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Abstract

Although high-speed testing closely reproduces real engine aerodynamics, low-speed experiments offer improved spatial and
temporal measurement resolution, at lower operational costs. Nevertheless, the direct adoption of high-speed designs in low-speed
facilities comes at the expense of a loss of representativity: the lower Mach number yields different loading distributions, hence
non-similar boundary layers and performance. As a matter of fact, a geometry re-design is required that allows to respect the
boundary layer driving parameters also when the kinematic similarity is not respected. This paper presents the procedure adopted to
scale the SPLEEN C1 low-pressure turbine blade for low-speed testing. The pressure coefficient distribution of the high-speed blade
was identified as the target scaling object to ensure that the boundary layers evolve under engine-representative pressure gradients.
A preliminary sensitivity study, based on the Zweifel loading coefficient, revealed the need to modify both the pitch-to-chord
ratio and the outlet flow angle to match the high-speed loading. The blade geometry was parametrized and iteratively modified
in an optimization process coupled with the MISES cascade solver. The similarity between the boundary layers of the scaled and
the high-speed blades is evaluated in terms of displacement thickness, momentum loss thickness, and skin friction coefficient.
Additionally, the effects of low-speed scaling on profile losses and secondary flows are examined.
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1 Introduction

The development of innovative propulsive technologies con-
tinues to face significant challenges, particularly in the under-
standing and modeling of key physical phenomena. The de-
sign of modern ultra-high bypass ratio turbofans still strongly
relies on low-fidelity simulations and low-order models, as
high-fidelity alternatives would demand too many computa-
tional resources to be practical for preliminary design pur-
poses [1]. Results from RANS solvers are often highly sen-
sitive to the turbulence and transition models adopted, and
still struggle to capture the boundary layer flow physics [2–
4]. This is especially problematic for low-pressure turbines
(LPTs) design, where the low Reynolds number at cruise con-
ditions [5] can cause a separation bubble to form on the rear of
the blade suction side. In LPTs, the profile loss – the biggest
contributor to the overall loss budget [6] – strongly depends
on both the presence of the separation bubble and the bound-
ary layer transition location. Therefore, the current shortcom-
ings in the prediction of boundary layers state affect the pre-
cision of LPTs performance and operability estimates. This
issue, common in conventional turbomachinery, is also likely
to challenge the design of future electric fans and propellers.

To improve the modeling of loss mechanisms and cali-
brate CFD transition models, experimental data are crucial.
Research in this field is often conducted in linear cascades,
which are a fundamental environment for studying turboma-
chinery flows [7]. In the past years, an extensive experimen-
tal campaign was conducted at the von Karman Institute to
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characterize the aerodynamics of the SPLEEN C1 cascade,
a transonic low-pressure turbine geometry representative of
the modern geared turbofan (GTF) architecture [8, 9]. High-
speed (HS) cascade testing allows to recreate engine-relevant
Reynolds and Mach numbers. However, it comes with draw-
backs: a high-power compression system is required, making
high-speed tests in closed-loop wind tunnels expensive. Ad-
ditionally, the high flow speeds limit the temporal resolution
of the measurements, thus increasing the complexity of the
experiments. For these reasons, low-speed (LS) cascade test-
ing remains valuable in fundamental research, despite the nec-
essary compromises. To obtain detailed boundary layer data
of the SPLEEN C1 blade and characterize its receptivity to
varying free-stream turbulence levels, a follow-up experimen-
tal campaign is planned in a low-speed wind tunnel as part of
the EU-funded HE-ART project.

This paper presents the cascade scaling methodology ap-
plied to the SPLEEN C1 cascade to achieve boundary layer
similarity between high-speed and low-speed conditions. Due
to the differing Mach number regime, full dynamic similar-
ity with engine conditions cannot be established in low-speed
flows. Therefore, modifications to the high-speed cascade
are necessary to replicate loading and boundary layer char-
acteristics in low-speed experiments. This work focuses on
identifying and preserving the key parameters that influence
the boundary layer and that can be maintained in low-speed
flows, while also determining the necessary modifications to
the high-speed cascade layout to account for compressibility
effects. To inform the scaling process, a preliminary study
was conducted on the parameters affecting boundary layers
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and blade loading across the two different flow regimes. The
cascade redesign methodology is presented, detailing the low-
speed scaled geometry and its comparison to the high-speed
version. Additionally, the paper analyzes boundary layer evo-
lution and profile losses for both high- and low-speed cas-
cades. A qualitative overview of secondary flow patterns, in-
cluding kinetic energy losses and turning angle, is provided
for the two cascades, to highlight the impact of the scaling on
this part of the flow field. This discussion identifies which
aerodynamic and geometrical features can be preserved in
low-speed cascades, compared to high-speed testing, along
with the inherent limitations and the required modifications
when significant Mach number reductions are imposed.

2 Scaling strategies

2.1 Scaling inputs and limitations

The SPLEEN C1 high-speed cascade models the rotor hub ge-
ometry of a geared low-pressure turbine, and was designed
to operate in transonic Mach number regimes and at low
Reynolds numbers. The high-speed cascade must be scaled
for operation in a facility with an outlet Mach number of up to
0.1. Despite a wide range of high-speed Mach and Reynolds
number combinations tested experimentally, the current ob-
jective is to replicate the boundary layer state observed un-
der the high-speed design operating condition (M2,is = 0.9,
Re2,is = 70k). Notably, despite reaching peak Mach num-
bers of ∼1.1 on the suction side when operated at the nominal
point, the high-speed cascade did not exhibit shock waves or
shock-induced transition [10, 11], which would be impossi-
ble to replicate in low-speed flows. Similarly, base pressure
losses, which can be significant in high-speed applications,
cannot generally be replicated in low-speed testing [12]. How-
ever, when the boundary layer momentum thickness is suffi-
ciently large relative to the trailing edge radius (Σθ/RT E > 4),
as in the present high-speed case, the base pressure term is ex-
pected to be negligible, with boundary layer losses being the
dominant factor [13].

