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Abstract
Systematic experimental investigations on the influence of deep gaps on the location of laminar–turbulent transition are 
reported. The tests were conducted in the Cryogenic Ludwieg–Tube Göttingen, a blow-down wind tunnel with good flow 
quality, at eight different unit Reynolds numbers ranging from Re

1
= 17.5 × 106 m−1 to 80 × 106 m−1 , three Mach num-

bers, M = 0.35 , 0.50 and 0.65, and various pressure gradients. A flat-plate configuration, the extended two-dimensional 
wind tunnel model PaLASTra was modified in order to allow the installation of gaps with nominal widths of 30 μ m, 100 μ m 
and 200 μ m and a depth of d = 9mm . A maximum Reynolds number based on the gap width Re

w
= Re

1
⋅ w ≈ 16,000 was 

reached. Transition Reynolds numbers ranging from Re
tr
≈ 1 × 106 to 11 × 106 were measured, as a function of gap width, 

pressure gradient and Mach and Reynolds number. This systematic investigation facilitates a linear approximation of Re
tr
 

dependent on the boundary layer shape factor H
12

 for various flow conditions and gap widths. It was therefore possible to 
conduct an investigation of Re

tr
 depending on Re

1
 and the relative change of the transition location depending on the gap 

width w. Incompressible linear stability analysis was used to calculate amplification rates of Tollmien–Schlichting waves 
and determine critical N-factors by correlation with measured transition locations. The change in the critical N-factor �N by 
installation of the gap is investigated as a function of w and Re

w
 . It was found that a gap width of 30 μ m reduces the critical 

N-factors in the range of �N ≈ 0.5 ± 0.25 , while gap widths of 100 μ m and 200 μ m reduce the critical N-factor in the range 
of �N ≈ 1.5 ± 1 . Interestingly, an increase in gap width from 100 to 200 μ m was not found to induce smaller transition 
Reynolds numbers or reduced N-factors, which might be due to resonance effects.

1  Introduction

Fuel consumption of commercial transport aircraft can be 
reduced significantly by natural laminar flow (NLF) technol-
ogy (Schrauf 2005). Over the last years laminar flow investiga-
tions have also received increasing attention from wind turbine 
manufacturers (Traphan et al. 2015; Reichstein et al. 2019).

It is well known that small surface imperfections, such 
as steps and gaps, can reduce laminar flow lengths signifi-
cantly, which makes it necessary to define manufacturing 
and operating tolerances for NLF airfoils (Holmes et al. 
1986; Arnal 1992; Masad and Nayfeh 1992; Wang and 

Gaster 2005; Forte et al. 2015; Zahn and Rist 2015; Cos-
tantini et al. 2015b, 2016). Steps have been examined in 
various publications (see e.g. Perraud and Séraudie (2000); 
Wang and Gaster (2005); Crouch et al. (2006); Crouch and 
Kosorygin (2020); Edelmann and Rist (2015); Costantini 
(2016); Costantini et al. (2015b, 2016); Rius-Vidales and 
Kotsonis (2021)). In contrast gaps have been the focus of 
fewer studies. With respect to steps, in which the step height 
is the main geometric parameter to be examined (Costantini 
et al. 2015b), two parameters have to be considered in the 
study of gap effects on boundary-layer transition: the gap 
width w and the gap depth d. Most work focused on isolated, 
sharp-edged gaps, placed perpendicularly to a two-dimen-
sional freestream without suction through the gap. Gaps with 
rounded edges were examined e.g. in Franco et al. (2018), 
Tocci et al. (2021a) and Tocci et al. (2021b), whereas the 
application of suction through the gap for transition delay 
was considered even in in the presence of steps in Zahn and 
Rist (2017) and Dimond et al. (2019, 2020, 2021). The influ-
ence of a suction region upstream of a gap was investigated 
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experimentally for example by Hensch et al. (2019) and 
Methel et  al. (2022). Swept boundary layers studied in 
ONERA experiments were summarized in Beguet et al. 
(2017), whereas gaps in a three-dimensional configuration 
relevant for hybrid laminar flow control at flight conditions 
were examined by Franco et al. (2021).

The first experimental investigation on the influence 
of gaps on laminar–turbulent transition was conducted 
by Nenni and Gluyas (1966) who proposed a transition 
criterion based on the Reynolds number calculated with 
the gap width w. According to their findings transition 
occurs earlier at a ‘critical’ gap-width Reynolds number of 
Re

w
= U∞ ⋅ w∕� = 15,000 . However, the term ‘critical’ is 

not well defined and very little detailed information about 
the experiments is known.

In the following subsections the results of earlier inves-
tigations with help of the �N method (Sect. 1.1) and Direct 
Numerical Simulations (DNS) are presented (Sect. 1.2), 
and also the motivation for the current study is described 
(Sect. 1.3).

1.1 � The �N method

In two-dimensional laminar boundary layers developing on 
smooth surfaces in low-disturbance environment, Tollm-
ien-Schlichting (T-S) waves are the dominant instability 
mechanism leading to transition. According to linear stabil-
ity theory, the T-S waves grow exponentially in the linear 
amplification regime (Schlichting et al. 2006). The ratio 
between the T-S wave amplitude A at a streamwise posi-
tion x and the initial amplitude A0 at the initial position x0 
is given by A∕A0 = e

N , where N is the so-called amplifica-
tion factor. Based on linear stability theory, the eN method 
assumes that transition occurs when a critical N-factor N

tr
 is 

reached (van Ingen 1956; Smith and Gamberoni 1956). The 
critical N-factor N

tr
 is typically determined via correlation of 

the results of linear stability computations with experimen-
tal transition data. In a manner similar to that proposed for 
steps (Wang and Gaster 2005; Crouch et al. 2006; Edelmann 
and Rist 2015) a �N method was also considered to model 
the effect of gaps on boundary-layer stability (Beguet et al. 
2017; Crouch 2022; Crouch et al. 2022). In the presence of 
steps or gaps, the �N method models the additional ampli-
fication of the T-S waves caused by the imperfection as an 
increase of the N-factor ( �N ) as compared to the N-factor 
of the smooth surface.

Experimental and numerical studies conducted at 
ONERA in subsonic flows on a flat plate and on airfoils are 
summarized in Beguet et al. (2017). They give a detailed 
description of the �N  method and differentiate between 
�Npeak and �Nfar . Hereby, �Npeak represents a drastic ampli-
fication shortly downstream of the roughness, which leads 
to an increase of T-S waves with high frequencies. �Nfar 

represents a shift from the reference N-factor curve by 
amplifying low-frequency T-S waves over a wide chordwise 
extent, which induces a progressive upstream movement of 
the transition position. Beguet et al. (2017) show promising 
results of the �N method to predict the influence of gaps. 
However, they state that they found it difficult to treat deep 
gaps due to convergence issues of the laminar Navier–Stokes 
solver; they also stress the missing experimental verification 
of the �N method at flow velocities larger than M = 0.3 as 
well as the necessity to investigate pressure gradient effects.

Crouch et al. (2022) and Crouch (2022) recently investi-
gated gaps with different depth to width ratios d/w mounted 
on a flat plate in a low-speed flow with an imposed pressure 
distribution. Two different pressure gradients (favourable 
and adverse) were examined by varying the gap position 
while keeping the pressure distribution unchanged. Based 
on their results they develop a model which describes the 
change of the limiting N-factor as a function of depth and 
width of the gap. In line with earlier work on steps (Wang 
and Gaster 2005; Crouch et al. 2006; Crouch and Kosorygin 
2020) the gap-induced increment �N was modelled as a uni-
form offset, which was determined by correlating the N-fac-
tor distributions for the reference (i.e. smooth) surface with 
the transition locations measured with gaps. They found a 
dependency of �N on the gap width ( w∕�1 ) and depth ( d∕�1 ) 
normalized by the boundary-layer displacement thickness 
at the gap location �1 computed in the absence of the gaps. 
While for shallow gaps with d∕w < 0.028 the variation of 
the N-factor was observed to depend only on the gap depth, 
�N  depends exclusively on gap width for deep gaps. The 
results obtained in the two different pressure gradients were 
shown to be in reasonable agreement, with a bias towards 
smaller �N  values in the case of the favourable pressure 
gradient.

1.2 � Direct numerical simulations at a single Mach 
number

Zahn and Rist (2015) carried out Direct Numerical Simu-
lations of a laminar flow over a gap at a Mach number of 
M = 0.6 at zero pressure gradient. Excitation of acoustic 
waves was observed inside the gap, in a manner similar to 
that of acoustic waves occurring in organ pipes. They found 
that in deep gaps with w∕d ≪ 1 and a width much smaller 
than the wave length of the incoming (original) T-S waves, 
the standing wave inside the gap leads to the generation of 
new T-S waves downstream of the gap, which may interact 
with the original T-S waves and cause a change of the transi-
tion location. Depending on the gap depth, the impact of the 
gaps on boundary-layer transition was predicted to be either 
significant or negligible. The change of the T-S amplifica-
tion for different gap depths was explained with both the 
resonance effect inside the gap and the superposition of the 
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original T-S waves with the gap-generated, new T-S wave. 
Zahn and Rist (2015) considered only one gap width and 
conclude that other gap widths should be investigated, which 
might lead to different values of �N.

