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Abstract

Backward-facing steps (BFS) can have a detrimental impact on laminar flow lengths because of their strong effect on bound-
ary layer transition. BFS with normalized step heights in the range of 4/, ~ 0.1 to 0.6 (corresponding to height-based
Reynolds numbers of Re;, = (U h/v) =230 to 2430) were installed in a two-dimensional wind tunnel model and tested in the
Cryogenic Ludwieg-Tube Géttingen, a blow-down wind tunnel with good flow quality. The influence of BFS on the location
of laminar-turbulent transition was investigated over a wide range of unit Reynolds numbers from Re; = 17.5 x 10°m~! to
80 x 10° m~!, three Mach numbers, M = 0.35, 0.50 and 0.65, and various streamwise pressure gradients. The measurement
of the transition locations was accomplished non-intrusively by means of temperature-sensitive paint. Transition Reynolds
numbers, calculated with the flow length up to the location of laminar-turbulent transition x,, ranged from Re,, ~ 1 x 10 to
11 x 10°, and were measured as a function of step height, pressure gradient, Reynolds and Mach numbers. Incompressible
linear stability analysis was used to calculate amplification rates of Tollmien—Schlichting waves; transition N-factors were
determined by correlation with the measured transition locations. In parallel to earlier investigations with a similar setup, this
systematic approach was used to identify functional relations between non-dimensional step parameters (%/8, and Re,,) and
the relative change of the transition location. Furthermore, the change of the transition N-factor AN due to the installation
of the steps was investigated. It was found that the installation of backward-facing steps with #/8, < 0.15 and Re,, < 300
does not lead to a reduction of Re,. and to AN > 0. However, increasing the step size results in a decreasing laminar flow
length and thus an increasing AN. The reported results are in general agreement with earlier investigations at significantly
lower Mach and Reynolds numbers.

1 Introduction

Natural laminar flow technology (NLF) is a promising way
to reduce aircraft drag (Schrauf 2005). Furthermore, the cor-
rect prediction of laminar-turbulent transition also receives
increasing attention from wind turbine manufacturers as the
lift-to-drag ratio has a strong influence on the aerodynamic
performance of wind turbine rotor blades (Oz¢akmak et al.
2020). However, small surface imperfections, such as steps
and gaps, can reduce laminar flow lengths significantly,
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which makes it indispensable to define manufacturing tol-
erances for NLF airfoils (Nenni and Gluyas 1966; Holmes
et al. 1985; Arnal 1992; Masad and Nayfeh 1993; Drake
et al. 2010; Schrauf 2018). The impact of gaps on bound-
ary layer stability and transition has been studied in Zahn
and Rist (2015); Beguet et al. (2017); Crouch et al. (2022);
Risius et al. (2023), among others. The influence of steps
on laminar flow lengths has been examined in various pub-
lications (see, e.g., Perraud and Séraudie (2000); Wang
and Gaster (2005); Edelmann and Rist (2015); Tufts et al.
(2017); Crouch and Kosorygin (2020); Rius-Vidales and
Kotsonis (2021); Costantini et al. (2022)); however, a sys-
tematic investigation on the influence of backward-facing
steps (BFS) in two-dimensional boundary layers over a wide
range of Mach and Reynolds numbers with varying pressure
gradients has not been conducted, as discussed in Sect. 1.1.
This type of investigation has been performed in the present
work, which is based on earlier studies conducted with the
same wind tunnel model inside the same test facility (Risius
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et al. 2018a, 2023). The following description of materi-
als and methods (Sect. 2) and the analysis of the transition
Reynolds number is therefore kept as short as possible and is
partially identical to the above mentioned publications where
the interested reader may find more detailed information.

1.1 Motivation and features of the current study

Nenni and Gluyas (1966) were the first to study the influ-
ence of backward-facing steps on laminar-turbulent transi-
tion. They identified the Reynolds number, Re,, calculated
with the step height 4, as most relevant parameter for the
impact of BFS on transition. According to their findings,
transition in the presence of a backward-facing step occurs
earlier than on a smooth surface at a ‘critical’ step-height
Reynolds number of Re, = U, - h/v,, =~ 900. This critical
value of the step-height Reynolds number was recently con-
firmed in Schrauf (2018), although the different definitions
of the Re,, (with the flow velocity U, and flow viscosity v, at
the boundary layer edge instead of U and v_) and the dif-
ferent experimental configurations have to be considered.'
Furthermore, these early studies aimed to identify an allow-
able tolerance for the height of steps (based on the critical
Re,,), rather than analyzing the behavior of boundary layer
transition for varying step-height Reynolds numbers.

The present work focuses on the effect of sharp-edged
(Costantini et al. 2018) BFS on laminar-turbulent transition
of two-dimensional boundary layers in a low-disturbance
environment, in which Tollmien—Schlichting (T-S) waves
are the dominant instability mechanism leading to transi-
tion. This flow configuration has been examined in Perraud
and Séraudie (2000); Wang and Gaster (2005); Crouch et al.
(2006); Drake et al. (2010); Schroder et al. (2013); Rizzetta
and Visbal (2013); Crouch and Kosorygin (2020); Hilde-
brand et al. (2020); Franco et al. (2021); Tocci et al. (2022);
Heintz and Scholz (2023). The influence of backward-facing
steps on transition of boundary layers over swept wings and
swept flat plates with predominant crossflow instabilities
has been considered in Holmes et al. (1985); Perraud and
Séraudie (2000); Duncan et al. (2013); Tufts et al. (2017);
Eppink et al. (2018). Rounded BFS have been studied in
Ragab et al. (1989); Masad and Nayfeh (1993); Franco
and Hein (2022), whereas a backward-facing ramp was
investigated in Holmes et al. (1985). The combination of
the effect of wall suction and BFS has been examined in
Hahn and Pfenninger (1973); Dimond et al. (2021) for sharp
steps, and in Al-Maaitah et al. (1990) for rounded steps; the

! Transition is less sensitive to the impact of forward-facing steps
(FFS), for which a critical Reynolds number Re, ~ 1800 was
reported (Nenni and Gluyas 1966).
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combination of the influence of wall cooling and a rounded
BFS has been studied in Al-Maaitah et al. (1990).

Among earlier publications investigating boundary layers
with predominant T-S instabilities, Perraud and Séraudie
(2000); Wang and Gaster (2005); Crouch et al. (2006);
Crouch and Kosorygin (2020); Heintz and Scholz (2023)
have reported an experimental analysis of the impact of
sharp BFS on transition complemented by boundary layer
stability computations. The effect of the BFS was estab-
lished in terms of the variation of the transition location x;
as a function of the step-height Reynolds number Re,, and/or
of the relative step height 1/6,, i.e., the step height normal-
ized by the boundary layer displacement thickness at the step
location, but in the absence of the step. The experimental
data were also used to develop models for the prediction
of the BFS influence on transition. These models rely on
linear stability theory to compute the amplification factors
(N-factors) of T-S waves and provide an estimation of the
impact of the step as an additional T-S wave amplification
(AN), which is obtained via correlation between the results
of the boundary layer stability computations and the experi-
mental data. A similar approach was followed by Hildebrand
et al. (2020) on the basis of the experimental data reported
in Wang and Gaster (2005).

The aforementioned experimental studies considered
BFS in low-speed flows (M < 0.3) at relatively small unit
Reynolds numbers (Re; = U, /v,, <5 X 10° m~!). Moreo-
ver, most earlier work examined flat-plate configurations
at (almost) zero pressure gradient, except for Perraud and
Séraudie (2000); Crouch et al. (2006); Drake et al. (2010);
Crouch and Kosorygin (2020); in these latter investigations,
however, only two different streamwise pressure gradients
were considered.