The absence of both shock patterns and significant base
pressure effects allows for scaling the experiment to low-
speed flows. To address the Mach number reduction, the low-
speed scaling strategy focuses on maintaining as many criti-
cal flow and cascade parameters as possible in the low-speed
experiments, while closely replicating the high-speed bound-
ary layers. However, due to lost compressibility effects, the
low-speed cascade cannot precisely replicate high-speed off-
design conditions. The scaling process presented in this paper
is tailored to match the boundary layer characteristics specif-
ically for the design high-speed operating point, and replicat-
ing multiple off-design high-speed conditions would require
different low-speed geometries for each case. Any other com-
pressibility effects on the cascade aerodynamics that cannot
be compensated for, if any, will be evaluated a posteriori and
treated as limitations of low-speed cascade testing.

2.2 Boundary layer scaling

Replicating boundary layers and transition mechanisms sim-
ilar to those encountered in high-speed blades is crucial for
conducting meaningful low-speed experiments. It is well-
established that factors such as Reynolds number, pressure
gradients, and free-stream turbulence intensity significantly
influence turbomachinery boundary layers [14, 15], and it is
therefore critical to preserve these quantities also in low-speed
experiments. Recently, there has been an increased focus on
turbulence spectral distribution, i.e. the free-stream turbulence
length scales [16–18]. Fransson and Shahinfar [17] argued
that the transition process is modulated by the ratio of free-
stream turbulence length scales to boundary layer thickness.
To this end, both passive and, more recently, active turbulence
grids have proven effective in tuning the free-stream turbu-
lence to desired levels of intensity and scale [19, 20]. How-
ever, a key challenge remains: for a datum airfoil geometry,
the pressure gradients encountered in high-speed conditions
differ significantly from those in incompressible flows.

To ensure that low-speed cascades exhibit engine-
representative pressure gradients, the aerodynamic scaling of
the cascade is necessary to account for compressibility ef-
fects. Several authors have analyzed the aerodynamic scal-
ing of low-pressure turbine cascades for low-speed testing,
though from high-subsonic conditions. Vera and Hodson [21]
scaled an LPT cascade to match the high-speed normalized
velocity distribution. In their approach, the Reynolds number
and exit flow angle were set equal to the high-speed values,
while the inlet flow angle was adjusted accordingly. Mar-
concini et al. [7] performed three different scalings for the
T106C blade, matching the pressure coefficient Cp =

p01−p(s)
p01−p2

,
the normalized isentropic Mach number M2/M2,is and the nor-
malized velocity distributions v2/v2,is along the normalized
blade surface length. Nine airfoil parameters and the pitch-
to-chord ratio served as the degrees of freedom to modify the
blade geometry. The authors concluded that the closest agree-
ment with the separation bubble model of Hatman and Wang
[22] and the high-speed kinetic energy losses was achieved
by matching the Cp distribution. This approach preserved the
same pressure gradient along the blade, a result not observed
when Mach and velocity profiles were chosen as targets. In
these last two cases, the flow was subjected to a higher dif-
fusion rate affecting both boundary layer transition and the
reattachment point. The scaled blade exhibited higher stagger
and exit flow (+4 deg) angles and a slightly decreased pitch-
to-chord ratio compared to the high-speed blade. Similarly,
Giovannini et al. [23] applied the same approach to redesign a
three-dimensional LPT blade for low-speed testing. Michálek
et al. [24] carried out the low-speed redesign of the T108 cas-
cade, maintaining the same inlet flow angle, but significantly
increasing the stagger angle and the blade thickness. Similar
observations can be found in the work of Houtermans et al.
[25]: although no quantitative comparison between the high-
and low-speed blades is provided, a visual inspection of the
two cascades highlights a noticeable increase in both blade
thickness and outlet flow angle for the low-speed case.

Based on the evidence in the available literature, matching
the high- and low-speed Cp distribution was the approach cho-
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sen in this work, as it has proven to be the most effective way
to preserve pressure gradients and boundary layer behavior on
the blade surfaces. It is important to note, however, that this
approach has demonstrated its validity for cascades with peak
Mach numbers below 0.85, while the SPLEEN high-speed
cascade reaches Mpeak ∼ 1.1. The remainder of this paper
demonstrates that effective scaling can still be achieved under
these conditions, provided no shock-induced phenomena are
present. At the same time, the paper acknowledges the lim-
itations of imperfect replication of compressibility effects on
boundary layers, which are lost in the low-speed case. Regard-
ing the other factors influencing the boundary layer state, the
high-speed Reynolds number was maintained during scaling
by adjusting the low-speed blade size and flow velocity, while
free-stream turbulence intensity and scales will be controlled
during the experiments using active turbulence grids.

2.3 Cascade geometry scaling

In Refs. [7] and [24], the Zweifel coefficient Zw was pre-
served. The Zweifel coefficient is a widely used parameter
that provides an indication of turbine blade loading. It is de-
fined as the ratio of the tangential force on a real blade to that
on an ideal blade, where the flow is stagnated on the pressure
surface and moves at the mean exit velocity on the suction
surface [26]. The definition of the Zweifel coefficient is:

Zw =

∮
p dx

Cax (p01 − p2)
(1)

This formulation can be rearranged through a few mathemat-
ical substitutions, yielding the circulation of the Cp profile
along the blade surface, normalized by the axial chord:

Zw =
∮

Cp d
(

x
Cax

)
(2)

As a consequence, one might think that matching the Cp pro-
file would automatically ensure a match of the Zw coefficient.
However, despite the similarity, the Cp profile was preserved
differently in the two referenced works: in one case [7], it was
preserved along the normalized surface length (s/sL), while
in the other [24], along the axial direction normalized by the
chord (x/Cax). For blades within the same family, with simi-
lar flow and stagger angles, and comparable thickness, the two
approaches yield practically the same result; however, this is
not universally applicable to all cases. Coull and Hodson [26,
27] argued that the Zweifel coefficient is not a universal rep-
resentation of the blade loading, as it neglects blade camber,
i.e., blade shape and curvature. To address this, they intro-
duced the circulation coefficient C0, defined as the ratio of the
blade circulation to an ideal blade with stagnated flow on the
pressure side and v = v2 over the entire suction side:

C0 =
∮ (

v
v2

)
d
(

s
sL,ss

)
=

∮ √
Cp d

(
s

sL,ss

)
(3)

Accounting for blade shape and curvature, the C0 parameter is
more general. Additionally, normalizing over surface length
is particularly advantageous for boundary layer studies, as the

true boundary layer development length is the blade surface
and not the axial chord.