1.3 � Motivation and features of the current study

Except for the last cited publications, most earlier experi-
mental studies considered low-speed boundary layers 
( M < 0.3 ) at relatively small unit Reynolds numbers 
( Re1 < 5 × 106 m−1 ) and relatively shallow gaps ( d∕w < 1 ). 
Moreover, most earlier work examined flat-plate configura-
tions at zero pressure gradient. Beguet et al. (2017) explic-
itly state that the pressure gradient effect should be further 
investigated as well as the effects of compressibility and of 
larger gap depths ( d∕w > 1).

This study investigates the influence of sharp edged gaps 
with a depth of 9 mm which are more than 45 times deeper 
than their width. The w/d-ratio is therefore much smaller 
than unity. As compared to previous work, the present gaps 
may be considered as ‘very deep.’ Nevertheless, they are rel-
evant for aircraft configurations as an imperfect joint of wing 
parts (e.g. by integration of high-lift devices) may be similar 
to the gaps considered here. The influence of gap width on 
the transition location is systematically investigated for three 
different gap widths, three different subsonic Mach numbers 
( M = 0.35, 0.50 and 0.65), eight unit Reynolds numbers in 
the range of Re1 = 17.5 × 106 m−1 to 80 × 106 m−1 and dif-
ferent streamwise pressure gradients. This study focuses on 
favourable pressure gradients, which are the most relevant 
for NLF surfaces. Nevertheless, also zero and adverse pres-
sure gradients are examined. The nominal widths of the gaps 
are w = 30 μ m, 100 μ m and 200 μ m. The boundary layer 
thickness at the gap location in the absence of the gap var-
ies between �1 ≈ 45 μm and 116 μ m. That results in nor-
malized gap widths that vary between w∕�1 ≈ 0.34 to 4.02, 
which correspond to a gap-width Reynolds number in the 
range of Re

w
= (U∞w∕�) ≈ 670 to 16120. The gap depth 

of all cases is d = 9mm , resulting in a width-to-depth ratio 

of w∕d ≈ 3.9 × 10−3 to 22 × 10−3 (depth-to-width ratio of 
d∕w ≈ 44.9 to 257.9), as shown in detail in Table 1.

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. gap-free) 
surface reported by Risius et al. (2018b). Compared to ear-
lier investigations of the influence of gaps on the transition 
location, this systematic approach allows a quantification 
of the effect of the gap in terms of the transition Reynolds 
number as a function of non-dimensional gap parameters, 
pressure gradient parameters (characterized here by the 
incompressible shape factor) and the unit Reynolds number 
for different Mach numbers.

In parallel to Risius et al. (2018b), also boundary layer 
calculations and a linear stability analysis were performed 
on the basis of the pressure and temperature distributions 
measured on the investigated surface. This approach allowed 
to obtain the distributions of the amplification factors of T-S 
waves and thus the determination of the gap-induced �N , 
following the procedure proposed by Crouch (2022); Crouch 
et al. (2022), i.e. via correlation of the computed N-factor 
distributions with the transition locations measured in the 
experiments with and without gaps.

The investigated gap dimensions were chosen for two 
reasons. On the one hand, the three examined gap widths 
allowed the achievement of an overlap in the non-dimen-
sional gap parameters ( w∕�1 , Rew ) for different dimensional 
gap widths w by varying the unit Reynolds number (see 
Sect. 4). On the other hand, the investigated gap dimen-
sions (in non-dimensional terms) are representative for the 
size of the gaps that may occur on commercial transport 
aircraft wings, and thus enable the transfer of the knowl-
edge gained in fundamental research to applied aerodynam-
ics. In the case of a single-aisle, mid-range subsonic trans-
port aircraft, the mean aerodynamic chord length is about 
4–4.2 m (EASA 2017, 2023), which is about 20 times the 
chord length of the investigated wind tunnel model. Mul-
tiplication of the nominal gap dimensions with a factor of 
20 leads to a gap depth in the range of about 18 mm, while 
the corresponding gap widths would be about 0.6 mm, 
2 mm and 4 mm at the wing of the aforementioned trans-
port aircraft.

2 � Materials and methods

The experimental setup, the boundary-layer flow and the 
numerical analysis will be described in this section. It is kept 
as short as possible, while further information can be found 
in the cited literature below.

Table 1   Characteristic parameters of the investigated gaps in this 
study

Nominal gap width 30 μm 100 μm 200 μm

Real gap width: w [ μm] 34.9 105.1 200.5
w/d 0.0039 0.0117 0.0223
d/w 257.9 85.6 44.9
w∕�

1
≈ 0.34–0.78 0.91–2.03 1.75–4.02

d∕�
1
≈ 86–200 78–174 78–180

Re
w
∕103 ≈ 0.67–3.07 1.93–8.10 3.52–16.12

Re
d
∕103 ≈ 172–793 165–694 158–724
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2.1 � The Cryogenic Ludwieg–Tube Göttingen

The experiments were performed in the transonic Cryogenic 
Ludwieg-Tube Göttingen (KRG) (Rosemann 1997; Koch 
2004). The blow-down wind tunnel is operated intermit-
tently with gaseous nitrogen as driving gas and has good 
flow quality. The total temperature turbulence level1, Tu

T0
 , 

in the centre of the test section, is lower than 0.04 % at Mach 
number M = 0.8 , unit Reynolds number Re1 = 30 × 106 m−1 
and charge temperature T

c
≈ 282K , and it decreases with 

lower Mach numbers. The mass flux turbulence level1, Tu
�u

 , 
in the centre of the test section is approximately 0.06% at 
M = 0.8 , T

c
≈ 283K and 30 × 106 < Re1 < 77 × 106 m−1 ; 

it increases slightly at lower Mach numbers, but remains 
smaller than 0.08% (Koch 2004). In order to guarantee an 
interference-free flow around the wind tunnel model, the 
upper and lower test section walls were adapted (Rosemann 
1997). The uncertainties in the inflow Mach and Reynolds 
numbers in the present work were within M = ±0.002 and 
Re1 = ±0.25 × 106 m−1 . In blow-down cryogenic facilities, 
like KRG, a negative temperature step occurs due to expan-
sion of the gaseous nitrogen after opening the fast-acting 
valve. The resulting impact of the non-adiabatic thermal 
boundary condition at the model surface was investigated 
in detail by Costantini et al. (2015a, 2018) and integrated 
into the boundary layer calculations (Risius et al. 2018b).

2.2 � The PaLASTra wind tunnel model

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 
and bolts integrated into the model (see Fig. 1). This spe-
cific manufacturing of the model allows the installation of 

gaps with high accuracy into the model between the front 
and the main part at x

G
∕c = 0.35 of the upper surface. Dur-

ing the first measurement campaigns only the front and the 
main part 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).

The model cross section was designed to achieve a nearly 
uniform streamwise pressure gradient on the model upper 
surface, which is the one of main interests in this work. In 
Risius et al. (2018b), the computed profile of the normal-
ized streamwise velocity component was compared at dif-
ferent flow conditions, and an almost self-similar boundary-
layer profile was found downstream of x∕c = 5% , under the 
assumption of complete laminarity.

In order to assure the correct installation of the gap with 
minimal variation, the gap width was measured systemati-
cally along the span with a profilometer. The standard devia-
tion of the measured gap widths is in the range of 5 μ m. 
As reported in Table 1, the nominal gap widths of 30 μ m, 
100 μ m and 200 μ m deviate slightly from the actual gap 
widths of 34.9 μ m, 105.1 μ m and 200.5 μ m. The actual gap 
widths are considered for the evaluation of the gap-width 
parameters (w/d, Re

w
 , etc.), while the nominal gap widths 

are used throughout the article to refer to the different model 
configurations.

In earlier studies a flow through the model has been used 
to investigate the influence on laminar turbulent transition of 
boundary-layer suction through the gap (Dimond et al. 2019, 
2020, 2021). However, in the setup used in this study an 
inner flow was prevented by a tight installation of the com-
plete shim and additional sealing at the bottom of the model.