Mach and Reynolds numbers larger than those consid-
ered in previous work, and a range of streamwise pressure
gradients are examined in the present experimental inves-
tigation on the impact of sharp-edged BFS on boundary
layer transition. The influence of step height on the transi-
tion location is systematically investigated for four differ-
ent step heights, three different subsonic Mach numbers
(M = 0.35,0.50 and 0.65), eight unit Reynolds numbers in
the range of Re, = 17.5 x 10 m~" to 80 x 10° m~" and dif-
ferent streamwise pressure gradients. The study focuses on
favorable pressure gradients, which are the most relevant for
NLF surfaces. Nevertheless, also zero and adverse pressure
gradients are examined. The nominal heights of the BFS
are h =10 pm, 20 pm, 30 pm and 40 pm. The boundary layer
thickness at the step location in the absence of the step varies
between 6, =~ 50 pm and 120 pm. That results in normalized
step heights that vary between /6, =~ 0.1 to 0.6, which cor-
respond to a height based Reynolds numbers in the range of
Re;, = (U h/v) =230 to 2430, as shown in detail in Table 1.
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Table 1 Characteristic parameters of the investigated BFS in this
study

Nominal 10 pm 20 pm 30 pm 40 pm
Real h 10.1 pm 21.6 pm 30.3 um 38.6 um
h/é, ~ 0.10-0.20 0.20-0.42 0.25-0.60 0.30-0.60
Re, ~ 227-811 487-1725 529-2431 679-1945

The investigated step dimensions (in non-dimensional
terms) are representative for the size of the steps that may
occur on commercial transport aircraft wings and thus
enable the transfer of the knowledge gained in fundamen-
tal research to applied aerodynamics. In the case of a sin-
gle-aisle, mid-range subsonic transport aircraft, the mean
aerodynamic chord length is about 4 m to 4.2 m (EASA
2017, 2023), which is about 20 times the chord length of
the investigated wind tunnel model. Multiplication of the
nominal step dimensions with a factor of 20 leads to a step
height in the range of 0.2 mm to 0.8 mm at the wing of the
aforementioned transport aircraft.

The systematic variation of flow parameters is based on
the study of unit Reynolds numbers, Mach numbers and
pressure gradients for the reference (smooth, i.e., step-free)
surface reported by Risius et al. (2018b). Compared to ear-
lier investigations on the influence of BFS on the transition
location, this systematic approach allows a quantification of
the effect of BES in terms of the transition Reynolds number
as a function of non-dimensional step parameters, pressure
gradient parameters (characterized here by the incompress-
ible shape factor) and the unit Reynolds number for different
Mach numbers.

In parallel to Risius et al. (2018b, 2023), also bound-
ary layer calculations and a linear stability analysis were
performed on the basis of the pressure and temperature
distributions measured on the investigated surface. The
approach allowed to obtain the distributions of the ampli-
fication factors of T-S waves and thus the determination of
the step-induced AN; this is accomplished via correlation of
the computed N-factor distributions with the transition loca-
tions measured in the experiments with and without steps,
as discussed in Sect. 2.5.

2 Materials and methods

The experiments were performed in the Cryogenic Ludwieg-
Tube Gottingen (KRG), a blow-down wind tunnel operated
intermittently with gaseous nitrogen as driving gas and good
flow quality (Rosemann 1997; Koch 2004).

The wind tunnel model used for the present study was the
two-dimensional PaLASTra model. The model is composed
of three parts which are connected with the help of shims
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Fig.1 Side view of the PaLASTra model with three parts. The step is
located between the front and the main part at xg/c = 0.35. The origi-
nal chord length of ¢ = 0.2m is used for normalization of the chord-
wise coordinate, in line with previous work (Costantini et al. 2015b;
Costantini 2016; Costantini et al. 2016, 2018; Risius et al. 2018b;
Dimond et al. 2019, 2020, 2021)

and bolts integrated into the model (see Fig. 1). This specific
manufacturing of the model allows the installation of steps
with high accuracy into the model between the front and the
main part at xg/c = 0.35 of the upper surface. During the
first measurement campaigns, only the front and the main
parts of the model were used, causing a large separation
region behind the model, which results in strong pressure
fluctuations that influence the measured transition locations
(Costantini et al. 2015a; Costantini 2016; Costantini et al.
2016, 2018). In later measurement campaigns, the complete
model including the aft-part was used, effectively reducing
separation-induced pressure fluctuations (Risius et al. 2018a,
b; Dimond et al. 2019, 2020, 2021; Risius et al. 2023).

In order to assure the correct installation of the BFS with
minimal variation, the step height was measured system-
atically along the span with a profilometer. The standard
deviation of the measured step height is in the range of 5 pm.
As reported in Table 1, the nominal step height of 10 pm,
20 pm, 30 pm and 40 pm deviates slightly from the actual
step height of 10.1 pm, 21.6 pm, 30.3 pm and 38.6 pm. The
actual step heights are considered for the evaluation of the
step-height parameters (%2/6;, Re,, etc.), while the nominal
step heights are used throughout the article to refer to the
different model configurations. The results from Franco and
Hein (2022) indicate that small deviations from a perfectly
sharp-edged BFS have a limited influence on the N-factor
distribution for small step heights with #/6, = 0.4, which
are the main focus of the current work. Furthermore, the
deviation from the ‘sharpness’ studied in the current work
is significantly less pronounced than the one investigated
by Franco and Hein (2022) (see step contour in Costantini
et al. (2018)). The BFS investigated here may therefore be
realistically assumed as ‘sharp-edged.’

2.1 Measurement of the pressure distribution

The model was equipped with a row of pressure taps to
measure the surface pressure distribution (Costantini et al.
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2015b; Costantini 2016; Costantini et al. 2018, 2016;
Dimond et al. 2019; Risius et al. 2018a, 2023). Typical
pressure distributions of the upper side of the modified
PalLASTra model are shown in Fig. 2. The pressure gradi-
ent is essentially uniform over a large portion of the upper
surface. Only around x/c = 0.35 the pressure coefficients
show some slight variations from an ideally smooth dis-
tribution, which are due to the connection between the
model parts and to the interfaces between different materi-
als (Costantini et al. 2015b; Costantini 2016; Costantini
et al. 2018; Risius et al. 2018b, 2023). At the same time,
it can be observed in Fig. 2 that the pressure distribu-
tions of all step heights are almost identical to the pressure
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Fig.2 Exemplary distribution of pressure coefficient, ¢,, on model
upper side at Re; =22.5x 10°m~!, M = 0.50, H,, ~ 2.58 with an
angle of attack of —1.5°

Fig.3 TSP results on model upper side for five configurations with
h =0 pm, 10 pm, 20 pm, 30 pm and 40 pm (from left to right). The
flow direction is from left to right, and the flow conditions are the
same as in Figs. 2 and 6. The red dots indicate the detected transi-
tion locations by the maximal gradient technique at the undisturbed
flow locations for each spanwise location (Costantini et al. 2021). The
measured transition locations are x,/c = 88.7%, 88.8%, 81.8%, 79.1%
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distributions of the reference configuration, provided that
the flow conditions are reproduced. The steps had there-
fore no global effect on the pressure distributions. On the
other hand, it should be emphasized here that the spatial
resolution of the surface pressure measurements was not
sufficient to measure the very strong, local pressure gradi-
ents occurring in close proximity of the BFS.

2.2 Measurement of the transition location

Boundary layer transition was measured, via an optical
non-intrusive global measurement of the surface tem-
perature distribution using a Temperature-Sensitive Paint
(TSP) applied on the model upper surface (Liu et al.
2021). TSP formulation, surface quality, acquisition and
evaluation of the TSP images were described in Ondrus
et al. (2015); Costantini et al. (2018); Risius (2018); Risius
et al. (2023), where further details can be found.

The series of TSP results shown in Fig. 3 was obtained
for different step heights. The result image of the reference
configuration can be seen on the very left of the series in
Fig. 3. In this case, the transition location is closer to the
trailing edge (with x;/c = 88.7%) and it moves upstream
in four TSP images on the right with increasing step
height. However, the transition locations for 2 = 10 pm
(with x;/c = 88.8%) and the reference configuration
(with x;/c = 88.7%) are identical under consideration of
the measurement uncertainties. The same observation of a
negligible influence of the small step height of # = 10 pm
is common to many examined flow conditions and will be
discussed later in this work.

and 72.9% (from left to right). The whitened strips indicate metallic
surfaces of the model where no TSP had been applied or locations
where optical artifacts prohibited the detection of the transition loca-
tion. Markers indicating every 10% chord are visualized by thin white
lines on the starboard side. Some contrast differences between the
upper and lower half of the images are due to the measurement setup
described in Risius (2018)
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2.3 Analysis of the transition Reynolds number

The influences of pressure gradient and unit Reynolds
number on transition Reynolds number Re,. = x; - Re, are
analyzed separately for each investigated Mach number:
M =0.35,0.50 and 0.65. Detailed results will be presented
here for M = 0.5 and Re, = 22.5 x 10° m~!, while data from
the other flow conditions are presented in Appendix. For
better readability, unit Reynolds numbers and transition
Reynolds numbers are normalized via ReT = Re, /(10°m)
and Re! = Re, /10, respectively.

