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ABSTRACT

The successful design of compressor blades by numerical optimization relies on accurate CFD-
RANS solvers that are able to capture the general performance of a given design candidate.
However, this is a difficult task to achieve in transonic flow conditions, where the flow is domi-
nated by inherently unsteady shock effects. In order to assess the current gap between numerics
and experiments, the DLR has tested the recently optimized Transonic Cascade TEAMAero at
the Transonic Cascade Wind Tunnel. The tests were performed at a Mach number of 1.2 and
with inflow angles between 145-147°. The results indicate satisfactory agreement across the ex-
pected working range, over which the cascade losses were consistently predicted within 3-6%
error. However, some key differences are observed in the details of the wake and on the per-
formance near the endpoints of the working range. This comparison helps validate the design
process, but also informs its constraints based on the limitations of CFD-RANS solvers.
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NOMENCLATURE
ADP Aerodynamic Design point M Mach number
AVDR  Axial Velocity Density Ratio = MP Measurement Plane

p2Vasin o/ p1 Vi sin fy w Total pressure loss coefficient =
t Cascade pitch (Po1 — Po2)/(Po1 — P1)
DH de Haller number TCTA  Transonic Cascade TEAMAero
o] Flow or cascade angle TGK Transonic Cascade Wind Tunnel
FT Flow turning = 8 — (35 TN Test Number
L2F Laser-2-Focus WR Working Range

1 INTRODUCTION

The design of compressor blades today is heavily supported by optimizers, CFD solvers, and other
types of numerical methods. The rapid development of improved algorithms and raw computational
power has allowed designers to produce ever-improving blade designs with these new methodologies.
They do however rely on the accuracy of the solver for the desired design purpose. CFD-RANS
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solvers for example are typically considered to have an adequate level of accuracy for most design
applications, even if it is sometimes lacking on the details. This is however not as trivial in tran-
sonic flow conditions due to the complex modelling challenges it presents for any such solver. The
presence of a naturally unsteady shock structure affecting the entire flow field, which may have a
strong interaction with the boundary layer, and cascade specific operating conditions such as choke at
unique incidence (Cumpsty, 2004), are just some of the possible sources of significant discrepancies
that (U)RANS users need to be aware of. In practice, designers are forced to apply undesirably high
design-margins, as explained in recent work by Hergt et al. (2019).

In order to help address these shortcomings, it is imperative to support the numerical methods with
experimental data. For this purpose, linear cascade wind tunnels present themselves as ideal facilities
due to the clean flow conditions and optical access they are able to achieve when compared to rotating
compressor rigs. Nevertheless, operating these facilities is still a complex task, as summarized in the
work by Hirsch (1993). Because of this, it is still rare to have the opportunity to validate a new design
for these applications experimentally; perhaps more today than ever before. In the past, research
institutions and organizations like ONERA (Fourmaux et al., 1988) and General Motors (Fleeter
etal., 1975) have designed and operated linear cascade wind tunnels for high-speed flow applications.
Today on the other hand, these research projects advancing the fundamental understanding of this
type of flows reside in the facilities of just a few research institutions, including for example the IMP
PAN'’s Transonic Wind Tunnel (Flaszynski et al., 2015) and the DLR’s own Transonic Cascade Wind
Tunnel (TGK) in Cologne (Hergt et al., 2022).

The TGK is a leading-edge, continuous-loop linear cascade wind tunnel that has been in operation
in Cologne for over 40 years (Schreiber and Starken, 1981). The wind tunnel can be operated at Mach
numbers between 0.2 and 1.4, while achieving Reynolds number between 10° and 3 -10°. The config-
uration of the wind tunnel has been continuously developed to allow the investigation of an increasing
number of transonic cascade designs at different operating points of interest. These features include
suction devices around the test section, modifiable wall positions and outlet cross-section during oper-
ation, and a configurable cascade angle with respect to the horizontal axis among others. This means
that an experienced user can control the flow conditions at the inlet, the flow periodicity, the outlet
back pressure, the size of the sidewall boundary layers, and other conditions that are important to find
the desired operating point of any given design. These characteristics make it a unique facility in the
world and ideal to investigate transonic flow applications of this nature.