Despite these considerations, the scaling in this study was
performed while keeping the blade within the same family,
avoiding extreme alterations to the original shape. There-
fore, the Zweifel coefficient still offers a meaningful way to
perform a preliminary comparison of the loading profiles be-
tween high- and low-speed blades, despite differences in flow
conditions. This is particularly valuable because the Zweifel
coefficient can be expressed in terms of key physical quanti-
ties that directly influence blade loading [7]:

Zw =
γM2

2,is cos2 α2

(
ρ2,is
ρ1

tanα1 + tanα2

)
[(

1+ γ−1
2 M2

2,is

) y
γ−1 −1

] g
Cax

(4)

This formulation is highly convenient, as it highlights the key
flow parameters that impact the blade loading, namely inlet
and outlet flow angles α1 and α2, the isentropic Mach num-
ber, the density ratio ρ2,is/ρ1 and the pitch-to-axial chord ra-
tio g/Cax. In low-speed flows, the effects of Mach number
and density ratio are negligible. Therefore, by calculating the
Zweifel coefficient for the high-speed blade and maintaining
it constant for the low-speed case, the designer can explore
various ranges of flow angles and pitch-to-chord ratios in low-
speed conditions to achieve the target Zweifel coefficient. A
comparison of the estimated Zweifel coefficient computed at
high- and low-speed conditions is reported in Fig. 1.

Figure 1: Zweifel coefficient contour as a function of out-
let flow angle and pitch-to-axial chord ratio. (A): High-speed
conditions M2,is = 0.9 (B): Incompressible flow regimes.
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To generate this plot, the inlet flow angle was fixed to
the nominal inlet angle of the high-speed SPLEEN cascade,
α1 = 37.3 deg, while the pitch-to-axial chord ratio and the
outlet flow angle were varied. The colormap is intentionally
saturated to emphasize a narrow band around the high-speed
Zweifel number. For the SPLEEN high-speed cascade, the
pitch-to-axial chord ratio is g/Cax = 0.692, and the outlet an-
gle α2 = 53.8 deg. The resulting Zweifel coefficient computed
with Eq. 4 is Zw = 0.762. The position of the high-speed cas-
cade in the Zweifel plot is highlighted with a star marker in
Fig. 1(A). When transitioning to low-speed conditions, the
impact of compressibility becomes evident, shifting the iso-
Zweifel lines from the bottom right of Fig. 1(A), correspond-
ing to high pitch and small outlet angle, to regions with lower
pitch and higher outlet angles in Fig. 1(B).

To replicate similar secondary flows between high- and
low-speed cascades, it is ideal to maintain the same flow an-
gles. By fixing α1 to the high-speed value, Eq. 4 was used
to determine the g/Cax that ensures the high-speed values of
α2 and Zw are matched under low-speed conditions. The re-
quired pitch-to-axial chord ratio is g/Cax = 0.52, as indicated
by the star marker in Fig. 1(B). Under the assumption that
maintaining the high-speed blade geometry in low-speed con-
ditions would result in comparable high- and low-speed out-
let flow angles, an initial scaling attempt was made by set-
ting g/Cax = 0.52, without altering the original blade shape.
The resulting Cp profile, plotted in Fig. 2 in blue, is com-
pared against the target high-speed distribution (black line).
For reference, the Cp profile of the original high-speed cas-
cade operated at low-speed conditions is also shown in red.
Evidently, the loading of the high-speed cascade, when oper-
ated under low-speed conditions, deviates significantly from
the target high-speed load, both in terms of the suction side
peak location and lift. This scenario corresponds to the bot-
tom right of Fig. 1(B), where Zw is notably higher than the
target value, due to the increased lift. When g/Cax is reduced
to 0.52, Zw remains consistent with the target blade, indicat-
ing that the area enclosed by the target and scaled Cp curves is
similar. The outlet flow angle also closely matches the high-
speed value — 53.4 deg and 53.8 deg for LS and HS cascades,
respectively. However, significant differences remain in the
pressure distribution along the suction and pressure surfaces.

These observations led to several important conclusions.
First, matching the Zweifel coefficient alone is not sufficient
to replicate the Cp profile of a reference blade, even for blades
within the same family. Second, if the inlet and outlet angles
are fixed, simply adjusting the cascade pitch does not allow to
achieve the same Cp distribution at high- and low-speeds con-
ditions, meaning the same pressure gradients on the blades
cannot be attained. Therefore, some constraints must be re-
laxed, and the cascade must be scaled by modifying the blade
shape and/or increasing the outlet flow angle.

3 Blade redesign

To efficiently perform the scaling, the blade geometry was pa-
rameterized and optimized. In each iteration, a new geometry
was generated, and the Cp distribution was computed using

Figure 2: High-speed blade Cp profiles: nominal conditions
(black), LS conditions (red), and with g/Cax = 0.52 (blue).

the MISES cascade solver [28, 29]. The objective function to
be minimized was the difference between the newly computed
Cp distribution and the target high-speed distribution:

f =

√
1
N

N

∑
i=1

[Cp,New(i)−Cp,Target(i)]
2 (5)

with the index i representing the number of nodes used
to discretize the blade loading. Starting with a coarser node
count in the initial redesign, this number was progressively
increased to 200 in the final optimization step to smoothly de-
scribe the Cp profile.