In parallel to the analysis of the reference configuration
(Risius et al. 2018b) and the configuration with gaps (Risius
et al. 2023), the same analysis was carried out for the modi-
fied PaLASTra model with installed backward-facing steps.
The fitted linear approximation of the transition Reynolds
number as a function of H,, is shown as solid lines in Fig. 4
for the considered case at M = 0.5 and ReT = 22.5, while
the middle figures in Appendix (Figs. 15, 18, 21, 24, 27, 30,
33, 36, 39, 42,45, 48, 51) report the results for the other
flow conditions examined in this work. The black dashed
lines show the averaged result of the reference configura-
tions. The purple dotted line marks the Reynolds number
corresponding to the location of the step at xg/c = 0.35 with
Re, =xg-Re,

It can be seen that the transition occurs in most analyzed
cases between the step and the transition location meas-
ured with the reference configuration. However, in agree-
ment with the observations in Fig. 3, a BFS with 4 = 10 pm
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Fig.4 Approximation of the influence of H,, on the transition Reyn-
olds number for the configurations with steps. The fitted averaged
function of the reference configuration is shown as dashed black
line. The purple dotted line corresponds to the Reynolds number at
the location of the step at xg/c = 0.35. For better comparability, a
zoomed area is shown in this figure as an inset

leads to no reduction of transition location. That results in
a similar Re; of the reference configuration and a BFS with
h = 10pum, which is about the symbol size. In agreement
with Fig. 3, also Fig. 4 shows that backward-facing steps
with 2 > 10 pm result in a decreasing transition Reynolds
number with step height compared to the reference configu-
ration. These observations are consistent for all investigated
Mach and Reynolds numbers, as shown in the middle figures
in Appendix (Figs. 15, 18, 21, 24, 27, 30, 33, 36, 39, 42, 45,
48, 51). These results are also consistent with the data from
Wang and Gaster (2005) as discussed later (Sect. 3.4).

In general, it was also found for the configuration with
steps that an increasing unit Reynolds number leads to
an increasing transition Reynolds number (Fig. 54 and
Tables 3, 4, 5 and 6) and an increasing unit Reynolds num-
ber leads to a decreasing slope (Fig. 55 and Tables 7, 8, 9
and 10). These observations are presented in more detail in
Appendix.

2.4 Boundary layer computations

Laminar boundary layer computations were performed using
the compressible boundary layer solver COCO (Schrauf
1998), with a modification to incorporate the measured sur-
face pressure and surface temperature distributions. COCO
calculates a fully laminar boundary layer, which was used to
determine incompressible displacement (6,) and momentum
thickness (6,) of the laminar boundary layer. The average
incompressible shape factor, H,, = 6,/6,, was determined
by averaging the incompressible shape factor curve between
24% < x/c < 90%. The selection of the incompressible
shape factor as pressure gradient parameter is motivated in
Risius et al. (2018b). H,, can be also used to calculate other
pressure gradient parameters, such as the Hartree parameter.
In the present study, the Hartree parameter can be calcu-
lated by f,; = —0.687 - H;, + 1.810 (Risius et al. 2018b).
A smaller value of H, corresponds to a stronger favorable
pressure gradient and a larger f, leading to an accelerated
boundary layer. Most data points in this study are in the
range of f; = —0.05 to 0.10, which leads to a significant
movement of the transition location even in the presence of
BFS. In the case of Fig. 4, a small change in H,, from 2.65
to 2.55 leads to almost a doubling of Re,, for the smooth
configuration, and to a significant increase in Re,, also for
the configuration with the highest step.

2.5 Stability analysis and the AN method

Tollmien—Schlichting (T-S) waves are the dominant insta-
bility mechanism leading to transition in two-dimensional
boundary layers (Schlichting et al. 2006). Amplification
factors of T-S waves for the computed boundary layer
were determined by means of LILO (Schrauf 2006). The

@ Springer
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amplification factor N is determined by the envelope strat-
egy, which uses the most amplified T-S wave at each transi-
tion location. Based on the findings of Risius et al. (2018b),
the incompressible N-factors are considered in the present
analysis. According to linear, local stability theory and the
quasi-parallel flow assumption, incompressible stability
computations were carried out, and their results were cor-
related with the measured transition location to assess transi-
tion N-factors. The ¢V method assumes that transition occurs
when a transition N-factor N,, is reached (van Ingen 1956;
Smith and Gamberoni 1956). The transition N-factors N,, are
determined via correlation of the results of linear stability
computations with experimental transition data. For each
configuration, the transition location was measured with
help of the TSP result. For the cases of Fig. 6, it is indicated
by vertical lines. The intercept of the transition location with
the maximal N-factor curve is used to determine the transi-
tion N-factor (the horizontal lines in Fig. 6). This procedure
is carried out for each measurement point of each configura-
tion and used for the analysis.

The AN method can be used to model the effect of steps
(Wang and Gaster 2005; Crouch et al. 2006; Edelmann and
Rist 2015; Costantini et al. 2022) and gaps (Beguet et al.
2017; Crouch 2022; Crouch et al. 2022) on boundary layer
stability. As reported in those publications, the presence of
steps or gaps leads to an additional amplification of the T-S
waves resulting in an increase of the N-factor (AN) as com-
pared to the N-factor distribution of the smooth surface, see,
for example, Figs. 8 and 11 in Edelmann and Rist (2015). In
contrast to the results cited above, the N-factor distributions
in the current study (Fig. 6), in line the ones shown in Risius
et al. (2023) for gaps, are very similar for the reference and
the BFS configurations, which is accounted to the measured
pressure distributions and resulting boundary layer calcula-
tions. In fact, as shown in Fig. 2 the pressure distributions
measured for the different model configurations are essen-
tially the same. Therefore, the present numerical simula-
tions, based on the measured pressure distributions, miss the
strong, localized disturbances induced by the step. The undu-
lations after the step of the N-factor curve, visible in Fig. 6,
are not caused by the step itself, but instead rather caused
by slight surface variations due to the integration of the TSP
layer into the pocket of the wind tunnel model (Sect. 2.1).
In practice, the procedure to calculate AN becomes analo-
gous to that presented in Wang and Gaster (2005), Crouch
et al. (2006), Crouch (2022) and Crouch et al. (2022): As
proposed in those publications, AN is obtained from the dif-
ference between the N-factors determined for the smooth
and BFS configurations, see Fig. 6. Although it appears as a
decrement in N,,, it is indeed a model for the BFS-induced
increment in disturbance amplification. According to this
method, only the far-field change in the amplification factor
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AN, compared to the smooth surface, is linked to the poten-
tial movements of the transition location.

The transition N-factors are shown as a function of H,,
for individual combinations of M and Rej in Fig. 7 and in
the bottom figures in Appendix (Figs. 16, 19, 22, 25, 28, 31,
34, 37,40, 43,46, 49, 52). The good repeatability of the
results from different wind tunnel entries can be seen also
by comparing the N-factor results of different reference con-
figurations in these figures.

In agreement with the results for gaps (Risius et al. 2023),
it was found that H,, has an appreciable influence on the
transition N-factor for an accelerated boundary layer even
in the presence of BFS. Only at larger values of the shape
factor (H,, 2 2.59) corresponding to decelerated boundary
layers, the transition N-factors were found to reach a pla-
teau. The dependency of the transition N-factor on H,, was
already mentioned by Arnal et al. (1997) for smooth surfaces
and was accounted to shortcomings of the ¢V-method as,
for instance, nonparallel effects, the receptivity process or
nonlinear mechanisms (Risius et al. 2018b).

The analysis of the different N-factor distributions
shows that, despite the change of N as a function of H),
for H;, £2.59, the step-induced AN remains essentially
uniform, i.e., independent from H,,. Thus, a uniform
AN = Nyegerence — Nytep 18 assumed. In order to quantify the
constant offset by AN, the determined slopes for all configu-
rations were averaged and plotted for the approximated range
of H,,: They are presented as solid lines with the colors of
the corresponding datasets in the bottom figures in Appendix
(Figs. 16, 19, 22, 25, 28, 31, 34, 37,40, 43, 46, 49, 52).

In order to determine the reduction of the transition
N-factor by installation of the step, a linear function is used
to approximate the dependency of the incompressible tran-
sition N-factor on H,. This approximation is carried out
separately for each step height and for each flow condition,
defined by the specific M and Re}. For each dataset, the
range of H |, used for the linear approximation was chosen
separately depending on the distribution of the data points
used, in a manner analogous to that reported in Risius et al.
(2018b, 2023).