This publication then focuses on assessing the most relevant discrepancies that still exist between
numerical and experimental research within the context of compressor blade design. The paper begins
by presenting the Transonic Cascade TEAMAero (TCTA), which is a recent product of the author’s
work employing in-house state-of-the-art design techniques. This cascade was designed within the
context of the H2020 research consortium, TEAMAero, dedicated to the study of Shock-Boundary
Layer Interaction and mitigation strategies in transonic flow applications. The TGK facility previously
mentioned is then described in detail, along with the steady measurement techniques employed for
this study. The results obtained enable a direct comparison between the output of the design process
and the actual working range performance of the TCTA for discussion. The experimental investigation
of this cascade then presents a unique opportunity to validate the numerical procedures, but also to
identify its shortcomings that are yet to be addressed.

2 THE TRANSONIC CASCADE TEAMAERO
The TCTA 1is a compressor cascade based on the design of Member 1532 in Munoz Lopez et al.
(2022, 2023). The original design was obtained from an optimization procedure employing the opti-



mization suite AutoOptj and supported by the CFD-RANS solVERACE(Vol3 et al., 2006; Ashcroft
et al., 2010). This section provides an overview of the original optimization process before describing
the difference with the nal TCTA design and presenting its con guration in the wind tunnel.

2.1 Design Process Overview

The process chain of the original optimization consisted of three main procedures: generating
a new cascade geometry, meshing the cascade, and estimating its performance through RANS sim-
ulations. The simulations were performed applying khe SST RANS model coupled with the

Re transition model (Menter et al., 2003; Langtry and Menter, 2009). The result from this
process chain was managed by AutoOpti, which was set to minimize two objectives: the ow losses
at the Aerodynamic Design point (ADP), and over the Working Range (WR) at constant inlet Mach
number (MP" ). These ow losses are quanti ed by the total pressure loss coef cieht The ADP
of the cascade was de ned based on a reference cascade in terms of in ow aggénd aerody-
namic loading measured by the de Haller number (DH). The optimization result was a number of
candidate designs, from which Member 1532 was selected as the basis of the nal TCTA design. For
further details, the reader is referred to the original publication.

From the basis provided by Member 1532, two small modi cations were made to the original
design: the ratio between leading edge length and radius was increased, and the cascade pitch was
reduced. The rst modi cation provides a more elongated and rounded leading edge, which facilitates
its manufacturing and may slightly alleviate the strong gradients experienced near the leading edge
based on previous experience. The second modi cation decreases the mass ow load of the wind
tunnel, which was necessary after detailed load estimates were performed. These parameters were
both modi ed within the constraints of the original optimization to ensure that the new design is still
representative of the design process followed. The main design parameters of the nal TCTA cascade
for the experimental campaign are then presented in Table 1.

Table 1:Final design properties for the Transonic Cascade TEAMAero

Blade chord (c) 100 mm Cascade pitch (t) 65 mm
Stagger angle () 135.8° Inlet angle at ADP @F) 145.8°
Inlet Mach number (M) 1.20 Reynolds number (Re) 1.310°
AVDR 1.00-1.20 Working Range (WR) 2°

2.2 Wind Tunnel Con guration

The TCTA cascade is shown in Figure 1 along with its con guration when installed in the TGK. A
total of six blades were prepared for this experimental campaign, which were manufactured from low-
alloy steel and with a mean surface roughness vdRs¢ haintained below 0.8 um. The cascade is
mounted on two plexiglass sidewalls that allow good optical access to the ow during the experiments.
The sidewalls count with suction slots for the ve cascade passages located at 80% chord length of the
adjacent lower blade. The suction through the slots can be controlled and helps impose the size of the
sidewall boundary layer through the passage and therefore the Axial Velocity Density Ratio (AVDR).
This parameter will be further described in the following sections. The design of the slots is shown
in Figure 1.b and is based on previous experience. This gure also shows the de nition of the inlet
and outlet Measurement Planes, MP1 and MP2 respectively. The sidewalls in turn are mounted on a



circular section of the wind tunnel that can be rotated to a precise angle with respect to the horizontal,
or cascade angle §). This angle was varied between 144.9° and 147.8° throughout the duration
of the test campaign. Figure 1.b also shows the top and bottom suction devices, the lower wall, the
outlet tailboards, their throttles, and the lower tailboard hinge. All of these devices can be adjusted
separately during the experiment to con gure the wind tunnel for the desired operating point.