3.1 MISES validation

Before scaling the blade, the MISES solver was tested to eval-
uate its ability to accurately resolve the original SPLEEN
C1 cascade at nominal conditions. MISES is a coupled
viscous-inviscid solver that uses steady Euler equations to
solve the flow, while modeling the boundary layer through
integral equations. The two domains are coupled using the
Newton-Raphson method. A modified version of the Abu-
Ghannam/Shaw transition model [30] is implemented in the
code [31]. Figure 3 displays a comparison between experi-
mental data, presented by Lopes et al. [32], and MISES re-
sults. The computation was performed at nominal conditions
of M2,is=0.9 and Re2,is=70k, with turbulence set to the experi-
mentally measured value.

The comparison demonstrated a high degree of agreement
between the experimental data and MISES predictions. This
satisfactory match confirmed MISES as a reliable tool to esti-
mate blade loading characteristics, leading to its selection for
the scaling and optimization tasks due to its efficiency and
accuracy. It proved to be highly effective for optimization
purposes, allowing for the execution of thousands of simu-
lations within a few hours and enabling rapid optimization of
the blade design.
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Figure 3: Comparison between the isentropic Mach number
profiles obtained with MISES and experimental data [32].

3.2 Airfoil parametrization

A well-defined parameterization of the cascade and a proper
choice of the optimization variables is essential to achieve
effective optimization. A parameterization capable of accu-
rately reproducing the original high-speed geometry was cho-
sen, based on the assumption that this approach would also be
suitable for low-speed blades with similar shapes and charac-
teristics. First, a camber line was defined using the inlet and
outlet metal angles, along with the stagger angle. The blade
coordinates were normalized along the axial direction, setting
the camber line endpoints at (0, 0) and (1, tan(γ)). To en-
sure tangency at the endpoints and match the desired inlet and
outlet metal angles, two additional constraints were adopted.
These constraints impose that the derivatives at the endpoints
correspond to the tangents of the inlet and outlet metal angles,
tan(α1,m) and tan(α2,m), as shown in Fig. 4. A cubic function
was used, as it is uniquely determined by the two endpoints
and their derivatives. This polynomial function was chosen
because it is based on physical parameters and guarantees C2

continuity across the blade profile. Thickness elements, rep-
resented by weighted Bernstein polynomials, were then added
to both sides of the camber line to create independent pres-
sure and suction surfaces. A common thickness element at the
leading edge ensures continuity between the pressure and suc-
tion surfaces at this critical point. This methodology, based on
an airfoil parametrization by Kulfan [33], was then employed
by Clark [34] to populate a database of high-pressure turbines
with various geometries. Following Clark guidelines, specific
precautions were also taken to ensure smooth airfoil charac-
teristics, prevent nonphysical shapes and achieve the desired
trailing edge thickness. The comparison between the origi-
nal high-speed cascade and the parameterized blade, shown in
Fig. 4(A), demonstrates a high degree of fidelity. Addition-
ally, Fig. 4(B) shows excellent agreement in blade curvature
(K), with minor discrepancies at the leading edge due to the
lower node density in the original blade, which affects curva-
ture estimation in a region with rapid geometrical variation.
Together, these results validate the suitability of this param-

Figure 4: Comparison of the true SPLEEN blade (red) and
its parametric representation (black): (A) Geometric layout,
showing the polynomial camber line (blue) and its tangency
to the metal angles (orange), and (B) blade curvature, with the
scaled low-speed blade plotted in green.

eterization for low-pressure turbine blades. The curvature of
the scaled low-speed blade, plotted in green in Fig. 4(B), is
discussed later in Sec. 4.1.

3.3 Computational Framework: Optimization, Con-
straints, and Boundary Conditions

The optimization was performed using the Nelder-Mead al-
gorithm, also known as the simplex method. During the pro-
cess, the design variables were the weights of the Bernstein
polynomials, defining the blade thickness, and the pitch-to-
chord ratio. Preliminary optimizations used a low variable
count to generate an initial cascade layout. The number of
variables was progressively increased, and the final geome-
try was parametrized with 50 variables (24 SS-modes, 24 PS-
modes, pitch-to-chord ratio, and the leading edge mode), pro-
viding a balance between replicating high-speed loading while
avoiding unacceptable waving blade shapes. Since the pa-
rameterization does not allow direct control over blade thick-
ness, penalties were applied by adding a large constant to
the objective function to discard airfoils that were too thick
or too thin, ensuring consistency with the high-speed blade
family and avoiding manufacturing issues. The original high-
speed blade features tmax/Cax = 0.135, and the penalty strat-
egy was employed to force the low-speed blade tmax/Cax be-
tween 0.12 and 0.19. Additionally, the trailing-edge radius
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was constrained to remain within a range close to that of the
high-speed blade. Following the procedure in Refs. [7, 24],
the inlet flow angle was fixed at the high-speed value, while
the outlet flow angle was not predetermined or constrained; it
was treated as a degree of freedom and thus became a result
of the optimization process.

Regarding the boundary conditions, the inlet turbulence in-
tensity was set to 2.5%, but the transition was tripped at the
high-speed locations (x/Cax = 14% and 90% for PS and SS,
respectively) to avoid any bias induced by the AGS model.
The outlet isentropic Mach number was fixed at M2,is = 0.051,
and the inlet Reynolds number was set to Re1=47k, matching
the inlet conditions of the SPLEEN high-speed cascade. This
set of constraints ensured similar boundary layer receptivity
at the leading edge, at the expense of a slightly higher Re2,is
compared to the high-speed value.

Figure 5: Cp distributions of the original high-speed SPLEEN
blade and the scaled one for low-speed testing.

4 Results and discussion

4.1 Cascade layout

Initial scaling attempts were conducted by maintaining the
same stagger angle of the high-speed blade; however, the
match of the target loading was unsatisfactory. Consequently,
the blade stagger angle was increased to 28.4 deg, a 4-degree
increment, following the methodology outlined in Refs. [7,
24]. Additionally, the trailing edge thickness was slightly en-
hanced to improve the loading match near the trailing edge.
As shown in Fig. 5, these adjustments allowed the optimizer
to identify a blade that perfectly matched the desired pressure
distribution.

