-lasting request for fundamental research
on aero-thermodynamic flow phenomena in turbomachinery bladings in order to gain
better physical understanding and to provide sound data to validate and further mature
numerical methods. In order to stay fully operational and to upgrade the facility for future
research requirements, it was decided to carry out a major revision of the test facility, more
than 60 years after its first run and tens of thousands hours of intensive testing. In particular,
the main components, i.e., drive train, compressor, and oil system, date back to when the
test facility first got into service in 1956. Some of these components exhibited already some
pre-damages, cracks, and wear. Due to their age spare parts were not available off the
shelf in most cases. Therefore, a spontaneous fatal damage to one of these components
would result in enormous downtime of the test facility, high costs, and severe delays of
running and planned research projects performed at this tightly booked and heavily used
research environment. In order to avoid this, a major revision was performed in 2017/2018
and critical hardware components were replaced by new ones of the latest technology.
Thanks to a careful and detailed project planning the entire revision could successfully be
realized within a very short time frame of four months only. The new components now
feature a higher power level providing a significantly extended operating range of the test
facility. Parallel to the hardware, a high level of automation was introduced into the facility.
Together with a state-of-the-art real-time data acquisition system, the wind tunnel finally
satisfies raised demands on automated long-term operating stability. Relevant features and
the raised potential of the revised test facility are described in this paper. The picture of
the new HGK is rounded by presenting the available portfolio of measurement techniques,
both classical probe-based and non-intrusive techniques.

2. The New High-Speed Cascade Wind Tunnel
2.1. Working Principle and Main Components

The HGK is a continuous operation, open-loop test facility with an open test section
located inside a big pressure tank, as shown in Figure 1. The static pressure of the air inside
the tank can be lowered down to slightly less than 40 hPa and pressurized up to 1200 hPa.
By controlling the fluid’s stagnation pressure, static chamber pressure, and the total tem-
perature, an independent variation of two major flow similarity parameters—Reynolds
and Mach number—can be achieved, which allows experiments to be conducted under
turbomachinery-relevant flow conditions. For a detailed description of the performance
and the components of the HGK before the major revision in 2017, the reader is referred to
the publications mentioned above.
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Figure 1. Main components of the High-Speed Cascade Wind Tunnel before revision.
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The air flow was formerly generated by an axial compressor driven by a 1300 kW
AC electric motor placed outside the tank. The electric motor and the axial compressor
were connected via shaft, hydraulic coupling, and gear box. After leaving the axial
compressor, the air passes through a twin-bypass device. By the larger butterfly bypass
the compressor can instantly be un-throttled in situations it gets prone to exceed the
surge limit. A second annular slide bypass is used for fine adjustment of the dynamic
pressure in the range of few Pascal providing higher precision than an adjustment via
the shaft speed. Further downstream, the bypass is followed by a diffuser and a main
cooler before entering the settling chamber. The water-cooled heat exchanger of the
main cooler extracts the fluid energy introduced by the compressor to maintain the air’s
total temperature constant within a range of 20 < T; < 60 °C. After leaving the settling
chamber, the flow is accelerated in the convergent nozzle to the requested Mach number
(max. up to Ma = 1.06) before entering the test section and its outlet (i.e., a plane 40 mm
downstream of the measurement positions for p;; and p;), where the test specimen
(typically linear cascades) can be installed. Different turbulence grid types allow the
adjustment of the turbulence level to realistic turbomachinery-relevant levels. Upon
request, periodic unsteady inflow conditions, typically caused in turbomachines by the
relative motion between rotor and stator, can be simulated by installing a wake generator
in the test section, see Acton and Fottner [5].

The majority of the wind tunnel components, except for the pressure tank, the heat
exchanger, and the settling chamber, originate from the test facility’s early years in 1956
as it was erected in Braunschweig. Therefore, both the Bundeswehr University as well
as the Institute of Jet Propulsion felt the urgency to replace all major components of the
test facility, namely, the drive train, the compressor, the oil system, and the main cooler,
in order to assure full availability and fail-safe testing for prospective research purposes
and to extend the operating range significantly for future needs.