2.3 � Measurement of the pressure distribution

The model was equipped with a row of pressure taps to 
measure the surface pressure distribution (Costantini et al. 
2015b; Costantini 2016; Costantini et  al. 2016, 2018; 
Dimond et al. 2019; Risius et al. 2018a). Typical pressure 
distributions of the upper side of the modified PaLAS-
Tra model are shown in Figs. 2 and 3 for different model 
configurations. As introduced above, the pressure gradient 
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 distri-
bution, which are due to the connection between the model 
parts (Costantini et al. 2015b; Costantini 2016; Costan-
tini et al. 2018). However, it can be observed in Figs. 2 
and 3 that the pressure distributions of all gap widths are 

Fig. 1   Side view of the PaLASTra model with three parts. The gap is 
located between the front and the main part at xG∕c = 0.35 . The orig-
inal chord length of c = 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)

1  The turbulence level of a quantity x is defined as 

Tu
x
=

√

(x − x)2∕x = x
RMS

∕x , where x is the temporal average of x 
and x

RMS
 is the RMS of the fluctuations.
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almost identical to the pressure distributions of the refer-
ence configuration, provided that the flow conditions are 
reproduced. It should be emphasized here that the spatial 
resolution of the surface pressure measurements was not 
sufficient to measure the very strong pressure gradients 
occurring in close proximity of the gaps (Zahn and Rist 
2015; Beguet et al. 2017). In fact, the slight variation of 
the pressure distribution in Fig. 2 is not due to the installa-
tion of the gaps, but mainly caused by the slight variation 
in the test conditions between the different runs. However, 
due to the systematic variation of the angle-of-attack at 

each flow condition, a linear approximation was able to 
compensate for these small deviations as described in 
Sect. 3.1.

2.4 � Temperature‑sensitive paint measurement

Non-intrusive global measurement of the surface tempera-
ture distribution was carried out using a Temperature-Sen-
sitive Paint (TSP) to optically measure the surface tempera-
ture distribution—and thus boundary-layer transition—on 
the model upper surface (Liu et al. 2021). TSP formulation, 
surface quality, acquisition and evaluation of the TSP images 
were already described (Ondrus et al. 2015; Costantini et al. 
2018; Risius 2018). After the first measurement campaign 
the optical setup was improved: in particular, enhancements 
were made in the data acquisition by installation of new 
LEDs to illuminate the TSP, leading to an increased tempo-
ral resolution and signal-to-noise ratio (SNR) of TSP result 
images (Risius et al. 2015). Furthermore, a new camera 
setup was developed; it was used during the later entries 
of the PaLASTra model and enabled increased spatial reso-
lution, temporal resolution and SNR in the result images 
(Risius 2014, 2018). The effect of the improved optical setup 
can be seen by comparing the first transition result on the 
very left of Fig. 4, which was taken with the old optical 
setup, and the three results on the right of Fig. 4, which were 
acquired with the improved optical setup and show a better 
signal-to-noise ratio.

Each TSP image in Fig. 4 shows a laminar region on the 
left (light grey) and a turbulent region on the right (dark). A 
turbulent wedge in the mid-span domain is caused by pressure 
taps in the span-wise centre of the model, which was excluded 
from transition detection. The measured transition locations are 
x
T
∕c = 92.0 %, 86.5 %, 77.2 % and 76.5 % (from left to right).
The transition detection was carried out over almost the 

complete span at up to 300 separate spanwise sections by 
the maximal gradient technique (Costantini et al. 2021). For 
each section the maximum intensity gradient in flow direc-
tion was determined and marked by a red dot which high-
lights the determined transition location. Side wall effects 
(visible at top and bottom of Fig. 4) and turbulent wedges 
(in the middle of Fig. 4) caused by surface contamination 
or pressure taps were excluded from the transition detection 
(Risius et al. 2018b; Costantini et al. 2021). The RMS of 
the variation in transition location along the span was deter-
mined for each data point and used to quantify the meas-
urement uncertainty of the transition location, which was 
typically within �x∕c = 1 %.

The series of TSP results shown in Fig. 4 were obtained 
for different gap widths. The result image of the reference 
configuration can be seen on the very left of the series in 
Fig. 4. In this case the transition location is close to the end 
of the model (with x

T
∕c = 92.0% ) and it moves upstream 

0 0.2 0.4 0.6 0.8 1
-0.5

-0.4

-0.3

-0.2

-0.1

0

Fig. 2   Exemplary distribution of pressure coefficient, cp , on model 
upper side at Re

1
= 17.5 × 106 m−1 , M = 0.35 , H

12
≈ 2.6 with an 

angle-of-attack of −1.0◦

0 0.2 0.4 0.6 0.8 1
-0.5

-0.4

-0.3

-0.2

-0.1

0

Fig. 3   Exemplary distribution of pressure coefficient, cp , on model 
upper side at Re

1
= 50 × 106 m−1 , M = 0.65 , H

12
≈ 2.5 with an 

angle-of-attack of −3.5◦



	 Experiments in Fluids (2023) 64:174

1 3

174  Page 6 of 29

in three TSP images on the right with increasing gap sizes. 
However, the transition locations for w = 100 μm (with 
x
T
∕c = 77.2% ) and w = 200 μm (with x

T
∕c = 76.5% ) are 

very similar and are overlapping when the measurement 
uncertainties are considered. This observation for these two 
gap widths is common to all examined flow conditions and 
will be discussed later in this work.

In order to determine the surface temperature distribution 
on the upper side of the model, the TSP was calibrated in an 
external calibration chamber (Egami et al. 2012) and thermo-
couples integrated into the TSP layer were used to measure 
reference temperatures (Risius et al. 2018b). Surface temper-
ature 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 

Fig. 4   TSP results on model upper side for four configurations with 
w = 0 μ m, 30 μ m, 100 μ m and 200 μ m (from left to right). The flow 
direction is from left to right, and the flow conditions are the same 
as in Figs. 2 and 5. The red dots indicate the detected transition loca-
tions by the maximal gradient technique at the undisturbed flow loca-
tions for each span-wise location (Costantini et al. 2021). The whit-

ened strips indicate metallic surfaces of the model where no TSP had 
been applied or locations where optical artefacts prohibit the detec-
tion of the transition location. Markers indicating every 10% chord are 
visualized by thin white lines on the starboard side. The resolution of 
the images is due to different optical setups as described in the text 
below

0 0.2 0.4 0.6 0.8 1
0

2

4

6

8

10

Fig. 5   Comparison of maximum N-factor distributions as a function 
of x/c for different gap sizes. Critical N-factors are determined at the 
measured transition location for each configuration. The flow condi-
tions are Re

1
= 17.5 × 106 m−1 , M = 0.35 and H

12
≈ 2.6 , which are 

the same as in Figs. 2 and 4. The purple dotted line marks the loca-
tion of the gap at xG∕c = 0.35

0 0.2 0.4 0.6 0.8 1
0

2

4

6

8

10

Fig. 6   Comparison of maximum N-factor distributions as a 
function of x/c for different gap sizes. The flow conditions are 
Re

1
= 50 × 106 m−1 , M = 0.65 and H

12
≈ 2.5 , which are the same 

as in Fig. 3. The purple dotted line marks the location of the gap at 
xG∕c = 0.35
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were then used as inputs for boundary layer calculations, as 
described in Risius et al. (2018b) and summarized in the next 
section.

2.5 � Boundary layer computations and stability 
analysis

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 ( �1 ) and momentum 
thickness ( �2 ) of the laminar boundary layer. The average 
incompressible shape factor, H12 = �1∕�2 , was determined 
by averaging the incompressible shape factor curve between 
24% < x∕c < 90% , in order to characterize the boundary 
layer velocity profile for varying streamwise pressure gra-
dient. The selection of the incompressible shape factor as 
pressure gradient parameter is motivated in Risius et al. 
(2018b). H12 can be also used to calculate other pressure 
gradient parameters, such as the Hartree parameter (in the 
present case: �

H
= −0.687 ⋅ H12 + 1.810 ). A smaller value 

of H12 corresponds to a stronger favourable pressure gradient 
and a larger �

H
 , leading to an accelerated boundary layer.