Figure 6(A) compares the normalized low- and high-speed
geometries, highlighting the increase in both stagger and out-
let angles for the low-speed blade. In Fig. 6(B), the thick-
ness distribution is shown. Starting from the true blade mean
line, the thickness was defined as the distance between the
pressure and suction sides, measured by perpendicular seg-
ments extending from the mean line to both sides. The low-
speed blade is overall thicker, with an increase in maximum
thickness (tmax/Cax) of approximately 13.3%. Figures 6(C)
and (D) compare the full passages of the high- and low-
speed blades, along with relevant geometrical quantities. The
pitch-to-axial chord ratio was reduced by 5%, resulting in
(g/Cax)LS = 0.658. Regarding the blade shape, the rear suc-
tion side, originally straight, exhibits increased curvature in
the low-speed blade, with the rear suction side turning angle
(εSS) doubling from 4.7 deg to 9.4 deg. However, as seen in
Fig. 4(B), this difference remains relatively small and only be-
comes noticeable when zooming into the right subplot. A sim-
ilar observation applies to the pressure side, where both trends
and quantitative values are comparable, with minor differ-
ences primarily occurring near the leading edge (s/sL ≈ 0.35
to 0.5). Given the minor influence of curvature on bound-

Figure 6: Comparison between the high- and low-speed blades: (A) High- and low-speed single airfoils, (B) thickness distribu-
tions, (C) full high-speed passage, and (D) full low-speed passage. Relevant geometrical quantities highlighted in (C) and (D).
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Figure 7: Cascade passages, to scale. Geometries in mm.

ary layer behavior [14, 35], such small variations between the
high- and low-speed designs are not expected to significantly
affect the boundary layer state. Due to the increased stag-
ger angle and reduced pitch-to-chord ratio, the throat length
(o/Cax) was significantly reduced, with a decrease of approx-
imately 25% in the low-speed cascade. The leading edge
radius (RLE/Cax) was increased by 28.8% in the low-speed
cascade. Additionally, as mentioned earlier, the trailing edge
thickness was slightly increased to better match the trailing
edge load, resulting in a 13% increase in the trailing edge ra-
dius of the low-speed blade. Considering the design Reynolds
number and fixing the static pressure downstream to ambi-
ent conditions, the axial chord of the scaled blade was de-
termined to be Cax,LS = 62.1 mm — significantly larger than
Cax,HS = 47.6 mm. This size increase is beneficial to improve
the measurement spatial resolution. Fig. 7 illustrates the two
cascade passages to scale, showing their true size for com-
parison. This blade was designed for a linear cascade with
a maximum span of h=127 mm. This design was validated
through three-dimensional RANS simulations, discussed in a
later section, to ensure an axial velocity density ratio close to
1 and two-dimensional flow at midspan.

The outlet flow angle α2,LS, left unconstrained during the
optimization process, was a result of the scaling and, together
with the pitch-to-chord ratio, one of the two factors influenc-
ing the cascade Zweifel coefficient. The value computed by
MISES for the low-speed design is 61.5 deg, marking an in-
crease of approximately 14.3% compared to the high-speed
blade. This result suggested that to match the target pressure
distribution in low-speed conditions, adjustments are required
in both the outlet flow angle and the pitch-to-chord ratio. The
scaled blade design can be located near the top-right corner
of the Zweifel contour plot in Fig. 1(B), where it is indi-
cated by a white dashed circle, significantly distant from the
initial scaling guess where only the pitch-to-chord ratio was
modified. The Zweifel coefficient, computed with Eq. 1,
is ZwLS = 0.758 and ZwHS = 0.742 for the low- and high-
speed cascades, respectively. These values are similar to each

other and close to those predicted by Eq. 4. The C0 coeffi-
cient for the low-speed cascade is C0,LS = 0.530, compared to
C0,HS = 0.524. The close match of both coefficients in both
high- and low-speed configurations supports the earlier expla-
nation: when significant variations in angles and shapes are
not anticipated (e.g., during high-to-low-speed scaling), both
Zw and C0 provide similar information. In this sense, Zw re-
mains a useful parameter for preliminary design choices, as
indicated by Eq. 4.

The main flow and geometrical parameters for the high- and
low-speed cascades are summarized in Table 1.

Table 1: Main flow and geometrical parameters for the high-
speed and scaled cascade.

Quantity Low-speed High-speed Unit

M2,is 0.0511 0.900 [-]
Re2,is 80k 70k [-]
Re1 47k 47k [-]
α1 37.0 37.3 [deg]
α2 61.5 53.8 [deg]
γ 28.4 24.4 [deg]
Cax 62.1 47.6 [mm]
C 70.9 52.3 [mm]
g/Cax 0.658 0.692 [-]
Zw 0.758 0.742 [-]
C0 0.530 0.524 [-]
tmax/Cax 15.3 13.5 [%]
RLE/Cax 2.46 1.91 [%]
RT E/Cax 1.02 0.90 [%]
o/Cax 0.307 0.407 [-]
δ 7.4 4.9 [deg]
εss 9.4 4.7 [deg]

4.2 Boundary layers

A comparison between the high- and low-speed transitional
boundary layer parameters computed by MISES is shown in
Fig. 8. The first subfigure 8(A) illustrates a strong similarity
in the displacement thickness, normalized by the axial chord,
δ ∗/Cax, on the pressure surface between the high- and low-
speed blades. Similar qualitative trends are evident on the suc-
tion side; however, the high-speed blade shows a larger dis-
placement thickness per unit chord length, reaching up to 30%
higher at its maximum value. This result implies that δ ∗/Cax
cannot be preserved, especially on the suction side. While no
specific scaling rules for displacement thickness from high- to
low-speed conditions were found in the literature, this result
indicates that matching Cp yields good agreement in δ ∗/Cax
on the pressure side, where the flow in the original blade is
slower and less influenced by compressibility effects. How-
ever, on the suction surface, scaling down to incompressible
regimes by matching Cp may not reproduce identical bound-
ary layer blockage. In contrast, the agreement between the
high- and low-speed cascades in terms of θ/Cax is remarkable
on both surfaces, as shown in Fig. 8(B).