2.2. Performed Revisions and Modifications

The existing six-stage axial compressor of the “old HGK” was a drive unit specifically
designed by the Voith company to operate this facility. During project planning for
the “new HGK?”, an extensive exploration of the market was performed by an external
recognized engineering office. It turned out that the replacement of this component will
be the most challenging issue, as no commercial compressor off the shelf was available
matching all major requirements in terms of size, volume flow, pressure ratio, power, and
the operability at very low pressures in the HGK environment. Finally, and once again,
the new compressor as a centerpiece of the “new HGK” had to be tailored for the specific
demands of this wind tunnel, as it had been already done for the old one.

At the end, an excellent customized solution was realized in close collaboration with
MAN Energy Solutions (formerly MAN Diesel and Turbo SE). The propulsor for the new
HGK is based on MAN’s latest design of the industrial compressor MAX-1, compare
Ziegler et al. and Anding et al. [6,7]. During its development phase a configuration
consisting of the first seven stages of the novel axial compressor design was tested in a test
bed at MTU Aero Engines, scaled down by a factor of 3. It turned out that the first three
stages of that scaled version perfectly match all requirements for the requested operation
range of the new HGK, in case that all three stages would be equipped with variable
guide vanes. For this purpose, however, a new casing including inlet and outlet, a new
rotor, as well as a new bearing system were needed. The outcome was a rather compact
and powerful compressor unit which was installed and commissioned successfully in
December 2017, as depicted in Figure 2. The compressor is designed at a nominal speed
of 11,550 rpm. At maximum speed of 12,705 rpm, it can deliver a maximum pressure
ratio of 2.4 and a maximum volume flow of 32.8 m?/s. Regarding the remaining compo-
nents of the drive train, the replacement was rather straight forward with state-of-the-art
components off the shelf, i.e., an 1800 kW Siemens asynchronous electric motor (type
1RQ65004]T60-Z) in combination with a Sinamics Perfect Harmony GH180 medium volt-
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age driver for frequency conversion. The 38% power increase compared to the old motor
(1300 kW) is the prerequisite for a significant extension of new HGK’s operating range, as
it is explained below. As the new electric motor can be controlled to individual rotational
speeds by means of the frequency converter, the hydraulic turbo coupling, which took
over this job in the old HGK by energy dissipation, was not longer needed. One of the
main advantages of getting rid of the turbo coupling is a stable and continuous operation
of the wind tunnel across the entire chamber pressure range in particular at static chamber
pressures around atmospheric conditions or higher (i.e., at high Reynolds numbers). In
order to match the rotational speed between the new compressor (Ny;ax = 12,700 min’l)
and the new electric motor (Ny;;x = 1650 minfl), a Renk gear box TS-450 with a gear ratio
of 7.7 was installed outside the pressure tank connecting the high- and the low-speed
shafts. The new configuration required a completely new oil circuit for supplying the
compressor and the gear box, too. This system had to overcome the challenge to deal
with different relative oil feeding pressures for the individual components inside and
outside the pressure tank whose required oil pressure ratio is far below or even 1.8 times
above atmosphere, respectively. An active pressure control and level balancing system
was finally installed to get the system operating safely.

As a consequence of the increased electrical power, a new main cooler had to be
installed in order to allow testing at constant total temperature even at the new per-
formance limits. Accordingly, the new heat exchanger was designed to extract energy
from the flow which is roughly in the same order as the maximum power of the electric
motor (1800 kW). The cooler was delivered by the Giintner company, Germany. It is a
special construction of their GCO type heat exchanger, which is particularly designed
in order to match the operation requirements of the HGK and to provide excellent flow
homogeneity in terms of velocity and temperature distribution as well as low pressure
losses. In contrast to the old main cooler, which consisted out of six single elements, the
new cooler is a single heat exchanger block consisting of aluminum fins and stainless
steel tubes which leads to a compact design and ensures utmost uniform flow quality.
The cooling water header outlet is carried out in four sections, in which the volume flow
can individually be controlled by valves in order to achieve best temperature uniformity
in the flow field. The flow quality behind the main cooler is further raised by a single
stage flow straightener integrated directly upstream the settling chamber.