Figure 1: TCTA cascade geometry (a) and wind tunnel con guration (b) diagrams

3 NUMERICAL METHODS

The numerical setup employed for the CFD simulations in this study was taken for the most
part from the design process presented in Section 2 and is reviewed in this section in detail before
presenting the estimated performance of the TCTA.

3.1 Numerical Setup Overview

As previously mentioned in Section 2. TRACES RANS solver is employed with the 2003 ver-
sion of Menter'sk-! SST turbulence model and the Re transition model. This is considered
throughout the paper to be the main numerical setup or con guration. The transition model is impor-
tant given that the TGK counts with a low level of turbulence in the order,efU = 0:5% (Klinner
et al., 2021), which means that the typical ow topology observed for transonic cascades is laminar

ow up to the passage shock foot, under which a laminar separation bubble forms that triggers the
transition to turbulent ow. This ow topology is captured well with this solver con guration based

on the previous design process followed. In addition to this con guration, a new alternative setup was
also employed, which applied the DLR-developed SSG/LURf&Hl Reynolds Stress Model (RSM)

with the same  Re transition model mentioned (Eisfeld and Brodersen, 2005). The RSM model
helps provide a point of comparison with respect to the main con guration for operating points with
high in ow angles and signi cant ow separation, which could be more appropriate for the RSM
model. The application of the same transition modelRACEalso helps provide a direct compari-

son between the models for this application. Unless otherwise speci ed, the CFD results presented in
this paper were obtained with the main con guration.

The domain is a Quasi-3D setup with periodic boundaries in the pitch direction, and an inlet and
outlet de ned at approximately 2 axial chord lengths upstream and downstream of the leading and
trailing edges. The inlet and outlet apply the non-re ecting boundary conditions presentediif® Schl
et al. (2016). The operating point is de ned by prescribing the total pressure and temperature at
the inlet, along with the static pressure at the outlet. The inlet Mach number is then a result of the
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simulation. The simulated blade span has a length of 5% of the chord, and is de ned with a symmetry
condition at the blade hub and an inviscid contracting wall at the blade tip. The contracting wall helped
impose the AVDR in the simulation. This parameter describes the amount of ow area contraction at
the outlet compared to the inlet due to the sidewall boundary layer, as de ned in Starken et al. (1975).
This parameter is important to de ne the operation of the cascade because a large sidewall boundary
layer - or high AVDR - causes the passage shock to shift forward, and accelerates the subsonic ow
downstream of the shock. This generally aids the reattachment of the ow and reduces the losses at
the outlet, but at the cost of an earlier onset of choke.

Lastly, the mesh is taken directly from the previous optimization design process and is shown in
Figure 2.a. It consists of a multi-block structured mesh with a total of 65 thousand faces in the blade-
to-blade view and 7 equidistant points in the span-wise direction. This amounts to approximately
400 thousand elements. The convergence procedure by Celik et al. (2008) was followed, which
determined the mesh to have a grid convergence index of 1% and showed to be a good compromise
between accuracy and computation length. For more details on the convergence and mesh validation
procedure followed, the reader is referred to Munoz Lopez et al. (2023).

3.2 Estimated Cascade Performance

The performance of the new TCTA design was then re-evaluated with the main numerical con g-
uration described and is shown in Figure 2.b. The working range of the cascade is shown in terms of
total pressure loss coef cient polars at a constant in ow Mach number of 1.2 and at different AVDR
values. Even though the cascade was optimized for an AVDR of 1.20, this parameter is notoriously
dif cult to match experimentally because it depends strongly on the in ow angle, which cannot be
measured in real time. Additionally, the wind tunnel favors low AVDR values due to its low level of
turbulence. For these reasons, the cascade performance was evaluated for AVDR values from 1.20
down to 1.00 to guide the con guration of the wind tunnel as the operating conditions were explored.