By comparing the offset between the linear approxi-
mations, the resulting AN, caused by the installation of
the steps, are determined systematically and compared in
Sect. 3.5. It should be noted here that the analysis of AN
focuses on the favorable and zero pressure gradients, while
adverse pressure gradients are not considered.

2.6 Relative change of the transition location
and influence of the step height

The transition location can also be used to calculate the
relative variation of the transition location by the &-param-
eter (see, for example, Perraud and Séraudie (2000) and
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Costantini et al. (2015b) for the analysis of step effects, or
Crouch et al. (2022); Risius et al. (2023) for the study of
gaps). The &-parameter gives the distance from the step to
the transition location, normalized by this distance in the
absence of a step:

X — Xg

&= (D)

X710 — Xs
The transition location in the absence of a step is given by
Xrg, and in the presence of a step by x;, while the location
of the step is fixed at xg¢ = 70 mm. For values of £ = 1, the
transition position is equivalent to that of the reference con-
figuration, while for values & = 0, transition occurs directly
at the step.

The evaluation of the relative change in transition loca-
tion with respect to the step location, &, as a function of the
non-dimensional step parameters, /6, and Re,,, enables to
isolate the effect of the BFS on boundary layer transition
from the influence of the other factors, in a manner analo-
gous to that discussed for forward-facing steps in Costan-
tini (2016) and Costantini et al. (2022). As summarized in
Costantini (2016), a similar behavior was reported also for
two-dimensional roughness in the form of cylindrical wires
placed perpendicular to the incoming flow (Dryden 1953;
Tani 1961).

3 Results and discussion
3.1 The unit Reynolds number effect

As described above (Sect. 2.3), the transition Reynolds
number increases with increasing unit Reynolds number.
This observation is known as ‘unit Reynolds number effect’
and has been investigated and discussed in detail in Risius
et al. (2018b). It is known that a power relation exists with
Re; ~ (Rei‘)a"’ . The exponents of the results presented here
can be found by estimating the slopes of log(Re} ) against
log(Re,) as done, for example, for H;, = 2.55in Fig. 8. The
exponent a;; was found to vary between approximately 0.4
and 0.7. It is therefore in agreement with earlier findings,
which are in the same range (Arnal 1989; Risius et al. 2018b,
2023). It should be stressed here that the investigated Reyn-
olds number range between Re, = 17.5 x 10°and 80 x 10% is
significantly larger than those examined in previous studies
on the influence of BFS, where Re; < 5 X 10°, as discussed
in Sect. 1. It is the first time that the effect of the variation
of such a high Reynolds number on BFS-induced transition
has been investigated.

On the other hand, £ and the transition N-factor for the
BFS configurations did not present a clear dependency on
Re,. (The corresponding plots are therefore not shown.) This

result is also in agreement with the observations reported in
Costantini (2016); Costantini et al. (2022) for FFS configu-
rations and in Risius et al. (2023) for gap configurations.

3.2 Mach number influence

A comparison of the different Mach numbers (data points
with same color and different symbols in Figs. 8 and 56)
shows that even though the Mach number appears to have
an influence (increase in Re:‘r with decreasing M), this effect
remains within the measurement uncertainty for the investi-
gated configurations, in agreement with the results reported
earlier for reference (Risius et al. 2018b) and gap configura-
tions (Risius et al. 2023). It should be remarked here that a
variation of the Mach number in KRG also leads to a change
in the disturbance environment and in the model surface
temperature ratio (wall temperature/adiabatic-wall tempera-
ture). An exclusive analysis of Mach number effects can be
carried out when disturbance levels of the wind tunnel and
the wall temperature ratio are taken into account and their
influence is corrected, as discussed in Risius et al. (2018b).
In the current study, as in Risius et al. (2023), this kind of
systematic correction has not been conducted, as it requires
a large number of data points for each model configuration
and a detailed knowledge of the disturbance environment.
The latter would require details on the receptivity process
in the presence of steps, which are unknown and will result
in further uncertainties. Nevertheless, the evaluation of the
experimental results as & vs. 1/, and Re,, did enable the
isolation of the influence of BFS on boundary layer transi-
tion from the Mach number effect, as can be seen in Figs. 9
and 10.

It should be noted that the current study is also the first
systematic investigation of the Mach number influence on
BFS-induced transition. For FFS configurations, the Mach
number was also found to have no appreciable effect on the
relation between & and the non-dimensional step parameters
h/6, and Re,, (Costantini 2016; Costantini et al. 2022).

3.3 Influence of the shape factor H,, on the
&-parameter

When the experimental results are investigated by £ as a func-
tion of the non-dimensional step parameters, the impact of the
pressure gradient is essentially incorporated into the relative
change in transition location, since both x; and x; vary with
the pressure gradient. In this manner, the relation between &
and i/ 6, as well as Re, was shown to be practically independ-
ent of H|,, as can be seen in Figs. 9 and 10 and in Table 2.
This result is analogous to the findings for FFS reported in
Costantini et al. (2015b, 2016); Costantini (2016); Costantini
et al. (2018, 2022) and for cylindrical wires reported in Dryden
(1953); Tani (1961). The analysis of various investigations
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conducted in Smith and Clutter (1959) generally concluded
that ‘pressure distribution effects are of minor importance in
determining critical roughness.” However, this may hold only
when the pressure gradient is changed while remaining uni-
form in the examined region. For the airfoil investigated in Per-
raud and Séraudie (2000), a change of the angle of attack from
AoA = —6°to —1°led to a reduction of the critical step height,
probably because of the change of the pressure gradients in the
region where transition occurred. (x; and x;, may be located
in regions with different pressure gradients.) A similar aspect
should be considered for the evaluation of the two pressure
gradients (implemented by using two different models) exam-
ined in Drake et al. (2010): In particular, for the model with the
moderately favorable pressure gradient, the steps were indeed
mounted at a location immediately downstream of a region of
adverse pressure gradient. Thus, the pressure gradient was not
uniform in the investigated region (x;q — xg).

3.4 Influence of the step height on the é-parameter

In Fig. 9, the &-parameter is plotted as a function of the nor-
malized step height, i/8,. It can be seen that a relative
increase in step height compared to boundary layer thickness
h/6, leads to a larger reduction of &, as expected by the
results presented in the previous sections. The influence of
the BES generally increases with step height from 72 = 10 pm
(orange), h=20pm (yellow), h=30pm (green) to
h = 40 pm (dark-red). The observed trend can be approxi-
mated with a linear function as & = m - % + b, with the slope

m and the intercept b. The approximation is shown as a black
line in Fig. 9, and the values for m and b are summarized in
Table 2 for different shape factors. The same analysis has
been conducted for & as a function of Re;, which is shown in
Fig. 10. Both representations of the results provided good
correlations of the experimental data, except for a few outli-
ers, which are likely due to the limited amount of data at
large Reynolds numbers. Data from earlier work are also
shown in Figs. 9 and 10, as discussed below.

It should be noted in these figures that values of £ even
larger than 1 were found at small /6, and Re,,. This observa-
tion, however, should not be misinterpreted as a favorable
effect of small BFS (increasing laminar flow length as com-
pared to the reference configuration). In the current study,
the corresponding values of & are within the measurement
accuracy and are likely accounted to small differences in the
model setup inside the wind tunnel for different step con-
figurations. Since the measurements were conducted over a
time span of two years at six different wind tunnel entries, it
may be related to the resulting small variations of the flow
conditions. Furthermore, a strictly linear function may not
represent appropriately the results for the whole range of
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examined non-dimensional step parameters. For practical
applications, a condition of £ = 1for #/6;, = 0 and Re, =0
would provide a more suitable approximation of the present
data.