At the end, the testing downtime for dismantling the old test facility and assembly
of all components of the “new HGK” was 4 months only, thanks to a very careful project
planning. The new test facility, as depicted in Figure 3, got operational on 26 January
2018. However, the full electric power is not yet available as electricity is still provided
by the old existing transformer, which cannot convert the maximum power for the new
motor. The replacement of the old with a more powerful transformer has already been
started and the finalization is envisaged in the year 2022. After its accomplishment, the
full operating range of the new HGK test facility will finally become available.

Figure 2. New 3-stage axial compressor (left: during installation, right: final assembly).
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High-Speed Cascade Wind Tunnel — HGK — Bundeswehr University Munich
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Figure 3. Main components of the High-Speed Cascade Wind Tunnel after revision.

Performance Map after Revision and Upgrade

It was mainly the main air cooler which limited the old HGK’s maximum performance
(i.e., the maxima of Reynolds and Mach number) as steady-state total flow temperatures
up to 303 K were only possible up to 940 kW electrical power. In Figure 4, the operation
limits of the old and new HGK are plotted for min. and max. duct heights (i.e., 250 mm or
500 mm, respectively) in terms of maximum mass flow at atmospheric conditions, pressure
ratio, unit Reynolds number, and Mach number depending on the power input. The
higher compressor mass flow as well as the re-designed main cooler of the new HGK after
the revision revealed already an enormous increase in the operating range, even at the
maximum power of 1300 kW which is presently available. Once the new transformer gets
operational, expected to happen in the year 2022, the final (extrapolated) operating range
can be achieved and the new test facility, labeled “new HGK*” in Figure 4, significantly
and even further extends the achievable Reynolds and Mach number range.
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Figure 4. Maximum achievable mass flow, total pressure ratio, unit Reynolds number, and Mach
number versus old and new facility’s power setting under atmospheric condition (p,.s = 958 hPa).
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In order to emphasize the main dimensionless flow quantities for aerodynamic test-
ing, the performance map of the HGK is typically plotted in terms of a Mach number
and unit Reynolds number diagram as shown in Figure 5. The unit Reynolds number
is related to a characteristic length of I = 1m. Test specimen typically feature smaller
characteristic lengths, which scales the values for the final testing Reynolds number. The
diagram contains operating lines of constant static chamber pressure (p,¢-solid blue) and
dynamic pressure (g,.r-dashed blue), which can be realized for various absolute duct
heights ranging from 250 to 500 mm. Highest Mach numbers at the test section outlet (inlet
to the test specimen) can be achieved for the smallest duct height of 250 mm. For larger
duct dimensions, the maximum available mass flow inevitably leads to lower achievable
maximum Mach numbers, compare previous plot. The minimum unit Reynolds number is
limited by the absolute chamber pressure slightly less than p,.; = 40 hPa (I) which, in turn,
is limited by the 2 NASH liquid ring vacuum pumps whose nominal absolute pressure
minimum is 33hPa. The chamber can be evacuated to minimum pressure level within
60 min. The compressor speed limits restrict the minimum and maximum Mach number
(II and V). The maximum Reynolds number is result of the available electrical power
limiting the maximum dynamic pressure g, (I1I) and the vessel structural strength at
1200 hPa (IV). The shaded areas visualize the extended operating range from the new HGK
as of now and after the availability of the full power (new HGK*) compared to the old
HCK for the smallest and largest duct dimensions. Especially, the potential for testing at
higher Reynolds number is significantly extended. The new HGK* in its final stage after the
revision will allow testing at much higher Mach and Reynolds number levels as before (e.g.,
up to 50% higher Reynolds number under atmospheric conditions) which has often been
requested many times in the past but could not be serviced with the old HGK. Furthermore,
testing can now be performed at stable operating conditions over several hours even at
very low Mach number, which was also not possible in the past due to limitations of the
hydraulic coupling.