Amplification factors of T-S waves for the computed 
boundary layer were determined by means of LILO 
(Schrauf 2006). Based on the findings of Risius et al. 
(2018b), the incompressible N-factors are considered 
in the present analysis. This choice is also discussed 
in Sect.  5. The amplification factor N is determined 
by the envelope strategy, which uses the most ampli-
fied T-S wave at each transition location. According to 
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Fig. 7   Approximation of the influence of H
12

 on the transition Reyn-
olds number for the reference configuration, which was measured in 
two different wind tunnel entries (labelled as ‘Reference 1’ and ‘Ref-
erence 5,’ where the number specifies the number of the wind tun-
nel entry). The fitted averaged function is shown as dashed black line. 
For better comparability the scale of H

12
 and Retr in the main figure 

was chosen to be identical with the scale in the figures in Appendix 
(Figs. 21, 24, 27, 30, 33, 36, 39, 42, 45, 48, 51, 54, 57). For better 
comparability a zoomed area is shown in this figure as an inset

Table 2   Intercepts, h
II,0

 , of reference configuration as a function of 
unit Reynolds number and Mach number (see Eq. II)

Re
∗
1

M = 0.35 M = 0.50 M = 0.65

17.5 44.77
22.5 65.69
30.0 83.28 72.70 76.08
40.0 94.88 107.36 110.23
50.0 118.81 123.36 130.14

Table 3   Slopes, h
II,1

 , of reference configuration as a function of unit 
Reynolds number and Mach number (see Eq. II). For each slope the 
number of evaluated data points is given in brackets

Re
∗
1

M = 0.35 M = 0.50 M = 0.65

17.5 −15.96 (6)
22.5 −23.89 (12)
30.0 −30.48 (18) −26.44 (10) −27.79 (11)
40.0 −34.78 (9) −39.72 (6) −41.02 (5)
50.0 −44.04 (11) −45.91 (9) −48.68 (7)
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Fig. 8   Approximation of the influence of H
12

 on the transition Reyn-
olds number for the configurations with gap. 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 gap at xG∕c = 0.35 . For better comparability a zoomed 
area is shown in this figure as an inset



	 Experiments in Fluids (2023) 64:174

1 3

174  Page 8 of 29

linear, local stability theory and the quasi-parallel flow 
assumption, incompressible stability computations were 
carried out, and their results were correlated with the 
measured transition location to assess critical N-factors, 
following the procedure by Crouch (2022); Crouch et al. 
(2022). A conceptual difference with the procedure of 
Crouch (2022); Crouch et al. (2022) is that the N-factor 
distributions were also computed in the presence of the 
gaps, as shown in Figs. 5 and 6. However, the N-factor 
distributions calculated for the different model configu-
rations (with and without gaps) are very similar if the 
flow conditions are reproduced, since the computations 
of the N-factors are based on the measured pressure and 
temperature distributions only. As shown in Figs. 2 and 
3, the pressure distributions measured for the different 
model configurations are essentially the same. Therefore, 
the present numerical simulations, based on the meas-
ured pressure distributions, miss the strong, localized 
disturbances induced by the gap. In practice, the pro-
cedure to calculate �N  becomes analogous to that pre-
sented in Crouch (2022) and Crouch et al. (2022). For 
each configuration the transition location is determined 
with help of the TSP result and indicated by a vertical 
line in Fig. 5. The intercept of the transition location 
with the maximal N-factor curve is used to determine 
the critical N-factor (the horizontal lines in Fig. 5). This 
procedure is carried out for each measurement point of 
each configuration and used for the analysis as described 
in Sect. 5.

3 � Analysis of the transition Reynolds 
number

The PaLASTra model was repeatedly tested in KRG with three 
different gap sizes in six separate measurement campaigns 
over a time span of two years. The reference configuration 
(without an installed gap) was re-tested in each measurement 
campaign. A good repeatability of the measured transition 
locations was observed, as shown exemplarily in Fig. 7 (for 
the first and fifth measurement campaign) and systematically 
in Appendix (Figs. 21, 24, 27, 30, 33, 36, 39, 42, 45, 48).

The influences of pressure gradient and unit Reynolds num-
ber on transition Reynolds number Re

tr
= x

T
⋅ Re1 are analysed 

separately for each investigated Mach number: M = 0.35 , 0.50 
and 0.65. Detailed results will be presented here for M = 0.35 
and Re1 = 17.5 × 106 m , while data from the other flow con-
ditions are summarized in Tables 2 and 3 and presented in 
Figs. 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 
35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49,  50, 
51, 52, 53, 54, 55, 56, 57 in Appendix. For better readabil-
ity, unit Reynolds numbers and transition Reynolds numbers 
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Fig. 9   Calculated transition Reynolds number Retr as a function 
of unit Reynolds number Re∗

1
 for all Mach numbers and different 

H
12

= 2.30 , H
12

= 2.40 and H
12

= 2.50 (from top to bottom). The 
purple dots mark the Reynolds number corresponding to the location 
of the gap. The legend is shown separately in Fig. 10
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are normalized via Re∗
1
= Re1∕(10

6 m) and Re∗
tr
= Re

tr
∕106 , 

respectively.

3.1 � Analysis of the pressure gradient and unit 
Reynolds number influence on the transition 
Reynolds number for the reference 
configuration

Following the analysis of Risius et al. (2018b) it was found 
that the transition Reynolds number increases almost lin-
early with a more pronounced favourable pressure gradi-
ent, corresponding to a shape factor decrease, as shown in 

Fig. 7 for M = 0.35 and Re∗
1
= 17.5 (chord Reynolds number 

Re
c
= 3.5 × 106. ). Consequently a linear function

with an intercept, hII,0 , and a slope, hII,1 , was fitted through 
the data for each combination of Mach and Reynolds num-
ber (shown by solid lines of the corresponding colours in 

(II)Re
∗
tr
= hII,1 ⋅ H12 + hII,0

Fig. 10   Legend for Figs. 9, 12, 13, 17, 18, 19 and 20
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Fig. 11   Double-logarithmic plot of Reynolds number Retr as a func-
tion of unit Reynolds number Re∗

1
 for all Mach numbers and model 

configurations at H
12

= 2.40 . The legend is shown in Fig. 10
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Fig. 12   The parameter � as a function of normalized gap width w∕�
1
 

for all Mach numbers and configurations with H
12

= 2.40 . The legend 
is shown separately in Fig. 10
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Fig. 13   The parameter � as a function of gap-width Reynolds number 
Rew for all Mach numbers and configurations with H

12
= 2.40 . The 

legend is shown separately in Fig. 10
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Fig. 7).2 Average slopes and intercepts were then calculated, 
and the fitted functions are shown as dashed lines in the 
corresponding figures. The measurement uncertainty of Re∗

tr
 

is in the range of the symbol size or below, as discussed in 
Sect. 6.

The average coefficients hII,0 and hII,1 are summarized 
in Tables 2 and 3, respectively. In agreement with Risius 
et al. (2018b) it can be seen that for a fixed value of H12 an 
increasing unit Reynolds number leads to an increasing tran-
sition Reynolds number (Table 2). Furthermore, an increas-
ing unit Reynolds number leads to a decreasing slope hII,1 
(Table 3).

3.2 � Analysis of the pressure gradient and unit 
Reynolds number influence on the transition 
Reynolds number for gap configurations

In parallel to the above analysis of the reference configu-
ration, the same analysis was carried out for the modified 
PaLASTra model with installed gaps. The fitted linear 
approximation of the transition Reynolds number as a func-
tion of H12 is shown as solid lines in Fig. 8 for the considered 
case at M = 0.35 and Re∗

1
= 17.5 , while the middle figures 

in Appendix (Figs. 22, 25, 28, 31, 34, 37, 40, 43, 46, 49, 52, 
55, 58) report the results for the other flow conditions exam-
ined in this work. The black dashed lines show the averaged 
result of the reference configurations, based on the analysis 
described above (Sect. 3.1). The purple dotted line marks the 
Reynolds number corresponding to the location of the gap 
at x

G
∕c = 0.35 with Re

x
G
= x

G
⋅ Re1.

It can be seen that the transition occurs in most ana-
lysed cases between the gap and the transition location 
measured with the reference configuration. As shown also 
in Fig. 4, a gap of w = 30 μm leads to a reduced transition 
Reynolds number compared to the reference configuration. 
A further increase of the gap width to w = 100 μm leads 
to a further reduction of the transition Reynolds number. 
However, when the gap width is increased even further to 
w = 200 μm , the transition Reynolds number changes only 
slightly and corresponds, within the measurement uncer-
tainty, to the transition Reynolds number determined with 
a gap of w = 100 μm . In the case of Fig. 8 this effect is 
rather small, but it can be clearly seen in the middle figures 
in Appendix (Figs. 22, 28, 31, 34, 43, 49, 55, 58)

In general, it was also found for the configuration with 
gaps that an increasing unit Reynolds number leads to 
an increasing transition Reynolds number (Fig. 60 and 
Tables 4, 5 and 6) and an increasing unit Reynolds num-
ber leads to a decreasing slope (Fig. 61 and Tables 7, 8 
and 9). These observations are presented in more detail 
in Appendix.
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Fig. 14   The parameter � as a function of normalized gap width w∕�
1
 

for all Mach numbers with H
12

= 2.30 , H
12

= 2.40 and H
12

= 2.50 . 
The legend of the Mach number is shown separately in Fig. 10, while 
the colour coding is shown in this figure
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Fig. 15   The parameter � as a function of gap-width Reynolds num-
ber Rew for all Mach numbers with H

12
= 2.30 , H

12
= 2.40 and 

H
12

= 2.50 . The legend of the Mach number is shown separately in 
Fig. 10, while the colour coding is shown in this figure