The quantitative relations identified in the current work
are compared in Figs. 9 and 10 with the data (Wang and
Gaster 2005; Hildebrand et al. 2020; Crouch et al. 2006)
and criteria (Nenni and Gluyas 1966) reported in the lit-
erature. (The data from Perraud and Séraudie (2000) are
not shown in the figures because of their variation in the
streamwise pressure gradient (see Sect. 3.3), but for the case
at AoA = —1° the trends would be similar to those of Wang
and Gaster (2005).) A gradual reduction in & was found in
the present work for increasing #/6, and Re,, in qualita-
tive agreement with earlier work (Perraud and Séraudie
2000; Wang and Gaster 2005; Hildebrand et al. 2020). As
described above, an appreciable impact of the BFS was
observed only above a certain step height, i.e., at approxi-
mately 2/6, > 0.17 and at Re,, > 270. The critical value of
h/&, was higher in Wang and Gaster (2005) than in the pre-
sent work, and higher values of £ were also reported in that
work for the same values of /68, (see Fig. 9). The data from
Crouch et al. (2006) show significant scatter, but appear
to range between the current results and those from Wang
and Gaster (2005). On the other hand, the present results
are quantitatively in agreement with those from Wang and
Gaster (2005) up to Re;, = 800 (with & = 0.8), whereas the
data from Hildebrand et al. (2020) showed slightly lower
values of both datasets. For Re;, > 800, higher values of &
were generally measured in the present work, as compared
to Wang and Gaster (2005) (see Fig. 10). Analogous obser-
vations hold also for the comparison with the results from
Perraud and Séraudie (2000); Hildebrand et al. (2020). The
observed differences may be due to the different ranges of
examined Mach and unit Reynolds numbers, to differences
in the disturbance environment, to variations in the pres-
sure distribution in the region between xg and x;,, and to
the actual geometry of the investigated BFS (see Costan-
tini (2016) for a detailed discussion with regard to FFS).
Dedicated experiments would be needed to clarify the main
reason for the differences in the &-values.

At this point, it should be emphasized that the step-height
Reynolds number was confirmed as an appropriate param-
eter for the description of the step impact on transition and
for the comparison of different investigations, in spite of the
information about the step location and the local boundary
layer state not contained in Re,,. This finding is in line with
other work (see, e.g., Schrauf (2018); Costantini (2016);
Costantini et al. (2022); Hildebrand et al. (2020)).

In this context, it is also interesting to note that the fit to
the data from Wang and Gaster (2005) reported in Hilde-
brand et al. (2020) also results in a & larger than 1 at small
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Fig.6 Comparison of maximum N-factor distributions as a function
of x/c for different step sizes. Transition N-factors are determined at
the measured transition location for each configuration. The flow con-
ditions are Re; =22.5x 10°m~!, M = 0.50 and H,, ~ 2.58, which
are the same as in Figs. 2 and 3. The purple dotted line marks the
location of the step at xg/c = 0.35

values of Re, (see Fig. 10). However, the considerations on
this observation discussed with regard to the current data in
Sect. 3.3 hold also for those reference data. In particular, a
condition of ¢ = 1for #/6, = 0 and Re,, = 0 may be deemed
as a more suitable approximation of the data from Wang and
Gaster (2005).

In any case, all data from the present and previous investi-
gations show significant reduction of the laminar flow length
at Re, = 900, which is the critical value for BEFS reported
in Nenni and Gluyas (1966); Schrauf (2018). In the present
work, & = 0.77 was found at Re, = 900. For flow conditions
analogous to those examined in the current and previous
investigations (Perraud and Séraudie 2000; Wang and Gaster
2005; Hildebrand et al. 2020), this value of Re,, can therefore
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Fig.7 Transition N-factors as a function of H, for different reference
configurations and step heights. The flow conditions are M = 0.50
and Re} = 22.5. The flow conditions are the same as in Fig. 4
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Fig.8 Double logarithmic plot of Reynolds number Re,, as a function
of unit Reynolds number Rej for all Mach numbers and model con-
figurations at H;, = 2.55. The legend is shown in Fig. 5

be maintained as ‘critical’ if a reduction in & by 0.2 is still
acceptable for NLF design purposes; otherwise, even tighter
tolerances may be necessary. The critical value of Re, may
be, however, higher for different boundary layer stability
situations, such as in the case of an airfoil with a long region
of accelerated flow followed by a strong adverse pressure
gradient (e.g., for shock-induced transition).
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Fig.9 The parameter £ as a function of normalized step height /4/6,
for all Mach numbers and configurations with H,, = 2.55. The two
filled red squares resemble data points collected by Wang and Gaster
(2005) at 34 m s~! with step heights of 0.25 mm and 0.4 mm, and
the filled green diamonds correspond to the measurement by Crouch
et al. (2006), while the legend for all other data points is shown sepa-
rately in Fig. 5
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Fig. 10 The parameter & as a function of step-height Reynolds num-
ber Re,, for all Mach numbers and configurations with H;, = 2.55.
The legend of the symbols is shown separately in Fig. 5. The red
line corresponds to the measured transition data by Wang and Gaster
(2005), the blue dashed line corresponds to the computational pre-
diction by Hildebrand et al. (2020), the vertical magenta dotted line
corresponds to the criterion from Nenni and Gluyas (1966), and the
filled green diamonds correspond to the measurement by Crouch
et al. (2006), while the black dash-dotted line corresponds to a linear
fit of the data in the current study
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Table 2 Slopes (m) and intercepts (b) of £ as a function of //8, and &
as a function of Re,, for different shape factors H,

H, h/é, h/é, Re,, Re;,
Slope Intercept Slope Intercept
2.30 —1.366 1.187 —3.16d-4 1.060
2.40 —1.368 1.189 —3.20d-4 1.064
2.50 —1.366 1.189 —3.29d-4 1.075
2.55 —1.353 1.176 —3.50d-4 1.089

0 0.1 0.2 0.3 0.4 0.5 0.6
h/6;

Fig. 11 Impact of the BFS on the transition N-factor, AN, plot-
ted against normalized step height, 2/6,. The legend of the symbols
is shown separately in Fig. 5. The red line corresponds to the data
by Wang and Gaster (2005), the blue dashed line corresponds to the
computational prediction by Hildebrand et al. (2020), the green dot-
ted line corresponds to the data by Crouch et al. (2006); Crouch and
Kosorygin (2020), and the black dash-dotted line corresponds to a
linear fit of the data in the current study
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Fig. 12 Impact of the BFS on the transition N-factor, AN, plotted as
a function of step-height Reynolds number, Re,,. The legend is shown
separately in Fig. 5
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3.5 Influence of the step height on the N-factor

In parallel to the study on the influence of gaps (Risius et al.
2023) also in the current investigation, the transition N-fac-
tor was assumed to be linearly dependent on H,,, which
was found to be a good approximation for H, < 2.59 (see
Sect. 2.5). Based on this approximation, it is possible to
calculate the offset in the transition N-factors by different
configurations: AN = N,.¢.rence — Npps- In the decelerated
region with H,, 2 2.59, the influence of BFS on the N-factor
cannot be quantified in terms of AN as the transition N-factor
reaches a common plateau region (see, for example, Figs. 19
and 25).

The change of the transition N-factor, AN, is shown
as a function of the relative step height /6, in Fig. 11. It
shows that an increasing step height leads to an increasing
AN. The average approximation is AN =~ 4.2-h/6, —0.71
(black dashed line), which may be used as a rule of thumb
to estimate the expected reduction of the transition N-fac-
tor for approximately #/8, > 0.17: In practice, a BFS with
40% height of the displacement thickness at the BFS loca-
tion would lead to a reduction of the transition N-factor of
AN = 1 +0.25.

In agreement with the results on the influence of gaps
(Risius et al. 2023), the transition N-factor is reduced and
AN increases almost linearly with relative imperfection size
(h/é, here, see Fig. 11). These findings are also in agree-
ment with the general trends reported by Wang and Gaster
(2005); Crouch et al. (2006); Crouch and Kosorygin (2020);
Hildebrand et al. (2020) as shown in Fig. 11. The results
from Wang and Gaster (2005), however, predict a smaller
influence of the BFS on N,,, and the results from Crouch
et al. (2006) and Crouch and Kosorygin (2020) predict a
larger influence of the BFS. The current results are closer to
the predictions by Hildebrand et al. (2020). The AN func-
tions from Wang and Gaster (2005) and Crouch et al. (2006);
Crouch and Kosorygin (2020) may therefore be used as best-
and worst-case scenarios, respectively, for the prediction of
the impact of BFS on transition. The considerations on the
negative values of AN and on the possible reasons for the
differences in AN-values are analogous to those discussed
above for ¢ and are therefore not repeated here. Neverthe-
less, it should be emphasized that the slope of the present
linear approximation curve (AN/(h/6,) =4.2) and that
from Crouch et al. (2006); Crouch and Kosorygin (2020)
(AN/(h/6,) = 4.4) are in excellent agreement, indicating a
comparable effect of the BFS on the transition N factors once
an upstream transition shift sets in.