The performance map in Figure 5 mainly supports the design of the cascade test
specimen prior to testing for targeted aerodynamic test conditions under several design
constraints, i.e., among others, to scale the characteristic blade size I. At the end, it is
always a trade-off between best possible local resolution for the respective measurement
tasks/test objectives and best possible flow periodicity under the consideration of requested
maximum Mach and Reynolds number levels.
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3. Operating Point and Compressor Health Monitoring

The HGK is typically operated at constant Mach and Reynolds number conditions
over several hours depending on the test matrix. Since the new electric motor is fre-
quency controlled, the setting and stability of the stagnation pressure is way more precise
compared to the old drive train with the hydraulic coupling. The revolutions of the
high-speed shaft driving the compressor is stable by better than 0.1%.

The planning of an experimental campaign necessitates the definition of target Mach
and Reynolds numbers. These test conditions are usually specified far prior before testing.
Targeted Ma and Re conditions are controlled by measuring and monitoring just three
flow properties: the stagnation pressure p;, the reference pressure p,.; and the total
temperature T;, which define the operating conditions for a given blade chord length I
according to Equations (1) and (2):

pt—p o
_ |2 Peprer\ T
Ma= | -2 [(H M) 1] )

)
Ma- re
Re/l = \/% ucf ! lH(W;)Mﬂ +C2] ' [”O:W] . ?

R, €1, and C; represent the specific gas constant as well as the Sutherland’s constant
values for air and p,.f is measured at the cascade’s inlet plane for compressor tests and
at the outlet plane in case of a turbine test specimen. A Mensor CPG 2500 precision
pressure scanner was installed, allowing to measure the static reference pressure p,,r and
the dynamic pressure q,.r (= pt — pef) referenced to the atmospheric pressure within
0.008% full scale accuracy (i.e., 7.5 Pa and 10 Pa, respectively).

In the course of the revision, the wind tunnel control system was migrated to a
state-of-the-art PLC (Programmable Logic Controller) control system which continuously
monitors and controls all relevant status values for operating point or system health
monitoring and exports a 10-Hertz data log. All measures as well as the dedicated limits
for experimental safety are provided and controlled by the SPS. The surveillance data
comprises the wind tunnel environment (e.g., all operating pressures and temperatures)
as well as the drive train and compressor status (e.g., actual power ratings, motor and
compressor speed, vibrations sensors, temperatures in inlet, outlet, and bearings and
compressor pressure ratio) and all secondary systems (e.g., cooling power, oil pressures,
or actuator positions). In particular, the compressor stability limit (i.e., surge limit)
was determined experimentally during commissioning runs in the HGK test facility
by MAN prior to any measurement campaigns. Since that time, all relevant values to
prevent compressor surge are continuously monitored. In case the surge limit is critically
approached during operation, a two-stage warning system forces the operator (and in
future the fully integrated bypass actuator, see above) to intervene and unload the critical
operating point setting. In case the limits are still exceeded, the system trips and shuts
down in a controlled manner. Anyhow, as the change of an operational set point usually
happens slowly within several seconds there is no need for unsteady surveillance or
instantaneous actuators.

Due to the full online data availability, a software controller was implemented recently,
which will enable fully automated operation on a longer term. At the moment, this control
algorithm is intensively tested and trained under various operating point combinations
also including safety limit approach and recovery. First fully automated tests without user
input were successfully carried out in summer 2021 but need further tuning.

The evaluation of the main three flow properties which define the target Mach and
Reynolds number conditions from the continuous data log allows an assessment of the
operating point stability as outlined in Figure 6.
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Figure 6. Statistics of the operating point stability for Mach number (left) and Reynolds number
(right) extracted from the continuous logs for more than 330 h of HGK testing.