2  The labelling of the function and parameters corresponds to 
nomenclature of Risius et al. (2018b) on which the following analysis 
is based. It is kept identical for consistency and transparency.
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4 � Results of the transition Reynolds number 
analysis

The approximated linear functions described above were 
used to calculate the transition Reynolds numbers at spe-
cific values of shape factors H12 = 2.30 , 2.40  and 2.50 , as 
shown in Fig. 9 with their legend in Fig. 10. The black sym-
bols represent the transition Reynolds numbers measured 
with the reference configuration. The blue, green and red 
symbols indicate the transition Reynolds numbers measured 
with gap widths of 30 μ m, 100 μ m and 200 μ m, respectively. 
For comparison, the purple dots mark the flow length Reyn-
olds number of the gap location at x

G
∕c = 0.35 . It should 

be stressed that the shape factors and transition Reynolds 
numbers shown in Fig. 9 were not measured directly but cal-
culated 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. 9 that the variation of Re∗
tr

 is 
larger at smaller H12 . This effect is caused by the stronger 
acceleration of the boundary layer (compare Fig. 2 with 
Fig. 3). It results in a weaker amplification of the T-S waves 
at smaller H12 , which can be observed by comparing the 
gradients of the N-factor curves (Figs. 5 and 6). A stronger 
pressure gradient reduces the slope of the N-factor curves 
and results in a larger difference between the transition loca-
tions. This so-called ‘sensitivity effect’ has been described 
before in detail for forward facing steps in Costantini et al. 
(2015b, 2016); Costantini (2016) and will be discussed for 
gaps in Sect. 7.3.

The overview graphs in Fig. 9 also show a reduction 
of the transition Reynolds numbers by installation of the 
gaps with widths up to w = 100 μm , provided that the other 
parameters are kept fixed. However, increasing the gap width 
from w = 100 μm to w = 200 μm does not lead, in general, 
to a further reduction in Re∗

tr
 , as described in Sect. 3.2. It 

should be emphasized here that transition occurred generally 
downstream of the gap even with the largest gaps installed.

4.1 � The unit Reynolds number effect

As described above, 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

∗
tr
∼
(

Re
∗
1

)�III . The exponents of the results presented 
here can be found by estimating the slopes of log(Re∗

tr
) 

against log(Re1) as done for example for H12 = 2.40 in 
Fig. 11. The exponent �III was found to vary between 
approximately 0.4 and 0.62. It is therefore in agreement 

with earlier findings, which are in the same range (Arnal 
1989; Risius et al. 2018b).

4.2 � Mach number influence

A comparison of the different Mach numbers (data points 
with same colour and different symbols in Fig. 9) shows 
that M does not have a systematic influence on Re∗

tr
 outside 

the measurement uncertainty for the investigated configura-
tions. 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 temperature). An exclusive 
analysis of Mach number effects can be carried out when 
disturbance levels of the wind tunnel and the wall tempera-
ture ratio are taken into account and their influence is cor-
rected, as discussed in Risius et al. (2018b) and in Sect. 6.3.

4.3 � Relative change of the transition location

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

The transition location in the absence of a gap is given by 
x
T0 , and in the presence of a gap by x

T
 , while the location 

of the gap is fixed at x
G
= 70mm . 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 gap.

4.4 � Influence of the gap width

In Fig. 12 the �-parameter is plotted as a function of the 
gap width, w, normalized by the boundary layer displace-
ment thickness at the gap location, �1 (computed by means of 
COCO for the gap configuration, but assuming that the gap 
does not exist). It can be seen that a relative increase in gap 
width compared to boundary layer thickness w∕�1 leads to a 
larger reduction of � , as expected from the results presented 
in the previous sections. Small gaps of w = 30 μm (blue) 
have a smaller effect than larger gaps with w = 100 μm 
(green) or w = 200 μm (red). A gap width of w = 30 μm 
leads to a reduction of the laminar flow length of at least 
20 %.

(1)� =
x
T
− x

G

x
T0 − x

G
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As discussed above, an increase in gap width from 
w = 100 μm to w = 200 μm does not lead to a further 
decrease in laminar flow length, i.e. � remains practically 
unchanged for the same flow conditions, although w∕�1 dou-
bles. Therefore, the green and the red data points do not 
collapse onto each other. The data points for the w = 200 μm 
gap configuration are offset by an almost uniform value of 
�w∕�1 ≈ 1 with respect to the data points of the w = 100 μm 
gap configuration. For a fixed value of w∕�1 , the difference 
between the results of w = 100 μm and w = 200 μm is in the 
range of �� ≈ 20 % to 30 %. This difference may be caused 
by different T-S waves leading to different transition loca-
tions, as suggested by Zahn and Rist (2015).

It is also remarkable that the gap widths of w = 100 μm 
and w = 200 μm exhibit an almost linear behavior of � as 
a function of w∕�1 . The linear trends of w = 100 μm and 
w = 200 μm are consistent with the determined �-values of 
the w = 30 μm gap.

In agreement with the results described above the Mach 
number M does not have an appreciable influence on � in the 
investigated parameter range.

4.5 � Influence of the shape factor H
12

Thanks to the systematic variation of the pressure gradi-
ent and the linear approximation of the results the present 
study allows to investigate � for different values of the shape 
factor H12 . The trends and ranges of � remain similar for 
different shape factors H12 = 2.30 , 2.40  and 2.50  (Figs. 14 
and 15). These results also show that a decreasing value of 
H12 (stronger favourable pressure gradient) leads to a slight 
decrease in � . The gradient ��∕�H12 was found to be in the 
range of ��∕�H12 ≈ 0.2 to 0.65 when H12 is varied from 
H12 = 2.30 to 2.50. This effect appears to be small but sys-
tematic for all data points and may be related to a remain-
ing ‘sensitivity effect’ in the presence of gaps, such as that 
described above and in Sect. 7.3.

4.6 � Influence of the gap‑width Reynolds number 
Re

w

The same trends as discussed above can be found by plot-
ting � over the gap-width Reynolds number Re

w
 for vari-

ous values of shape factors H12 = 2.30 , 2.40  and 2.50 , as 
shown in Figs. 13 and 15. The described offset between the 
gap width of w = 100 μm and w = 200 μm for the same � is 
in the range of �Re

w
≈ 2500 . For a constant value of Re

w
 , 

the offset between gaps with w = 100 μm and w = 200 μm 
is in the range of �� ≈ 20 %, which is smaller than the 
variation of �� at a constant w∕�1 (Sect. 4.4).

5 � Results of the N‑factor analysis

As described in Sect.  2.5 the critical incompressible 
N-factors were determined by combining the measured 
transition location with the envelope N-factor curve. The 
critical N-factors are shown as a function of H12 for indi-
vidual combinations of M and Re∗

1
 in Fig. 16 and in the 

bottom figures in Appendix (Figs. 23, 26, 29, 32, 35, 38, 
41, 44, 47, 50, 53, 56, 59). The good repeatability of the 
results from different wind tunnel entries can be seen also 
by comparing the N-factor results of different reference 
configurations in these figures.

As introduced in Sect. 2.5, the incompressible critical 
N-factor is used for the current analysis, since it exhib-
its better correlations when external disturbance spectra 
are not corrected (Risius et al. 2018b). The incompress-
ible N-factor is especially useful since we focus on the 
influence of two-dimensional disturbances on boundary 
layer transition, and not on the influence of environmental 
disturbances. Nevertheless, a similar analysis was carried 
out for compressible critical N-factors, leading to similar 
results as shown here (not included).

5.1 � Mach number influence

The influence of the Mach number, M, on the relative 
reduction of the N-factor, �N  , is investigated explicitly 
in Fig. 17. It can be seen that the Mach number has no 
systematic influence on the relative reduction of the criti-
cal N-factor, at least in the examined Mach number range. 
This result is in agreement with the findings reported in 
Sect. 4, in which no appreciable influence of the Mach 
number on transition Reynolds number and on � was 
observed.

5.2 � Influence of the shape factor H
12

The shown N-factor distributions exhibit a plateau for decel-
erated boundary layers with H12 > 2.60 . For accelerated and 
neutral boundary layers with H12 ≲ 2.60 the critical N-fac-
tors decrease almost linearly with shape factor H12 . This 
finding is in agreement with the results reported in Risius 
et al. (2018b), and a further discussion of this effect is car-
ried out in Sect. 7.3. It is shown in Fig. 16 and in the bottom 
figures in Appendix (Figs. 23, 26, 29, 32, 35, 38, 41, 44, 47, 
50, 53, 56, 59) that the influence of the pressure gradient 
on the critical N-factors is similar for all gap configurations 
as on the reference configuration for H12 ≲ 2.60 . In the fol-
lowing analysis we focus on the favourable and nearly zero 
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pressure gradients, which shows a linear behaviour and is 
most relevant for NLF airfoils.