An analysis similar to that of Fig. 11 can be performed
with AN as a function of the step-height Reynolds number,
Re,,, as shown in Fig. 12. The general trend of an increas-
ing AN with step height of the BFS, with an almost linear

dependency, can also be seen in this case. The expected
increase of AN is given by

AN =1.044 x 1073 . Re;, — 0.2844 (black dashed line),

which may also be used as a rule of thumb to estimate the
expected reduction of the transition N-factor at approxi-
mately Re;, > 270: In practice, a reduction of a transition
N-factor by AN =~ 1 + 0.25is reached at Re;, = 1230.

In summary, the current results about the dependency
of AN on step height are found to be in agreement with
the literature and extend the available data to various pres-
sure gradients and significantly larger Mach and Reynolds
number ranges. However, they focus on favorable pressure
gradients. The influence of BFS on AN was investigated for
two different pressure gradients in Crouch and Kosorygin
(2020), being obtained by placing the steps in two different
regions of the examined, non-uniform pressure distribution.
For the adverse pressure gradient region, the linear function
AN = 4.4 - h/6, provided a reasonable approximation of the
relation between AN and i/6,, while it represented a rough
upper bound to the data obtained in the favorable pressure
gradient region (with steps placed at a location upstream
of the point of indifferent stability of T-S waves). Thus, it
may be inferred that smaller values of AN were obtained
for favorable pressure gradient; however, the data presented
appreciable scatter, and the above reported considerations
(step upstream of indifferent stability point, non-uniform
pressure gradient in the investigated region x;, — xg) should
be also taken into account. The present considerations for
the examined adverse pressure gradients (see Sect. 2.5) and
the observations reported in Crouch and Kosorygin (2020)
suggest to conduct a dedicated investigation to evaluate in
more detail the applicability of the AN model for decelerated
boundary layers at the conditions considered in the present
work.

4 Conclusions

In conclusion, we may emphasize that this study shows a
systematic investigation of the effects of backward-facing
steps on transition Reynolds numbers and transition N-fac-
tors at various pressure gradients, Mach and Reynolds num-
bers. The influence of four different BFS sizes is investigated
at subsonic flow speeds at high Reynolds numbers. The
measured temperature and pressure distributions are used
as input for boundary layer calculations and linear stability
analysis. By correlation with the measured transition loca-
tions, transition N-factors are determined, and the influence
of BFS is quantified by the AN-method. The transition Reyn-
olds numbers and transition N-factors of six wind tunnel

@ Springer



88 Page 12 of 27

Experiments in Fluids (2025) 66:88

M = 0.5; Rej = 22.5

15 T T T T
§ Reference 1
5F < g Reference 3
S 4 Reference 5
4 N — — —23.89Hy, + 65.69
103 .
& |2
)
~
2.55 26~ _ 265
~
5F S~ o .
ﬁ\ﬁ\%\éj .
0 " " " " "
24 245 25 2.55 2.6 2.65 2.7

Hip

Fig. 13 Approximation of the influence of H,, on the transition Reyn-
olds number for the reference configuration, which was measured in
three different wind tunnel entries (labeled as ‘Reference 1,” ‘Refer-
ence 3’ and ‘Reference 5, where the number specifies the number
of the wind tunnel entry). The fitted averaged function is shown as
dashed black line. For better comparability, the scale of H,, and Re,,
in the main figure was chosen to be identical with the scale in the fig-
ures in Appendix (Figs. 14, 17, 20, 23, 26, 29, 32, 35, 38, 41, 44, 47,
50). A zoomed area is shown in this figure as an inset

entries of the reference configuration over two years show a
very good repeatability of the test results.

The installation of BFS with 10 pm height does not lead to
areduction of Re,, and transition N-factors within the meas-
urement accuracy. Increasing the step size to - = 20 pm,
h =30pm or & = 40 pm results in an increasing reduction
of the transition Reynolds number and transition N-factor.

The relative change in transition location with respect
to the step location (& = (x; — xg)/(x7y — X)) and the
step-induced AN is investigated as a function of the non-
dimensional step parameters //6, and Re,,. For steps with
h/é, > 0.17 and Re;, > 270, the present results are well
approximated by linear functions. The observed trends
for £ are qualitatively in agreement with earlier measure-
ments in other wind tunnels at lower Mach and unit Reyn-
olds numbers for small values of /5, whereas quantitative
agreement was found up to Re, = 800. The critical value
of Re;, = 900 reported in the literature was shown to cor-
respond to § =~ 0.8 in the present results.

The influence of the BFS on the transition N-factor was
found to be AN =4.2-h/5, —0.71, which can be used to
estimate the effect of the BFS on transition for the examined
flow conditions at approximately #/6, > 0.17. The variation
of AN in this case is similar to the results from Hildebrand
et al. (2020) and shows an intermediate impact of BFS as
compared to those reported in Wang and Gaster (2005) and
Crouch et al. (2006); Crouch and Kosorygin (2020).
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By this systematic investigation, it was found that the
Mach number has no significant influence on the transition
Reynolds number Re, under the described experimental
conditions with installed BFS, which is in agreement with
the results with gaps (Risius et al. 2023). It was found that
Re,, increases with Re;, which is known as ‘unit Reynolds
number effect.” The slope a;; of the relation Re; ~ (Re})™
was found to vary between 0.4 and 0.7, in agreement with
earlier investigations (Risius et al. 2018b, 2023). The meas-
urement at different pressure gradients allowed to com-
pare the BFS influence at different H,,. In agreement with
similar investigations on the influence of gaps (Risius et al.
2023) and forward-facing steps (Costantini 2016; Costantini
et al. 2022), the results show that the relative influence of
backward-facing steps causes a stronger reduction of Re,, at
smaller H,,, corresponding to stronger favorable pressure
gradients. Nevertheless, the evaluation of the results with
£ as a function of 4/6, and Re, enabled to isolate the effect
of the BFS on boundary layer transition, since the relations
between these parameters are shown to be essentially unaf-
fected by variations in Mach number, unit Reynolds number
and pressure gradient. This result is in line with previous
findings for FFS (Costantini 2016; Costantini et al. 2022).
It should be remarked here that the present results are valid
for examined range of parameters and boundary layer stabil-
ity situations, beyond which further investigations would be
necessary to verify the validity of the obtained correlations.

In summary, the described results, achieved at subsonic
Mach numbers and flight-relevant Reynolds numbers for
different streamwise pressure gradient, provide valuable
support for the design of laminar surfaces with transition
scenarios dominated by Tollmien—Schlichting instabilities.
The correlations of the experimental data can be used to
define appropriate maximum steps sizes and manufactur-
ing tolerances as well as to validate numerical predictions,
whereas the AN-functions can be considered in the design
process for an estimation of the impact of BES on transition.

Appendix
Details of data acquisition and analysis

The PaLASTra model was repeatedly tested in KRG with
four different step sizes in six separate measurement cam-
paigns over a time span of two years. The reference configu-
ration (without an installed step) was re-tested in each meas-
urement campaign. A good repeatability of the measured
transition locations was observed, as shown exemplarily in
Fig. 13 (for the first, third and fifth measurement campaign)
and systematically in Appendix (Figs. 14, 17, 20, 23, 26, 29,
32,35, 38, 41).
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Fig. 19 Inc. transition N-factors as a function of H,, for different ref-
erence configurations and step heights with M = 0.35, Re; = 30
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Fig.35 Re; as a function of H, for the reference configuration
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Fig. 48 Re; as a function of H, for the configurations with steps
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Fig. 56 Calculated transition Reynolds number Re,, as a function of 25 T T T T T T T
unit Reynolds number Rej for all Mach numbers and H,, = 2.55. The
purple dots mark the Reynolds number corresponding to the location
of the step. The legend is shown separately in Fig. 5 20}k 4
The transition detection was carried out with TSP over 15k + 6 1
almost the complete span at up to 300 separate spanwise . ° ¢ 3
sections by the maximal gradient technique (Costantini = ‘
et al. 2021). For each section, the maximum intensity gra- 10F g + + -
dient in flow direction was determined and marked by a red © Q 8 g T
dot which highlights the determined transition location. 8 ¥ i + |
Each TSP image in Fig. 3 shows a laminar region on the 5r ! [ ]
left (light gray) and a turbulent region on the right (dark). | 1
A turbulent wedge in the mid-span domain is caused by o ] | | | | | |
pressure taps in the spanwise center of the model, which 10 20 30 40 50 60 70 80 20
. . Rej
was excluded from transition detection. M=0.35, 0.5, 0.65: Hy» = 2.50
Side wall effects (visible at top and bottom of Fig. 3) % H H H H H H H
and turbulent wedges (in the middle of Fig. 3) caused by
surface contamination or pressure taps were excluded from »l ]
the transition detection (Risius et al. 2018b; Costantini
et al. 2021). The RMS of the variation in transition loca-
tion along the span was determined for each data point 15F -
and used to quantify the measurement uncertainty of the x5
&

transition location, which was typically within Ax/c = 1%.