The data were extracted from the last testing hours (>330h) throughout the wind
tunnel’s entire operating field. The statistical quantities y and ¢ result from fitting all
data by a normal distribution, whereas y is the mean deviation and ¢ gives the standard
deviation and hence a quantitative measure (e.g., 1-, 2-, or 3-sigma) for the deviation of
the actual Ma and Re values from their target points. Therefore, the long-term operating
point stability for the target Mach and Reynolds number are determined to be oy, = 0.17%
and o, = 0.28%, respectively. As an example, for a low-pressure turbine cascade being
tested at Ma = 0.65 and Re = 100,000 this results in AMa = 0.0011 and ARe = 280. It is
expected that the fully automated testing can reduce the standard deviation even further,
in particular to control the static chamber pressure and hence the Reynolds number.

The repeatability and temporal stability of both, Ma and Re, are mainly dominated by
the precision and leakage rate of the butterfly valve which controls the HGK’s reference
pressure in the tank. It is situated in the peripherical infrastructure of the wind tunnel in
between the pressure tank and the vacuum pumps. Considering the fairly large volume
of the vessel of 150 m?, the operating pressure can be stabilized over the long term within
absolute reference pressure better than p,,; = +50 Pa and dynamic pressure better than
dref = £10Pa. As a consequence of the big vacuum chamber, a huge amount of thermal
energy leads to a tardy temperature settlement and a continuous heat radiation from the
vessel to the lab building, which is unfortunately not temperature controlled. Therefore,
the flow temperature can typically be stabilized and measured better than 0.3 K during
several hours of testing.

4. Data Acquisition

Beside the continuous log for operation, the main architecture for test data acqui-
sition (DAQ) was migrated to the National Instruments real-time platform PXI-8880
combined with a state-of-the-art LabView user interface developed in-house. The new
platform enables the direct application of a large number of onboard measurement
equipment, or the linked control of third-party test equipment. A brief overview of the
available portfolio at the HGK is presented in the last chapter of this paper.

The DAQ allows for the recording of real-time streaming data and control of hard-
ware in the loop (HIL) processes at high-frequency (HF) up to 250 kHz and at ultra-HF
up to 1.25MSamples/s at various digital channels (recently 96 HF and 12 ultra-HF
channels). A local data streaming network allows the integration of the RJ-45 based
communication with more than 384 pressure channels (Pressure Systems NetScanner
type 98-RK1 and type 9116) and a five axes traversing unit. The measurement data
including all meta data from the facility status is stored in a TMDS binary format which
allows high streaming rates, important especially for long-term unsteady data record-
ings. Typical DAQ sampling rates of 10 to 20 Hz over several seconds during steady
state measurements allow the calculation of uncertainty and standard deviations for all
data channels, whereas the long-term stability over a test day is recorded within the
continuous data log as outlined above.
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5. Qualification of the Flow Field in the Cascade Inlet Plane

The flow quality of the old HGK facility was excellent. Anyhow, the old facility was
operated and monitored in a widely analogue manner. There was no major need to improve
the flow quality but to replace the old components and to extend the limits in the operating
range. One overall constraint was that the new components shall provide comparably
good or even better inflow quality to the test specimen in order to allow a comparison
between data form the old and new test facility. Therefore, the flow quality in the test
section was carefully checked with detailed flow measurements after re-commissioning.
The goal of these experiments was the qualification of the flow homogeneity in the wind
tunnel outlet plane where the test specimen is typically installed. For the sake of ease, the
wind tunnel outlet was set vertically for these experiments providing the outflow vector
co-aligned with the wind tunnel coordinate system. The horizontal duct width was kept
constant at W = 300 mm, whereas three different duct heights H = [250; 310; 500] mm were
characterized starting 15 mm downstream of the test section outlet plane. To create a holistic
view on the flow field across the entire operating range, traverses with a spherical-head
five-hole pressure probe (5HP) and total temperature probe in tandem configuration were
performed covering the full duct channel cross section normal to the main flow component
by up to 315 data points each. Both probes enabled the assessment of the homogeneity of
the flow properties p;, p and T;, which usually define cascade inlet conditions.