5.3 � Influence of the gap width

In agreement with the results of the transition Reynolds 
number (Sect. 4), the N-factor is reduced by the installation 
of gaps compared to the reference configuration (bottom fig-
ures in Appendix, i.e. Figures 23, 26, 29, 32, 35, 38, 41, 44, 
47, 50, 53, 56, 59). The graphs show a significant reduction 
of the critical N-factor for w = 30 μm and a further reduction 
for gaps with w = 100 μm , but no further decrease if the gap 
width is extended to w = 200 μm . This behavior is obviously 

related to that of the transition Reynolds number as a func-
tion of the gap width, discussed above.

In order to determine the reduction of the critical N-factor 
by installation of the gap, a linear function is used to approx-
imate the dependency of the incompressible critical N-factor 
on H12 . This approximation is carried out separately for each 
gap width and for each flow condition, defined by the spe-
cific M and Re∗

1
 . For each dataset the range of H12 used for 

the linear approximation was chosen separately depending 
on the distribution of the data points used. In fact, due to the 
scatter of the data, it was not possible to define a universal 
range of H12 that allows a useful linear approximation for 
all test conditions. Instead, the range of the plateau and the 
range of the linear approximation slightly varied for each 
test condition.

The analysis of the different N-factor distributions 
shows that, despite the change of N as a function of H12 
for H12 ≲ 2.60 , the gap-induced �N remains essentially uni-
form. Thus, a uniform �N = Nreference − Ngap is assumed. In 
order to quantify the constant offset by �N the determined 
slopes for all configurations were averaged and plotted for 
the approximated range of H12 : they are presented as solid 
lines with the colours of the corresponding datasets in the 
bottom figures in Appendix (Figs. 23, 26, 29, 32, 35, 38, 41, 
44, 47, 50, 53, 56, 59). By comparing the offset between the 
linear approximations, the resulting reductions of the critical 
N-factors, caused by the installation of the gaps, are deter-
mined systematically and compared. It should be recalled 
here that the analysis focuses on the favourable and zero 
pressure gradients, while adverse pressure gradients are not 
considered, as mentioned in Sect. 5.2 and discussed also in 
Sect. 7.3.

The change of the critical N-factor, �N  , is shown as a 
function of the relative gap width w∕�1 in Fig. 18. It shows 
that an increasing gap width generally leads to an increas-
ing �N . Since the reduction of critical N-factors of 100 μm 
and 200 μm is similar although the gap width is doubled, 
the data points for 200 μm lay at larger w∕�1 for approxi-
mately the same �N  . Figures 17 and 18 show that a gap 
width of w = 30 μm reduces the critical N-factors in the 
range of �N ≈ 0.5 ± 0.25 , while gap widths of w = 100 μm 
and w = 200 μm reduce the critical N-factor in the range of 
�N ≈ 1.5 ± 1.

The obtained data can be used to estimate a worst case 
and a best case scenario for the influence of the considered 
gaps on the critical N-factors. To estimate the bounding lim-
its of the critical N-factor change, limiting linear functions 
are drawn through the origin in Fig. 18. The estimated worst 
case limit, which gives the largest influence of the gap on 
�N , is approximated to be �N ≈ 1.5 ⋅ w∕�1 , which is shown 
by a red dashed line in Fig. 18. The best case scenario, which 
gives the smallest influence that a gap has on �N , is given 
by �N ≈ 0.4 ⋅ w∕�1 (blue dotted line in Fig. 18). The average 
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Fig. 17   Relative reduction of the critical N-factor, �N , caused by the 
gap, plotted as a function of Mach number M. The legend is shown 
separately in Fig. 10
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Fig. 16   Critical N-factors as a function of H
12

 for different reference 
configurations and gap widths. The flow conditions are M = 0.35 and 
Re∗

1
= 17.5 . The flow conditions are the same as in Figs. 7 and 8
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slope of these two extreme values is 0.95, which may be 
used as a rule of thumb to estimate the expected reduction 
of the critical N-factor. In practice, a gap with the width of 
the displacement thickness at the gap location would lead to 
a reduction of the critical N-factor of �N ≈ 1.

The values of �N found in the present work are within the 
range of critical N-factor changes reported by Crouch (2022) 
and Crouch et al. (2022) for deep gaps not causing bypass 
transition. However, the observed change in critical N-factor 
is about ten times larger than that reported for deep gaps by 
Crouch (2022) and Crouch et al. (2022) ( �N = 0.1 ⋅ w∕�1 ). 
These aspects will be further discussed in Sect. 7.4.

5.4 � Influence of the gap‑width Reynolds number

An analysis similar to that of Fig. 18 can be performed with 
�N as a function of the gap-width Reynolds number, Re

w
 , as 

shown in Fig. 19. The discrepancy between the datasets with 
w = 100 μm and w = 200 μm can also be seen in this case. The 
worst case scenario is estimated to be

and the best case scenario is estimated to be

 (blue dotted line in Fig. 19). The expected increase of �N , 
calculated as the average slope of these two extreme values, 
is given by �N = 3.75 × 10−4 ⋅ Re

w
.

�N ≈ 6.25 × 10
−4

⋅ Re
w
(red dashed line)

�N ≈ 1.25 × 10
−4

⋅ Re
w

6 � Repeatability of the data 
and uncertainties in the results

6.1 � Repeatability of wind tunnel entries

As described in Sect. 3, the measurements were conducted 
over a time span of two years in six different measurement 
campaigns. During 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 different 
measurement campaigns (Figs. 7, 21, 24, 27, 30, 33, 36, 39, 
42, 45, 48). The same good repeatability was observed for the 
configuration with w = 100 μm (Fig. 40).

6.2 � Turbulent flow features

A significant source of uncertainty in the current study may be 
found in the transition location detected in some model areas, 
especially at large Reynolds numbers and large gap sizes. 
Although the TSP measurement technique and the method of 
transition detection are very reliable and lead to very accurate 
and repeatable results (Costantini et al. 2021), the effect of 
turbulent wedges and other turbulent flow features has to be 
taken into account. This effect becomes increasingly important 
with increasing Reynolds number, i.e. with decreasing bound-
ary layer thickness, since the relative size of dust particles or 
other sources of contamination increases with respect to �1 , 
and these disturbances are more likely to cause earlier transi-
tion to turbulence. As described in Sect. 2.1, turbulent wedges 
and side wall effects were excluded from the analysis for the 
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Fig. 19   Reduction of the critical N-factor caused by the gap, �N , 
plotted as a function of gap-width Reynolds number, Rew . Worst case 
and best case scenarios are indicated by a red dashed and a blue dot-
ted line, respectively. The legend is shown separately in Fig. 10
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Fig. 18   Reduction of the critical N-factor caused by the gap, �N , 
plotted against normalized gap width, w∕�

1
 . Worst case and best case 

scenarios are indicated by a red dashed and a blue dotted line, respec-
tively. The further legend is shown separately in Fig. 10
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detection of the transition location. However, the question 
arises which other flow features are to be in- or excluded from 
the range of transition detection. An example for it can be seen 
in the last result of Fig. 4. In this result, side wall effects and 
the turbulent wedge in the mid-span area were excluded from 
the transition detection region, but a small area with transi-
tion slightly upstream of the average transition location was 
included (see red dots in the figure). Since it is not possible to 
identify objectively in all cases which areas are to be included 
in the analysis, decisions have to be made individually for 
each image. This customary decision process leads to some 
small uncertainties; nevertheless, averaging over the complete 
span reduces the specific weight of the individual decision. 
Furthermore, the conservative uncertainty estimation of the 
transition Reynolds number incorporates these uncertainties, 
as discussed in the next section.

6.3 � Uncertainties of measured parameters

Risius et al. (2018b) reported uncertainties of the transition 
Reynolds number and of the pressure gradient parameter 
that are in the range of (Re⋆

tr
)
RMS

≈ 0.5 and (H12)RMS
≈ 0.01 , 

which correspond to relative errors of about 5% and 0.5% , 
respectively. The conservative estimation of (Re⋆

tr
)
RMS

≈ 0.5 
from previous work is considered in the current analysis, in 
order to take into account also the uncertainty in the transi-
tion detection due to the turbulent flow features (see previous 
section). The maximal relative uncertainty of � can be esti-
mated to be about 7% , which also corresponds to an absolute 
maximal error of �� ≈ 0.07 . The maximal uncertainty in the 
pressure gradient parameter of (H12)RMS

≈ 0.01 from Risius 
et al. (2018b) holds also for the current analysis.