Figure 2: TCTA cascade mesh with 65k faces (a) ant -polars evaluated with CFD-RANS sim-
ulations at different AVDR values and constant inlet Mach number of 1.20 (b)

It must be re-stated in this paper that the lowest in ow angle shown in Figure 2.b for every AVDR
line corresponds to the lowest angle resolved by the CFD solver at the desired in ow Mach number.
This was then considered to be the numerical onset of cascade choke, where the losses continue to
increase at unique incidence conditions. It is however dif cult to explicitly solve this section of the
graph based on the boundary conditions previously described. Finally, as observed in the original
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optimization, many of the simulations evaluated converged with some level of periodic numerical
oscillations in the domain. In Munoz Lopez et al. (2023), it was discussed that this most likely occurs
due to the highly unsteady nature of the ow in these conditions, specially at higher in ow angles
with large areas of separated ow. When this was the case, the solution was averaged over two cycles
of the numerical instability according to the mass ow at the outlet, as done for the optimization.

4 EXPERIMENTAL METHODS

In order to validate the estimated performance, the TCTA was tested at the TGK wind tunnel.
This section begins with a description of the ow measurement techniques employed, followed by an
explanation of the procedure followed to estimate the performance and its related measurement error,
and a word on the limitations and sources of error of the experimental methods applied.

4.1 Flow Measurement Techniques

A number of techniques were employed in order to measure the ow parameters of interest in-
cluding the total pressure, total temperature, static pressure, and ow angle. The rest of the ow
conditions reported in this paper were derived from these measurements. The total pressure and total
temperature of the incoming ow are taken in the settling chamber of the wind tunnel. The ow is
assumed to be adiabatic, so that the total temperature remains constant throughout. At the inlet, the
cascade sidewalls are instrumented with 29 pressure taps at the MP1 shown in Figure 1.a. These are
evenly spaced out to maintain 5 taps per pitch. The blades themselves are also instrumented with
pressure taps along the midspan. All the blades have one tap on the suction surface at 10% chord to
track the periodicity of the ow in the different passages. The third and fourth blades are additionally
instrumented with 17 and 12 taps along the suction and pressure surfaces, respectively. Finally, the
ow at the outlet is measured with a three-hole probe positioned at the blade midspan, as shown in
Figure 1.b. The probe can be moved parallel to the cascade along the MP2 outlet plane in Figure 1.a.

In order to measure the ow angle over the MP1, the inobtrusive Laser-2-Focus (L2F) anemometry
technique is used from Schodl (1974). This device directs two distinct laser beams of high intensity
inside the test section. The distance and orientation between the laser beams is known, so that the
velocity magnitude and angle of a particle going through the two beams can be estimated with high
precision. In order to achieve this, the laser beams are rotated 360° at every measurement point in
order to obtain a distribution of the particles observed at different angles. This technique allows the
measurement of the ow angle with an error margin d®:1 , and can also provide the ow angle
before and after a shock. For measurements made with this technique, a total of 2 pitch lengths were
covered along the MP1 with 10 points per pitch and starting from the midpoint between the second
and third blades, the $0measurement point is shown in Figure 1.a with the label M20 for reference.

Finally, a Schlieren setup was employed, consisting of an LED light source redirected through
the test section with the help of two large concave mirrors. The resulting image was captured with
a CMOS camera at 21 frames per second and covers a 321 x 270 mm area with a density of 7.6
pixels/mm in either direction. This visualization was important throughout the tests in order to quickly
assess the shock structure and modify the con guration of the wind tunnel if necessary, for instance
to improve the ow periodicity. A picture of the cascade in the wind tunnel is shown in Figure 3.

4.2 Overall Performance Derivation and Measurement Error

In order to report on the overall performance of the cascade, the measurements at the outlet are
processed based on the procedure outlined in Hirsch (1993) for the parameters typically measured
in this type of experimental campaigns. Namely, the ow is rst averaged to an equivalent uniform
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