The thermodynamic data were complemented by 3-component flow velocity fields
measured with far higher spatial resolution by means of stereoscopic Particle Image Ve-
locimetry (2D-3C PIV) at the same operating points and duct heights as above. These
PIV measurements were performed in a vertical plane downstream of the test section
outlet originating from the plane of the probe traverses and being aligned in parallel to
the main flow direction at half duct width. Similar to the work presented in Chemnitz and
Niehuis [8], up to 10,000 PIV images were recorded for statistical relevance of a converged
turbulence intensity. The PIV images were analyzed for each operating point using a
state-of-the-art commercial PIV image processing toolbox based on interrogation-window
cross-correlation. For the sake of brevity and to focus on the general evidence, a detailed
discussion of the experimental setup is skipped here, and the reader is referred to the
corresponding literature discussed in the last chapter of this paper.

This campaign comprises the outlet plane characterization at a clean test section duct
(i-e., no turbulence grid installed) featuring wind tunnel ground turbulence level as well as
at elevated turbulence levels generated by two separately installed grids, named VIIlk and
IXgK. These grids are typically used during cascade testing to simulate turbomachinery
relevant turbulence intensities, see Figure 7 or Kiock et al. [9].
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Figure 7. Geometry details of two commonly used turbulence grids VIIIk (left) and IXgK (right).
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At first, outflow profiles for various outlet Mach numbers ranging from 0.1 to 0.9
are shown on the left in Figure 8. These profiles were extracted from the PIV fields at
310 mm duct height along the intersection line between the PIV and the 5HP plane. The
central and right hand side plots of Figure 8 show profiles of the local PIV measurement
uncertainty as well as the turbulence intensity TI derived from the PIV data at the
same positions for the clean test section (black) and individually equipped with the
two turbulence grids (blue and orange) for two typical turbine and compressor cascade
inlet Mach number levels Ma = [0.3;0.59]. All profiles are widely homogeneous over
~75% of the normalized tunnel height, except for the boundary layer regions in the
proximity of the lower and upper duct walls. As loss characterization in case of cascade
testing is typically performed for the central blade(s) placed around mid-duct height,
the flow homogeneity is very good and the deficit in the boundary layer regimes is of
less relevance.

Apparently, the TI distribution exhibits a specific profile, which is a consequence of
the installed turbulence grids. Anyway, the results prove that the profiles of the velocity
fluctuations in the clean test section are widely homogeneous over a large duct area and
that the homogeneity is widely perfect for reliable loss characterization of airfoils in the
core flow region. Note that cascade testing typically is not performed without any use of
a turbulence grid. As the flow in turbomachinery is featuring higher turbulence levels,
usually either grid VIIIk or IXgK is selected.

For the representation in Figure 9, each individual TI profile was averaged over
y/H = £10% duct height around the centerline for all available PIV results across
the HGK's entire performance map. The symbols in the figure represent all measured
operating points. The colored regions indicate the TI range for a specific turbulence
setting in between the smallest and largest duct heights and over the tested operating
range. The line style distinguishes between high (dashed) and low (solid) Reynolds
numbers, i.e., Re/I > 4.8 x 10° and Re/I < 1 x 10, respectively. In case of the largest
duct height, a small influence of Reynolds number is observed. In combination with
the performance map discussed above, this chart allows the assessment of expected
turbulence intensity at the cascade inlet plane during test campaign planning.

A holistic assessment of the flow quality in the measurement planes is provided in
Figure 10 by some exemplary results. The individual fields display all acquired data from
the pneumatic, thermal, and velocity field measurements for three Mach and Reynolds
number combinations(left: Re/l = 1 x 10° at Ma = 0.3, mid: Re/l = 4.8 x 10° at
Ma = 0.3, right: Re/l] = 4.8 x 10 at Ma = 0.59), all shown for the clean test section duct
without turbulence grid. For this purpose, the five-hole probe data were converted into
absolute flow velocities (Uspp). Both the PIV and 5HP velocity fields were normalized by
the target velocity of the respective operating point (Uses = 103m/s and User = 196m/s,
respectively). The velocity fields in both the axial and lateral plane are in very good
accordance with each other and reveal widely homogeneous core flow regions. The
dashed iso-thermal lines represent the difference between the local total temperature Ty
and the target temperature setting of the respective operation point. Locally scattered
deviations of only several tenth Kelvin are present in the outflow temperature fields. The
measurement uncertainty of conventional resistant thermal probes, which are installed
in the settling chamber to control the operating total temperature, is usually in the same
order of magnitude. This demonstrates a very good homogeneity of the temperature
field as long as the main cooler is not operating at its limits. When operating the
main cooler at its power limit in combination with maximum mass flow rates, local
temperature deviations of up to 2 K were observed.
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6. Repeatability of Test Results in the Old and New Facility