An exception for the conservative estimation of 
(Re⋆

tr
)
RMS

≈ 0.5 can be observed in the image of the refer-
ence configuration (very left in Fig. 4) where the transi-
tion location is very close to the end of the TSP coated area 
(which is at x∕c ≈ 97.5% ). The detection of the transition 
location has in this case a larger uncertainty (in the range 
of (Re⋆

tr
)
RMS

≈ 1).

6.4 � Uncertainties in the critical N‑factor analysis

The quantification of the uncertainty of the critical N-factor 
is difficult as it requires to make assumptions about the recep-
tivity process and the appropriateness of the linear stability 
analysis. However, when the conservative uncertainty estima-
tion of the transition location is projected onto the N-factor 
curve, a maximal uncertainty of N ≈ ±1 can be estimated, 
based on a similar analysis in Risius et al. (2018b).

In order to determine the reduction of the critical N-factor 
by installation of the gaps, �N  , a linear function is fitted 
at certain ranges of H12 to the critical N-factor distribution 

(see Sect. 5). Accordingly, the uncertainty of �N can also be 
estimated to be in the range of �N ≈ ±1.

7 � Discussion

In this section, the influence on the transition Reynolds num-
ber and critical N-factor of the examined parameters, i.e. unit 
Reynolds number (Sect. 7.1), Mach number (Sect. 7.2), pres-
sure gradient (Sect. 7.3) and gap width (Sect. 7.4), as investi-
gated systematically in this study, is summarized and discussed. 
In Sect. 7.5 the possible influence of an organ-pipe mechanism 
on laminar–turbulent transition, as described by Zahn and Rist 
(2015), is discussed with respect to the current results.

7.1 � Unit Reynolds number influence

The influence of the unit Reynolds number, Re1 , on the 
transition Reynolds number, Re

tr
 , and the critical N-factor 

is reported in detail in Risius et al. (2018b) for the refer-
ence configuration. The general trend of an increasing Re

tr
 

with increasing Re1 was also found in the current inves-
tigation for all configurations with and without gaps (see 
Fig. 9).

A clear dependency of the critical N-factor on Re1 was 
not found, neither for the reference configuration nor for 
the gap configurations. This result is also in agreement 
with the observations reported in Risius et al. (2018b) 
for the reference configuration. It should be stressed here 
that the investigated Reynolds number range between 
Re1 = 17.5 × 106 and 80 × 106 is significantly larger than 
those examined in previous studies on the influence of 
gaps, where Re1 < 5 × 106 , as discussed in Sect. 1. It is 
the first time that the effect of the variation of such a high 
Re1 on gap-induced transition has been investigated.

7.2 � Mach number influence

The current study is a systematic experimental inves-
tigation of gap effects on the transition Reynolds num-
ber and the critical N-factor for three different subsonic 
Mach numbers, M = 0.35 , 0.50  and 0.65 . For the present 
experimental setup, it was found that the Mach number 
has neither an appreciable influence on the measured Re

tr
 

nor on �N  . A recent overview over studies carried out 
by ONERA is given by Beguet et al. (2017). All these 
studies were conducted in low-speed environment with 
significantly smaller Mach numbers ( M < 0.3 ). Only Zahn 
and Rist (2015) have investigated the influence of gaps 
on laminar–turbulent transition (numerically) at a higher 
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Mach number ( M = 0.6 ), but they have not investigated the 
influence of different flow speeds. Therefore, the current 
study is also the first systematic investigation of the Mach 
number influence on gap-induced transition.

In this context it is important to note that in KRG the 
intensity of the total pressure fluctuations increases with M 
(Koch 2004; Risius et al. 2018b). In order to isolate Mach 
number (i.e. compressibility) effects from effects due to 
the disturbance level of the wind tunnel and to the wall 
temperature ratio, a systematic analysis of these additional 
effects is required, such as the one described in Risius 
et al. (2018b). In the current study, 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 gaps, which are unknown and will result in 
further uncertainties. In this study, the data are therefore 
presented directly as a function of Mach number, and the 
complex analysis for the isolation of the compressibility 
effects is outside the scope of the current work.

7.3 � Influence of the pressure gradient

The influence of the pressure gradient was investigated 
with help of the incompressible shape factor H12 = �1∕�2 . 
A smaller shape factor leads to a weaker amplification of 
the T-S waves, which results in larger laminar flow lengths 
and higher transition Reynolds numbers. The described 
effect leads to the negative slopes in Tables 3, 7, 8 and 9 
and the corresponding Figs. 7, 8 and the top and middle 
figures in Appendix.

With a stronger favourable pressure gradient, the influ-
ence of the gap leads to larger differences in the transition 
Reynolds number. This effect can be seen in the figures 
mentioned above or in Fig. 9 by comparing the results for 
different values of H12 . It is consistent with linear stability 
theory coupled with the eN method: a stronger favourable 
pressure gradient leads to a slower growth of T-S waves 
and the relative influence of the gap is larger at smaller 
values of H12 because the relative change of the lami-
nar flow length is larger. It can be explained in detail by 
comparing the pressure distributions in Figs. 2 and 3 and 
the corresponding N-factor distributions in Figs. 5 and 6. 
Assuming that the critical N-factor remains the same, the 
relative reduction in laminar flow length due to the effect 
of the gaps is less pronounced for a steeper N-factor curve 
(larger H12 , see Fig. 5) than for a case with stronger flow 
acceleration (Fig. 6). This so-called ‘sensitivity effect’ has 
been explained and discussed before in detail for forward 
facing steps in Costantini et al. (2015b, 2016), Costantini 
(2016).

The influence of H12 on the N-factor is shown in Fig. 16 
and the bottom figures in Appendix. It was found that H12 
has a non-negligible influence on the N-factor for an accel-
erated boundary layer. Only at larger values of the shape 
factor ( H12 > 2.60 ) corresponding to decelerated boundary 
layers, the critical N-factors were found to reach a plateau. 
The dependency of the critical N-factor on H12 was already 
mentioned by Arnal et al. (1997) and was accounted to 
shortcomings of the eN-method as for instance, non-parallel 
effects, the receptivity process or nonlinear mechanisms 
(Risius et al. 2018b).

In the current investigation the critical N-factor was 
assumed to be linearly dependent on H12 , which was 
found to be a good approximation for H12 ≲ 2.60 . Based 
on this approximation it is also possible to calculate the 
offset in the critical N-factors by different configurations: 
�N = Nreference − Ngap (see Sect.  5.3). In the decelerated 
region with H12 ≳ 2.60 the influence of the gap on the 
N-factor cannot be quantified in terms of �N as the critical 
N-factor reaches a common plateau region (see for example 
Figs. 32 and 44). Instead the critical N-factor appears to be 
dominated by the adverse pressure gradient, while the influ-
ence of the gap seems negligible in these cases.

The only other study where the influence of gaps on lami-
nar–turbulent transition has been investigated for different 
pressure gradients is Crouch et al. (2022). The pressure gra-
dient in their study was however not uniform. For favourable 
and zero pressure gradients, which are the main focus of the 
present work, the �N model is confirmed to be very effective 
for predicting the gap-induced changes in transition with 
predominant T-S waves. However, the present findings for 
the examined adverse pressure gradients suggest to conduct 
a dedicated investigation to evaluate in more detail the appli-
cability of the �N model for decelerated boundary layers at 
the examined conditions.

7.4 � Influence of gap widths

The influence of gaps on the transition location is inves-
tigated by the transition Reynolds number and the �
-parameter, which gives the relative change in transi-
tion location with the installed gap ( x

T
 ) compared to the 

reference configuration ( x
T0 ) and the gap location ( x

G
 ): 

� = (x
T
− x

G
)∕(x

T0 − x
G
).

As expected, an increasing normalized gap width w∕�1 
leads to an increasing reduction of the laminar flow length, 
corresponding to a smaller Re

tr
 (Fig.  9) and smaller � 

(Figs. 12 and 13). These trends are in agreement with find-
ings by Beguet et al. (2017), Crouch (2022) and Crouch et al. 
(2022), who considered shallower gaps. In order to catego-
rize their findings Beguet et al. (2017) map their results onto 
a width-depth plane with four quadrants depending on the 
width, w∕�1 , and the depth, d∕�1 , of the gap normalized by 
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the displacement thickness. For values with w∕𝛿1 > 18 and 
d∕𝛿1 > 2 transition has been found to be triggered at the 
gap location, potentially as a result of some form of bypass 
mechanism (Beguet et al. 2017; Crouch 2022; Crouch et al. 
2022). The results of the current study with w∕𝛿1 ≲ 4 ≪ 18 
and d∕𝛿1 ≳ 80 ≫ 2 are located in the ‘high top left’ quad-
rant of the width-depth plane, which seems to be practically 
unexplored.