In order to determine the surface temperature distribu-
tion on the upper side of the model, the TSP was calibrated
in an external calibration chamber (Egami et al. 2012) and
thermocouples integrated into the TSP layer were used to
measure reference temperatures (Risius et al. 2018b). Sur-
face temperature distributions in the streamwise direction,
which were extracted from the TSP data at five spanwise
sections, were averaged to obtain the streamwise surface
temperature profile. The measured surface temperature and
pressure distributions were then used as inputs for boundary
layer calculations, as described in Risius et al. (2018b) and
summarized in Sect. 2.4.
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Re}

Fig.57 Calculated transition Reynolds number Re,, as a function of
unit Reynolds number Rej for all Mach numbers and Hy, = 2.30 ,
2.40 and 2.50 . The purple dots mark the Reynolds number corre-
sponding to the location of the step. The legend is shown separately
in Fig. 5
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Table 3 Intercepts, 4, of configuration with 7 = 10pm as a func-
tion of unit Reynolds number and Mach number (see Eq. 2)

Re} M =0.35 M =0.50 M = 0.65
17.5

22.5 64.26

30.0 73.90
40.0 119.88
50.0 122.48 135.44
60.0 161.48
70.0 156.93
80.0 166.14

Table 4 Intercepts, &, of configuration with & =20pm as a func-
tion of unit Reynolds number and Mach number (see Eq. 2)

Re] M =0.35 M =0.50 M =0.65
17.5

225 54.95

30.0 61.69 65.64 57.72
40.0 80.31 84.51 62.29
50.0 91.42 86.04 85.13
60.0 78.98
70.0 92.67
80.0 99.53

Table 5 Intercepts, &, of configuration with 7 = 30 pum as a func-
tion of unit Reynolds number and Mach number (see Eq. 2)

Re} M =0.35 M =0.50 M =0.65
17.5 37.64

22.5 42.57

30.0 59.11 54.96 50.39
40.0 69.49 70.56 59.33
50.0 74.42 66.74 63.16
60.0 68.91
70.0 76.40
80.0 82.16

Table 6 Intercepts, &, of configuration with 7 =40pm as a func-
tion of unit Reynolds number and Mach number (see Eq. 2)

Table7 Slopes, &, ;, of configuration with 2 = 10 pm as a function of
unit Reynolds number and Mach number (see Eq. 2). For each slope,
the number of evaluated data points is given in brackets

Re! M =035 M =050 M =065
17.5

2.5 —23.33(5)

30.0 ~26.92 (2)
40.0 —44.74 (2)
50.0 —45.51(2) —50.71(3)
60.0 —60.92 (2)
70.0 —58.99 (2)
80.0 —62.53(2)

Table 8 Slopes, &, |, of configuration with 2 = 20 pm as a function of
unit Reynolds number and Mach number (see Eq. 2). For each slope,
the number of evaluated data points is given in brackets

Re M =035 M =0.50 M =0.65
17.5

225 ~19.85(5)

30.0 -22.18(3) -23.83(2) -20.82 (5)
40.0 -29.26 (3) —31.06 (2) —22.42(2)
50.0 -33.63(3) -3151(3) -31.26 (4)
60.0 -28.63(2)
70.0 -33.92(3)
80.0 -36.46 (2)

Table9 Slopes, &y |, of configuration with 2 = 30 pm as a function of
unit Reynolds number and Mach number (see Eq. 2). For each slope,
the number of evaluated data points is given in brackets

Re M =035 M =0.50 M =0.65
17.5 —13.30(5)

225 —15.14 (5)

30.0 -21.33(5) ~19.80 (7) —18.07(7)
40.0 -25.23(2) —25.76 (2) —21.43(4)
50.0 —-27.11(3) —24.13(2) -22.82(3)
60.0 —24.95(2)
70.0 —27.77(2)
80.0 -29.92 (3)

Table 10 Slopes, Ay, of configuration with &7 =40pum as a func-
tion of unit Reynolds number and Mach number (see Eq. 2). For each
slope, the number of evaluated data points is given in brackets

Re] M =0.35 M =0.50 M = 0.65 Rej M = 0.35 M =0.50 M = 0.65
17.5 33.90 17.5 -11.92(5)

225 39.76 22.5 -14.14 (5)

30.0 56.15 48.29 35.96 30.0 -20.32(7) -17.35(5) —12.63(13)
40.0 58.08 52.61 39.76 40.0 -20.97 (4) —18.94 (5) —13.99 (3)
50.0 53.00 51.99 50.0 —18.93(6)

60.0 60.0

70.0 70.0

80.0 80.0
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Fig. 58 The parameter £ as a function of normalized step height /4/6;
for all Mach numbers and configurations with H,, =2.30, 2.40 and
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Details of the transition Reynolds number analysis

The approximated linear functions described above can be
used to calculate the transition Reynolds numbers at spe-
cific shape factors. The results are shown for H;, = 2.55 in
Fig. 56 with its corresponding legend in Fig. 5. The black
symbols represent the transition Reynolds numbers meas-
ured with the reference configuration. The orange, yellow,
green and dark-red symbols indicate the transition Reynolds
numbers measured with step heights of 10 pm, 20 pm, 30 pm
and 40 pm, respectively. For comparison, the purple dots
mark the flow length Reynolds number of the step location
at xg/c = 0.35. The transition Reynolds numbers for other
calculated shape factors H, =2.30 , 2.40 and 2.50 are
shown in Fig. 57. It should be stressed here that they were
not measured directly but calculated based on the linear
approximations. This approach is very helpful to understand
general trends, as presented in the following.

It can be seen from Fig. 57 that the variation of Re; as a
function of Re is larger at smaller H,,. This effect is caused
by the stronger acceleration of the boundary layer. It results
in a weaker amplification of the T-S waves at smaller H,,
which can be observed by comparing the gradients of the
N-factor curves (Risius et al. 2023). A stronger pressure gra-
dient reduces the slope of the N-factor curves and results in
a larger difference between the transition locations. This so-
called sensitivity effect has been described before in detail
for forward-facing steps in Costantini et al. (2015b, 2016);
Costantini (2016).

The overview graphs in Fig. 56 also show a reduction of
the transition Reynolds numbers by installation of the steps.
It should be noted here that the extrapolation of the results
for very small shape factors (H;, = 2.30) and large unit
Reynolds numbers (ReT = 60 to 80) leads to a large uncer-
tainty in the calculation of the transition Reynolds number
Re; . That may result in the misleading observation of the
10 pm step configuration exhibiting a significantly larger
transition Reynolds number than the reference configuration.
However, this observation must rather be interpreted as an
increased uncertainty due to the large extrapolation range.

Details of shape factor H,, and pressure gradient
influences

Thanks to the systematic variation of the pressure gradient
and the linear approximation of the results, the present study
allows to investigate & for different values of the shape fac-
tor H,,. A comparison of the £ parameter for different H, is
shown in Fig. 58 (as a function of /4,) and in Fig. 59 (as a
function of Re,). It can be seen that the values of the linear

approximation m and b are very similar for different shape
factors H, =2.30,2.40,2.50 and 2.55 (Table 2).

A clear trend cannot be observed when the £ parameter
is plotted as a function of //6, for different H,, (Fig. 58).
However, a slight increase of £ with H|, can be seen, when &
is investigated as a function of Re,, (see Fig. 59 and Table 2).
Within the measurement accuracy, these results are in agree-
ment with earlier results for forward-facing steps (Costantini
et al. 2022) and with results for gaps (Risius et al. 2023),
where a small systematic influence of the shape factor on &
was detected.

It is interesting to note that the values for slope and inter-
cept remain similar for different H |, (see Table 2), while the
scattering of the data points decreases with increasing H,
(see Figs. 58 and 59). This trend can be explained by the
larger amount of measurement data at larger H |, leading to
a smaller uncertainty.