Especially in terms of airfoil performance characterization (e.g., determination of
profile loss or outflow angle), it had to be demonstrated that the results of the old and
revised wind tunnel facility are quantitatively comparable among each other after re-
commissioning. The repeatability was tested on a transonic low pressure turbine cascade,
which was investigated latest before the revision and directly after the re-commissioning
using the entirely new HGK facility. As an operating point at a transonic Mach number
is known to react very sensitive to any changes, e.g., caused by newly installed hardware
components in the wind tunnel, the cascade’s exit Mach number of 0.95 was chosen
for this specific assessment. Exemplary results of these investigations are presented in
Figure 11 in terms of the local total pressure loss coefficient { and outflow angle B, whereas
the loss coefficient was normalized with the integral value from the test campaign prior
to the revision. The data were measured in a wake traverse at 40% axial chord length
downstream of the transonic turbine cascade across the central blades passage with a
miniaturized wedge probe developed in-house. Both, the loss coefficient as well as the
outflow angle distributions show an overwhelming agreement before and after the revision
of the HGK. The difference in the integral total loss is only 0.11% and only 0.06° for the
exit flow angle, which can be determined by the measurement uncertainty indicated by
the error bars in Figure 11. These experiments proof both, an unchanged high quality test
environment after the revision and an excellent repeatability of testing in this test facility
in general.

alo ] & norm. profile losses: new HGK |~ 20 ¢ outflow angle:new HGK
—— outflow angle: old HGK

1.75

Figure 11. Profile loss characterization (left) and outflow angle measurements (right) on a transonic
turbine cascade, before and after revision.

7. Available Measurement Techniques

A large spectrum of measurement techniques for all requirements on steady-state or
unsteady flow characterization are routinely applied in the HGK, including both probe-
based as well as non-intrusive optical techniques as depicted in Figure 12. A particular
challenge for all these techniques is the testing environment at very low ambient pressure
down to several hecto-Pascal and the limited access to the test specimen inside the pressure
tank. This requires that the majority of the listed techniques have to be adapted for the
specific use in the HGK. Due to space limitations in this paper, only a brief summary of
the testing equipment portfolio can be given here and the reader is referred to the latest
publications of the institute.

Details of the design and additive-manufacturing of the miniaturized five-hole wedge
type probe which was already mentioned in the section above can be found in Borner
and Niehuis [10]. This probe was particularly calibrated for reliable wake traverses at
high exit Mach number up to Ma = 1.55. At these conditions, conventional blunt five-
hole probes with a spherical head fail. Aberle-Kern et al. [11] successfully proposed
a methodology for loss determination downstream of cascades under consideration of
thermal gradients in non-adiabatic flow fields by utilizing a newly developed combined
thermal- and multi-hole probe.
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Figure 12. Portfolio of measurement techniques commonly applied in the HGK.