To validate the trends observed on the suction side, ad-
ditional two-dimensional RANS simulations were performed
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Figure 8: Boundary layer parameters for high- and low-speed
blades.

Figure 9: Displacement and momentum thickness plots for the
high- and low-speed blades suction side, comparing MISES
and CFD results. High-speed CFD results from Ref. [10].

using Cadence FINE/Turbo 18.2 with the γ −Reθ transition
model by Langtry and Menter [36]. The boundary layer pro-
files extracted from these simulations were compared to both
the MISES results and the high-speed RANS simulation per-
formed by Lopes [10]. In Fig. 9, both displacement and mo-
mentum thickness profiles from RANS and MISES are plot-
ted. The values of δ ∗/Cax from RANS are qualitatively con-
sistent with the MISES computations, with an even greater
difference between the high-speed and low-speed profiles.
Despite quantitative differences, which may be attributable
to the different transition models and would require experi-
mental data for a more precise analysis, this observation con-
firms that when scaling by matching Cp, the displacement
thickness—and consequently the boundary layer blockage ef-
fect—is expected to be higher in high-speed conditions. On
the other hand, the agreement between the momentum thick-
ness computed by RANS and MISES is remarkable: RANS
results are slightly higher, but the θ/Cax trends are again
closely matched between the two blades. This analysis sug-
gests that matching Cp allows to scale to low-speed the bound-
ary layer momentum loss.

The shape factor, defined as H = δ ∗/θ is plotted in Fig.
8(C). Due to its direct dependence on δ ∗, similar observations
to the ones made for the displacement thickness can be drawn.
Qualitative trends are similar between high- and low-speed
cascades, with better agreement on the pressure surface. How-
ever, due to discrepancies in displacement thickness on the
suction surface, the low-speed blade exhibits a significantly
smaller shape factor. The high-speed blade appears to oper-
ate at an incipient state of separation (Hmax ∼ 4), while the
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low-speed blade remains further from separation.
The momentum thickness Reynolds number Reθ is shown

in Fig. 8(D). The plot highlights similar trends on both sur-
faces for both blades. Again, a closer agreement is observed
on the pressure surface, while on the suction side, the low-
speed blade exhibits a higher Reθ , with a maximum increase
of ∆Reθ ∼ 25 close to the trailing edge.

Lastly, Fig. 8(E) presents the skin friction coefficient (C f )
trends, which show good qualitative and quantitative agree-
ment between the two flow conditions. A similar matching of
high- and low-speed C f was reported by Marconcini et al. [7]
for the T106C cascade, though in the presence of a significant
separation bubble. The main differences between high- and
low-speed blades appear in the rear portion of the suction side,
where the high-speed C f is nearly tangent to zero, suggest-
ing, as previously noted, that the high-speed blade is closer
to incipient separation than the low-speed one. Nevertheless,
MISES predicts that the flow remains attached for both blades.
It is worth noting that for the high-speed SPLEEN cascade, it
was not possible to conclusively identify suction side separa-
tion from MISES results by examining the skin friction co-
efficient alone. Separation was observed experimentally by
Lopes [10] using other methods based on the Thwaites pa-
rameter, suggesting that even if C f does not become negative
in the simulations, this does not necessarily imply the absence
of a separation bubble.

To conclude this section, despite matching qualitatively and
quantitatively all BL parameters on the pressure side, and
θ/Cax on the suction side, the low-speed blade operates with
a lower shape factor and a slightly higher skin friction coef-
ficient on the rear portion of the suction side. Therefore, the
similarity with respect to the high-speed suction side bound-
ary layer achieved in terms of BL momentum loss, but the
high-speed blade is closer to separation compared to its low-
speed counterpart. This novel observation, not reported in pre-
vious scaling studies, may highlight a limitation when scaling
a transonic blade without a significant separation bubble to
low-speed conditions by solely matching the high-speed pres-
sure distribution. While not explicitly covered in this work, an
alternative scaling strategy prioritizing the matching of bound-
ary layer parameters, such as shape factor or skin friction co-
efficient, at the expense of a mismatch on the pressure distri-
bution, might allow for a more comprehensive boundary layer
similarity.

4.3 Profile losses

Different methods are used to quantify the profile loss gener-
ated by a cascade. Losses are typically categorized into to-
tal pressure losses and kinetic energy losses; however, kinetic
energy loss is often preferred due to its insensitivity to com-
pressibility [37]. The kinetic energy loss coefficient is defined
as:

ξ = 1−
1−

(
p2
p02

) γ−1
γ

1−
(

p2
p01

) γ−1
γ

(6)

For a cascade with a sufficiently high aspect ratio, the pri-
mary contributor at midspan is the profile loss. Kinetic en-

ergy profile losses calculated by MISES are ξLS = 4.37% and
ξHS= 3.25% for the low-speed and the high-speed cascades,
respectively. To explain this difference, it is useful to iden-
tify the parameters influencing profile losses. Cadrecha and
Vázquez [38] highlighted momentum thickness, outlet flow
angle, and cascade pitch as key contributors:

ξ ∼ 2θT E

gcosα2
=

2(θT E/Cax)

(g/Cax)cosα2
(7)

While this is an approximation, it is interesting to notice that
a similar term appears in Denton’s well-known equation [39]
for estimating profile total pressure losses:

ω =

(
−CpbtT E

gcos(α2)

)
+

(
∑δ ∗

T E + tT E

gcos(α2)

)2

+

(
2∑θT E

gcos(α2)