The shown N-factor distributions exhibit a plateau
for decelerated boundary layers with H, 2 2.59 (see
Fig. 7). For accelerated and neutral boundary layers with
H,, £2.59, where the pressure gradient is close to zero,
the transition N-factors decrease almost linearly with shape
factor H,,. This finding is in agreement with the results
reported in Risius et al. (2018b, 2023). It is shown in Fig. 7
and in the bottom figures in Appendix (Figs. 16, 19, 22, 25,
28, 31, 34, 37,40, 43, 46, 49, 52) that the influence of
the pressure gradient on the transition N-factors is similar
for all BFS configurations as on the reference configuration
for H;, < 2.59.

Details of unit Reynolds number influence

The influence of the unit Reynolds number, Re, on the tran-
sition Reynolds number, Re,,, and the transition N-factor
is reported in detail in Risius et al. (2018b) for the refer-
ence configuration and in Risius et al. (2023) for the gap
configuration. The general trend of an increasing Re,, with
increasing Re; was also found in the current investigation of
backward-facing steps (see Figs. 8 and 56, 57).

Details of Mach number influence on the N-factor

The Mach number M shows no systematic influence on the
relative reduction of the transition N-factor, at least in the
examined Mach number range (Fig. 53). This result is in line
with the findings reported in Sect. 1, in which no appreci-
able influence of the Mach number on transition Reynolds
number and on & was observed. It is also in agreement with
the results reported earlier for gap configurations (Risius
et al. 2023).

@ Springer
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Details of step-height influences

As expected, in general increasing normalized step height
h/é, and step-height Reynolds number Re,, lead to an increas-
ing reduction of the laminar flow length, corresponding to a
smaller Re,, (Fig. 56). However, the results (Figs. 3 and 4)
also show that this observation is only true for backward-fac-
ing steps with 42 > 10 pm. These observations are consistent
for all investigated Mach and Reynolds numbers, as shown
in the middle figures in Appendix (Figs. 15, 18, 21, 24, 27,
30, 33, 36, 39, 42, 45, 48, 51).

Repeatability of wind tunnel entries and flow
quality

As described in Sect. 2.3 and Risius et al. (2018b, 2023),
the measurements were conducted over a time span of
two years in six different measurement campaigns. Dur-
ing this period, the model was reassembled several times
and the reference configuration was repeatedly tested in
each wind tunnel entry. The good repeatability of the data
can be seen by comparing the reference data of differ-
ent measurement campaigns (Figs. 13, 14, 17, 20, 23,
26, 29, 32, 35, 38, 41). The same good repeatability
was observed for the configuration with gaps (Risius et al.
2023).

The total temperature turbulence level, TuTO, in the center
of the test section, is lower than 0.04 % at Mach number
M = 0.8, unit Reynolds number Re; = 30 x 10°m~! and
charge temperature 7, =~ 282 K, and it decreases with lower
Mach numbers?. The mass flux turbulence level?, Tu o> in the
center of the test section is approximately 0.06% at M = 0.8,
T, ~ 283K and 30 x 10° < Re; < 77 x 10® m~Y; it increases
slightly at lower Mach numbers, but remains smaller than
0.08% (Koch 2004).

Uncertainties of measured parameters

The uncertainties of the measured parameters are similar
to the ones discussed in Risius et al. (2018b, 2023). Uncer-
tainties of the transition Reynolds number and of the pres-
sure gradient parameter are in the range of (Re)rys ~ 0.5
and (Hy,)rms = 0.01, which correspond to relative errors
of about 5% and 0.5%, respectively. The maximal relative
uncertainty of & can be estimated to be about 7%, which
also corresponds to an absolute maximal error of A& = 0.07.

In this context, it should be noted that the indirectly
calculated values of Re’ as shown in Figs. 56, 57 and 8
depend on the chosen value of H,. For a value of H,, close
2 The turbulence level of a quantity x is defined as
Tu, = \/(x — X2 /% = xgys /%> Where X is the temporal average of x and
Xrus 18 the RMS of the fluctuations.
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to the measured data points, the extrapolation error is rather
small, while it is larger, when a rather distant value of H,,
is chosen.

The step height was measured with a profilometer at sev-
eral instances along the span, and a detection of the steps
sizes was carried out. From these instances, the mean and
the standard deviation were calculated and found to be in
the range of 5 pm.

The uncertainty of the derived parameter //6, can be
estimated from Figs. 9, 11 and 58 to be in the range of
A(h / 51) ~ 0.05. The variation of the step-height Reynolds
number can be estimated from Figs. 10, 12 and 59 to be
ARe;, = 250. By comparison with Figs. 58 and 59, it can be
noted that the scattering of the data decreases with increas-
ing shape factor. This observation can on the one hand be
explained by the increasing amount of data points at larger
H,, and on the other hand by the decreasing influence of
the BFS on the transition locations with increasing H,
(Figs. 4, 15, 18, 21, 24, 27, 30, 33, 36, 39, 42, 45, 48, 51).

Summary of further datasets

The following datasets consist out of three parts. The first
part shows the detailed results for each flow condition in a
series of three succeeding images. The first image on top
shows the transition Reynolds number of reference configu-
ration at different wind tunnel entries (labeled as Reference
1-6). The individual results of the reference configurations
are combined to give a linear reference function shown as
dashed black lines in the top figures.

The second images in the middle show also the results of
the reference configuration marked with black dashed lines.
The purple dotted horizontal line marks the transition Reyn-
olds number which corresponds to the location of the BFS at
xg/c =0.35with Re, = xg - Re,. In the middle between the
boundaries given by the reference configuration and the BFS
location, the measured transition Reynolds numbers of dif-
ferent BFS configurations are shown by orange (2 = 10 pm),
yellow (h = 20 pm), green (h = 30 pm) and red (A = 40 pm)
lines.

The last image at the bottom shows the corresponding
results of the transition N-factors. In the ranges of H,, where
a linear increase in the transition N-factor was observed, a
linear function with an average slope was fitted to the results.
The offset between the different linear approximations was
used to determine the value of AN used for the analysis in
Sect. 3.5.

The second part of Appendix contains Figs. 53, 54, 55, 56
and 57 as well as Tables 3,4, 5, 6,7, 8,9 and 10 of the fitted
linear approximations with intercepts, &, , and slopes, 7;; |,
of Eq. 2 for each BFS configuration. Following the analy-
sis of Risius et al. (2018b) and Risius et al. (2023), it was
found that the transition Reynolds number increases almost
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linearly with a more pronounced favorable pressure gradi-
ent, corresponding to a shape factor decrease, as shown in
Fig. 13 for M = 0.5and Re] = 22.5 (chord Reynolds number

Re, = 4.5 x 10°.). Consequently, a linear function
Ref =Ry - Hip + by )

with an intercept, /;; 5, and a slope, h;; ;, was fitted through
the data for each combination of Mach and Reynolds num-
ber (shown by solid lines of the corresponding colors in
Fig. 13).> Average slopes and intercepts were then calcu-
lated, and the fitted functions are shown as dashed lines in
the corresponding figures. The measurement uncertainty of
Re; is in the range of the symbol size or below. The aver-
age coefficients Ay o and h;; | are summarized for all cases in
Risius et al. (2023).

In general, it was also found for the configuration with
BFS that an increasing unit Reynolds number leads to
an increasing transition Reynolds number (Fig. 54 and
Tables 3, 4, 5 and 6) and an increasing unit Reynolds num-
ber leads to a decreasing slope (Fig. 55 and Tables 7, 8, 9
and 10).

Exceptions from these general trends may be accounted
to the limited measurement accuracy. Furthermore, the basis
for this extrapolation at high Mach and Reynolds numbers
are only a few data points. However, it should be stressed
that the observed scattering of the intercept for different
Mach numbers at Re; = 30, 40 and 50 is approximately
ARe; =~ 20 and based on a significant extrapolation of the
measurement data.

The third part of Appendix shows a comparison of the &
parameter for different H,, in Fig. 58 as a function of //§,
and in Fig. 59 as a function of Re,,. This comparison is made
possible by the systematic variation of the pressure gradi-
ent and the linear approximation of the results. As already
stated, the scattering of the data decreases with increasing
shape factor, which can on the one hand be explained by the
increasing amount of data points at larger H,, and on the
other hand by the decreasing influence of the BFS on the
transition locations with increasing H,.
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