Apart from the newest probe-based pressure measurements, the application of non-
intrusive optical flow sensing techniques, i.e., Particle Image Velocimetry (PIV), Pressure-
and Temperature-Sensitive Paints (P-/TSP) or Infrared Thermography (IR-T), was heavily
raised within the last years. As all these diagnostic methods have in common the need
of at least one camera, the optical access to the test specimen is inevitably required. In
case, the test design requests the application of one of these techniques, the test specimen
must be designed in an appropriate manner. Actively cooled LED light sources as well
as CCD or CMOS cameras perfectly illuminate and capture the flow images even in the
low-pressure environment. In order to prevent calibrated cameras (e.g., IR cameras) from
the vacuum conditions, usually a special housing is required which can complicate an
experimental setup. A PIV laser setup is also more complex compared to an atmospheric
wind tunnel facility, since the laser head has to be placed outside the pressure chamber
at atmospheric conditions and the routing path inside the test chamber can be very long.
Therefore, it is inevitably required to couple the beam into the low-density environment
with a severely different refraction index and deflect it with several mirrors to the location
of interest. This is realized through a precision window and a very careful alignment of the
optical path. Starting in 2016, Bitter et al. [12] presented the application of combined PIV
and PSP measurements in the HGK in order to gain a holistic view on the flow field around
an LPT blade at a glance. Chemnitz and Niehuis [8] reported on successful turbulence
measurements in the 3D flow field downstream of an LP turbine cascade at high subsonic
Mach numbers referencing 2D-3C PIV measurements to 3D hot-wire anemometry under low-
density conditions. Bitter and Niehuis [13] applied the same PIV technique to characterize
the impact of periodically changing inlet turbulence on statistical flow quantities in the
wake of an LPT cascade. Based on this, in the meanwhile, long-lasting experience in the
application of non-intrusive techniques in the HGK environment has been gained. The
latest achievements were the precise measurement of unsteady surface pressure fluctuations
on an LPT cascade down to several Pascal by means of unsteady Pressure-Sensitive Paint
(iPSP) at 6 kHz sampling rate, as reported in Bitter et al. [14]. Recent activities seek to
adapt unsteady optical temperature measurements by means of unsteady Temperature-
Sensitive Paint (iTSP). First promising results of a cylinder in transonic cross flow sampled at
acquisition rates of more than 20 kHz are presently under investigation. A non-intrusive but
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steady-state surface temperature sensing methodology for precise heat transfer estimations
based on the Infrared Thermography is already available in the HGK, see Aberle et al. [15].

8. Summary

After more than 60 years of intensive and successful operation of the High-Speed
Cascade Wind Tunnel at Bundeswehr University Munich, this unique test facility was
subject to a major revision and upgrade recently. In this context the entire drive train, the
axial compressor, oil system, and the main air cooler were exchanged by more powerful
components featuring state-of-the-art technologies. For the most challenging component,
which turned out to be the axial compressor, finally a very attractive and tailored solution
was found for replacement. Within a remarkably short downtime of only four months, the
entire revision as well as the successful re-commissioning of the test facility was realized.
The new HGK finally features an extended operation range (e.g., up to 50% higher Reynolds
number) which extends the research portfolio to stationary gas turbine applications or HPT
(high-pressure turbine) investigations which have often been requested in the past but
could never be serviced before. The test facility with its new features and equipment now
fulfills all demands on a modern test facility. The new actuators together with the control
systems very soon enable long lasting test campaigns under very stable and automatically
controlled operating conditions down to AMa = 0.17% and ARe = 0.28% never having
been reached in the past. A huge variety of machine operating data not just simplifies
trouble shooting during testing but also enables health monitoring and lifetime surveillance.
With a powerful real-time data acquisition system in combination with many classical and
modern measurement techniques, the new HGK is now well prepared and even more
attractive for research needs and challenges in the future.
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Abbreviations

5HP five-hole probe

HGK High-Speed Cascade Wind Tunnel at the Bundeswehr University in Munich
IR-T Infrared-Thermography

LPT Low-Pressure Turbine

PIV Particle Image Velocimetry

P-/TSP  Pressure-/Temperature-Sensitive Paint

ref reference condition
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Symbols

H,W test section dimensions (height, width)

l characteristic length

Ma Mach number

it mass flow

N shaft rotational speed

p; Pt static; total pressure

P electrical power

q dynamic pressure

Re; Re/l  Reynolds number; Re based on unit length I = 1m
T, Ty static; total temperature

TI turbulence intensity

u velocity vector U = [u; v; w)

B cascade outflow angle

v specific heat ratio

wo statistical quantities for operating stability

4 total pressure loss coefficient (pr1 — pr2)/ (pr1 — p,ef)
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