)
(8)

where the first term represents the base pressure loss, the sec-
ond the blockage effects, and the third the boundary layer
momentum deficit. According to Coull and Hodson [1], the
boundary layer momentum deficit contributes around 90% of
the total loss, making it the primary focus of the following
analysis. In Eq. 7, the numerator is the same between the
two cascades, since θ/Cax is conserved, as previously shown
in Fig. 8(B). The difference in losses must then be imputed to
the denominator, which depends purely on the geometry of the
two cascades. The term (g/Cax)cos(α2) can be interpreted as
the discharge area of the cascade passage, where the boundary
layer mixes with the main flow, and it is approximately equal
to the cascade throat o. By computing the ratio oLS/oHS, a
factor of 0.75 is obtained, identical to the ratio of ξHS/ξLS.
This observation reveals that two concurrent factors contribute
to the higher overall losses in the scaled low-speed blade: a
reduction in the pitch-to-axial chord ratio, g/Cax, and an in-
crease in α2, both of them decreasing the denominator in Eq.
7. Recently, Senior and Miller [40] proposed a new model,
validated for both high- and low-speed cascades. While simi-
lar to Denton model, it further develops the existing terms and
introduces a fourth term accounting for trailing edge wedge-
induced losses. Applying this model results in ξLS,SM = 3.96%
for the low-speed cascade and ξHS,SM = 3.21% for the high-
speed cascade. In both cases, momentum thickness-related
terms account for about 66% of the total losses, making them
the dominant contributor. The low-speed blade features lower
blockage due to a smaller displacement thickness, see Fig.
8(A), but higher wedge angle losses. Both cascades show
negligible base pressure losses, confirming the observations
of Sect. 2.1. Overall, although the high-speed blade contin-
ues to exhibit lower losses, the loss ratio has slightly shifted to
ξHS,SM/ξLS,SM = 0.81, compared to the factor 0.75 previously
observed and based solely on geometrical observations. The
losses computed by MISES and with the Senior and Miller
model are summarized in Table 2.

Several important conclusions can be drawn. First, as high-
lighted by previous authors, the momentum thickness loss is
the dominant term in profile losses. Moreover, the profile loss
does not depend only on the boundary layer thickness, but
also on the discharge area (g/Cax)cos(α2). In this sense, hav-
ing similar momentum thickness development along the blade
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Table 2: Losses computed with MISES and with S&M model
[40] for high- and low-speed cascades.

Quantity Low-speed High-speed HS-LS Ratio

ξMISES 4.37% 3.25% 0.75
ξSM [40] 3.96% 3.21% 0.81

does not necessarily imply similar losses: in the current scal-
ing, the reduction of the pitch-to-axial chord ratio and the in-
crease of the outlet flow angle resulted in a smaller discharge
area, therefore higher losses. This observation is not coinci-
dental; it can be generalized by examining the Zweifel con-
tour plot in Fig. 1 and the assumptions made to generate it.
If the inlet flow angle is fixed to the high-speed value, and
the Zweifel coefficient is matched by conserving the Cp dis-
tribution, achieving the same profile losses becomes impossi-
ble. When θ/Cax is matched between the HS and LS blades,
maintaining the same profile losses would require the term
g/Cax cos(α2) to be matched as well, as indicated by Eq. 7.
However, Fig. 1(B) shows that to preserve Zw in low-speed
flows, g/Cax must decrease, and α2 must increase. These
changes both concur to a smaller g/Cax cos(α2) in the low-
speed case, which consequently leads to higher profile loss.
Although beyond the scope of this paper, one possible solu-
tion for a designer aiming to match the profile loss between
high- and low-speed conditions could be to perform a differ-
ent scaling, matching Cp by modifying the inlet angle while
attempting to preserve similar outlet angles and pitch-to-chord
ratios.

4.4 Scaling effects on secondary flows and axial velocity
density ratio

Three-dimensional RANS simulations were carried out using
Cadence FINE/Turbo 18.2. The objectives were twofold: first,
to validate the design choice of the chord size by verifying
that the aspect ratio of the scaled blade is sufficiently high
to ensure 2D flow at midspan and axial velocity density ratio
(AVDR) close to 1. Second, the analysis aimed to estimate
the effect of the scaling on secondary flow structures when
transitioning from high- to low-speed conditions. To facilitate
comparison, a fictitious high-speed case was generated with
the same aspect ratio as the low-speed cascade, allowing for
an analysis of the secondary flow penetration and structure
across both regimes. Given the sensitivity of secondary flow
structures to spanwise discretization, this study provides pri-
marily qualitative rather than quantitative insights. However,
to minimize mesh-related discrepancies, a similar mesh was
used for both cases, consisting of 7.6M nodes for the high-
speed blade and 6.8M nodes for the low-speed blade. A span-
wise discretization of 205 streamlines, selected after a mesh
sensitivity study, was employed for both cascades. The grid
was generated with Autogrid 5. The y+ value was found to
be consistently lower than 1 on both the endwalls and blade
surfaces. Both simulations were run with the k-ω SST turbu-
lence model, with fully turbulent boundary layers. For both
cascades, α1 was set to the nominal value and Re1=47k. The
domain inlet was placed three low-speed blade axial chords

(Cax,LS) upstream of the leading edge. In the absence of ex-
perimental inlet endwall BL profiles near the cascade lead-
ing edge, this choice simulates a BL suction system that will
be placed approximately three chords upstream in the actual
tests. This setup ensures similar endwall BL development for
both simulated cases, due to the same inlet Reynolds number
and development length.

The AVDR of the low-speed cascade was determined to be
1.005. Figure 10 highlights (A) the pitchwise-averaged values
of deviation α2 −α2,MS and (B) the secondary kinetic energy
loss coefficient computed by assuming profiles loss constant
along the span and equal to the midspan value (ξ −ξMS). Data
were extracted at a plane located 0.5 ·Cax downstream of the
cascade outlet.

Figure 10: Secondary flow patterns: (A) Deviation from pri-
mary flow direction and (B) kinetic energy loss (ξ −ξMS).

It can be observed that both cascades maintain two-
dimensional flow from midspan down to approximately 30%
of the span, with the profiles overlapping, indicating that sec-
ondary flows do not penetrate further towards midspan. On
one hand, this observation demonstrates that roughly 40% of
the total span remains unaffected by secondary flows, con-
firming that the chosen aspect ratio of 1.8 is sufficiently high.
On the other hand, it implies that with a similar inlet endwall
boundary layer and same aspect ratio, the high-to-low-speed
scaling is not expected to significantly impact secondary flow
penetration. The flow deviation profile in Fig. 10(A) shows
similar patterns between the high-speed and low-speed cas-
cades in the core of the secondary flow, between 12 and 25%
span, with a maximum under-turning between 4 - 5 deg for
both cascades. In the over-turning region, the high-speed cas-
cade shows greater turning from the endwall to 6% span, af-
ter which the trend reverses. The secondary kinetic energy
loss for both high- and low-speed cases, shown in Fig. 10(B),
exhibits again comparable patterns. However, the low-speed
cascade shows a peak loss of approximately 12% in the core
of the secondary flow, while the high-speed cascade peak loss
is around 8%. This difference can be attributed to the greater
flow turning in the low-speed case, as well as the relatively
larger size of the secondary flow structures in the low-speed
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cascade compared to the cascade discharge area. It is worth
noticing that the ratio of losses between the two cascades, pre-
viously observed in the midspan analysis to be around 0.75,
holds true in the full-span case as well, with a ratio of sec-
ondary losses equal to 0.76.

5 Conclusions

In low-speed turbomachinery experiments, replicating bound-
ary layer development and transition mechanisms as closely
as possible to those in high-speed flows is crucial. While pa-
rameters such as Reynolds number and free-stream turbulence
can be adjusted using turbulence grids or by modifying flow
conditions and blade size, preserving the pressure distribution
requires scaling the cascade geometry. This paper presented a
redesign methodology to scale a high-speed LPT turbine cas-
cade for low-speed testing, along with a comparison of the ge-
ometrical features, boundary layer characteristics, and perfor-
mance parameters of the high- and low-speed cascades. The
main findings of this investigation are summarized below:

• When scaling a high-speed cascade to low-speed condi-
tions, the Zweifel coefficient (as expressed in Eq. 4) en-
ables the designer to identify the cascade parameters that
need to be adjusted to account for compressibility effects.
Based on the results presented, both the pitch-to-chord
ratio and the cascade turning must be modified.

• To match the target Cp, the cascade layout was opti-
mized using a gradient-free method coupled with the
MISES 2D cascade solver, while preserving the design
inlet flow angle of the high-speed case. The optimized
blade showed increased stagger and outlet flow angles, a
higher overall thickness, and a reduced pitch-to-chord ra-
tio compared to its high-speed counterpart. These trends
align with those observed in previous studies.

• High- and low-speed normalized momentum thickness
exhibited similar qualitative and quantitative trends. The
normalized displacement thickness also showed similar
trends on the pressure side, but was up to 30% larger on
the suction side for the high-speed blade. The displace-
ment thickness reduction lowered the shape factor in the
low-speed case, indicating that the low-speed blade oper-
ates further from separation compared to its high-speed
counterpart. This discrepancy may stem from compress-
ibility effects influencing boundary layer blockage on the
suction side, and suggests that while matching high- and
low-speed Cp aligns the boundary layer momentum loss,
it can still lead to different boundary layer states. To
compensate this trend, an alternative scaling approach
could be directly matching high- and low-speed bound-
ary layer parameters, such as C f or H, at the cost of a
mismatch in the Cp profile.

• Matching the same momentum loss thickness is not suffi-
cient to guarantee identical profile loss between the high-
and low-speed configurations. The profile loss is also in-
fluenced by geometrical features, particularly the size of
the discharge area where the boundary layer mixes with

the main flow, which roughly corresponds to the pas-
sage throat for a 2D cascade. In this study, the reduc-
tion in pitch-to-chord ratio and increase in outlet flow
angle in the low-speed cascade led to a smaller throat
(oLS/oHS = 75%), which in turn resulted in an increase
in the low-speed profile loss (ξHS/ξLS = 75%).

• A qualitative analysis of the secondary flow development
highlighted that the chosen aspect ratio of 1.8 is suffi-
cient to achieve two-dimensional flow at midspan, with
secondary flow penetration limited to the first 30% of the
span. Both high- and low-speed cascades exhibited simi-
lar deviations from the primary flow direction. However,
the kinetic energy loss attributable to secondary flows is
higher in the low-speed case.

Acknowledgements

This research has been performed in the framework of the HE-
ART project (Hybrid Electric propulsion system for regional
AiRcrafT), supported by the Clean Aviation Joint Undertak-
ing and its members, and funded by the European Union’s
Horizon Europe research and innovation programme under
the grant agreement No. 101102013. The authors also thank-
fully acknowledge Prof. Sergio Lavagnoli, Gustavo Lopes and
Peter Cassidy for the support and the fruitful discussions.

Nomenclature

C,Cax Chord, axial chord

C0 Circulation coefficient

C f Skin friction coefficient

Cp Pressure coefficient

Cpb Base pressure coeffi-
cient

g Cascade pitch

H Shape factor

h Cascade span

K Curvature

M Mach number

o Cascade throat

p Pressure

R Radius

Re Reynolds number

s Curvilinear abscissa

sL Surface length

t Thickness

v Velocity

x Axial direction

y Pitchwise direction

Zw Zweifel coefficient

Greek symbols

α Flow angle

δ Wedge angle

δ ∗ Displacement thickness

εSS Rear suction side turn-
ing angle

γ Stagger angle; ratio of
specific heat

ρ Density

ξ Kinetic energy loss co-
efficient

θ Momentum thickness

ω Total pressure loss coef-
ficient

Subscripts

0 Total quantity

1,2 Cascade inlet / outlet

is Isentropic

m Metal angle

Acronyms

AVDR Axial velocity density
ratio

BL Boundary layer

CFD Computational fluid dy-
namics

EU European Union

GTF Geared turbofan

HS, LS High-speed, low-speed

LE, TE Leading / trailing edge

LPT Low-pressure turbine

MS Cascade midspan

RANS Reynolds averaged
Navier-Stokes

SM Senior & Miller [40]
model

SS, PS Suction / pressure side
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