Accordingly to the findings discussed in this work the 
critical N-factor is reduced and �N increases almost linearly 
with w∕�1 (Fig. 18) and with Re

w
 (Fig. 19). These findings 

are in agreement with the general trends as reported by 
Crouch (2022), Crouch et al. (2022) and also the values of 
�N ≈ 0.2 to 2.5 are in the same ranges (when no bypass tran-
sition occurs). The minimal and maximal change in �N can 
be approximated linearly and used to predict the influence of 
gaps for other flow conditions (see Sect. 5.3 and Sect. 5.4). 
The reduction of the critical N-factor can be approxi-
mated to be in average of the order of �N = 0.95 ⋅ w∕�1 or 
�N = 3.75 × 10−4 ⋅ Re

w
 . The worst case limit was found 

to be �N = 1.5 ⋅ w∕�1 in this study. These gradients of the 
linear approximation of �N vs. w∕�1 are about a factor ten 
larger than the slopes of �N = 0.122 ⋅ w∕�1 for deep gaps 
reported by Crouch (2022); Crouch et al. (2022). This differ-
ence may be related to both the depth of the gaps (which are 
much deeper than the gaps investigated by Crouch (2022); 
Crouch et al. (2022)) and the larger Mach numbers, which 
were not considered in their model. Moreover, the pressure 
gradient effect was also not studied systematically by Crouch 
(2022); Crouch et al. (2022). Furthermore, as mentioned 
above, we are in the ‘high top left’ quadrant of the width-
depth plane, which has not been explored before. All these 
aspects may be a possible cause for the observed discrepan-
cies. Another cause leading to the observed discrepancy may 
be the secondary T-S waves emitted by the gap, as discussed 
below.

7.5 � The organ‑pipe mechanism inside the gap

An important observation of the current study is the fact 
that a further upstream shift in transition location is not 
observed when the gap width is doubled from w = 100 μm 
to w = 200 μm . For both cases the measured transition loca-
tions are almost identical, despite the significantly larger 
values of w∕�1 and Re

w
 for the 200 μ m case. This observa-

tion and the other results described above may be explained 
by the organ-pipe mechanism investigated by Zahn and Rist 
(2015).

The flow conditions in the current investigation are com-
parable to the flow condition of the study by Zahn and Rist 
(2015). In their study the width is w ≈ 640 μm , which is 
comparable to the boundary-layer thickness in their case. It 
leads to a gap width Reynolds number of Re

w
= 8800 and 

a gap depth Reynolds number ranging from Re
d
≈ 48 × 103 

to Re
d
≈ 333 × 103 . In their simulation the boundary-layer 

flow above the gap is only slightly influenced by the gap, 
while in the gap itself a recirculation region is established. 
They found a remarkable influence on the N-factor caused 
by an organ-pipe mechanism inside the gap, which leads to a 
resonance effect and a superposition of the original T-S wave 
with a new T-S wave generated by the gap. Even though 
these effects could not be tested directly in the current study, 
the observations by Zahn and Rist (2015) may be helpful to 
explain the present observations. According to their study 
the effect of the gap may be divided into two parts. The 
first part is an enhanced growth of the original T-S waves, 
caused by a modification of the base flow due to the gap. 
The second part is due to the aforementioned new T-S wave 
generated by the gap. While for small gaps with w ≈ 30 μm 
the enhanced growth of the N-factor may be mainly due to 
the modification of the base flow and thus related to the gap 
width, it may be different for larger gaps with w ≳ 100 μm . 
In this case the transition process may be dominated by the 
T-S waves generated by the gap, which may remain identical 
for gap widths of 100 μ m and 200 μm.

Zahn and Rist (2015) investigate the influence of gap 
depth on the T-S wave and show that the parameter d∕� 
has an influence on the amplification of the T-S wave 
and therefore also onto the expected transition location. 
In Fig. 20 the transition Reynolds number is shown as a 
function of the parameter d∕� . The present observations 
lead to the presumption that the process of T-S waves-
inducing transition for a gap of 30 μ m is different from the 
mechanism at larger gap widths with 100 μ m and 200 μ m. 
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Fig. 20   Transition Reynolds number Re∗
tr
 as a function of gap depth d 

over T-S wave length � at H
12

= 2.40 . The legend is shown separately 
in Fig. 10
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Another hint to support this consideration might be the 
deviation of the variables hII,0 and hII,1 of Eq.  II of the 
100 μ m (Table 8) and 200 μ m (Table 9) gaps, as discussed 
in Appendix.

Zahn and Rist (2015) predict a fluctuating resulting 
amplitude of the T-S wave with d∕� (Fig. 15 in Zahn and 
Rist (2015)), which may lead to a fluctuating Re∗

tr
 with 

d∕� . Such amplitude-induced fluctuation might be pre-
sent in the results for gap widths of 100 μ m and 200 μ m 
in Fig.  20. Unfortunately, the resolution in the range 
d∕𝜆 > 0.6 is not fine enough to prove the conjectured 
organ-pipe mechanism.

In order to verify this speculation more research will be 
needed in the future. The measurement of T-S wave frequen-
cies with hot-films on the model may be a possibility to 
clarify this question. In any case, it should be emphasized 
that the variation of � and �N  may still depend on other 
parameters. The change in the specific flow conditions (in 
particular �1 and Re1 ) at fixed w and d leads to the observed 
change in � and �N for varied w∕�1 or Re

w
 , but at the same 

flow conditions (with a change in w from 100 μ m to 200 μ m) 
transition occurs at the same location (and � and �N remain 
the same, although w∕�1 and Re

w
 vary). Therefore, it will 

be needed to investigate the effect of d and w on transition 
separately in a future investigation.

8 � Conclusions

In conclusion we may emphasize that this study shows a 
systematic investigation of the effects of gaps on transi-
tion Reynolds numbers and critical N-factors at various 
pressure gradients, Mach and Reynolds numbers. The 
influence of three different gap sizes was investigated 
at subsonic flow speeds at high Reynolds numbers. The 
Temperature-Sensitive Paint technique was proven to be 
reliable for transition detection and the quantitative meas-
urement of the surface temperature. The measured tem-
perature and pressure distributions were used as input for 
boundary layer calculations and linear stability analysis. 
By correlation with the measured transition locations, crit-
ical N-factors were determined, and the influence of gaps 
was quantified by the �N-method. The transition Reynolds 
numbers and critical N-factors of six wind tunnel entries 
of the reference configuration over two years show a very 
good repeatability of the test results.

The installation of gaps with 30 μ m width leads to 
a reduction of Re

tr
 and critical N-factor. Increasing the 

gap width from w = 30 μm to 100 μm results in a further 
reduction of the critical N-factor. However, increasing the 
gap width to 200 μm did not cause an even further reduc-
tion of the transition Reynolds number and the critical 
N-factor. These results may be explained by an organ-pipe 

mechanism inside the gap causing an additional T-S wave 
to be emitted by the gap, which may interact with the 
original T-S waves downstream of the gap (Zahn and Rist 
2015). For larger gap widths ( w = 100 μm and 200 μm ), the 
gap-generated T-S wave may have a dominating influence 
on the transition location in such a way that the influence 
of the gap width on the base flow becomes negligible.

The relative reduction of the critical N-factor was inves-
tigated as a function of w∕�1 and Re

w
 . For each relationship 

a best case and worst case scenario was approximated by 
linear functions. These linear relations allow to approxi-
mate the expected �N  as functions of w∕�1 and Re

w
 . The 

estimated worst case influence of the gap was found to be 
�N = 1.5 ⋅ w∕�1 , which can be used as a worst case limit to 
estimate the effect of the gaps on transition for the exam-
ined flow conditions. The variation of �N  in this case is 
about ten times larger than the results by Crouch et al. 
(2022). This discrepancy may be due to the significantly 
deeper gaps examined in the present work, coupled with 
the different flow conditions and the possible occurrence 
of the aforementioned organ-pipe mechanism inside the 
gap.

By this systematic investigation it was found that 
the Mach number has neither a significant influence on 
the transition Reynolds number Re

tr
 nor on the critical 

N-factor under the described experimental conditions with 
installed gaps. It was found that Re

tr
 increases with Re1 , 

which is known as ‘unit Reynolds number effect.’ The 
slope �III of the relation Re∗

tr
∼
(

Re
∗
1

)�III was found to vary 
between 0.4 and 0.62, in agreement with earlier investiga-
tions (Risius et al. 2018b).

The measurement at different pressure gradients allowed 
to compare the gap influence at different H12 . The results 
show that the relative influence of gaps causes a stronger 
reduction of Re

tr
 at smaller H12 , corresponding to stronger 

favourable pressure gradients. The trends of � at different 
H12 are found to be similar, i.e. H12 has no major influence 
on the �-dependency of the non-dimensional gap parameters. 
However, a larger H12 (corresponding to a less pronounced 
pressure gradient) was found to lead to slightly increasing 
values of � , which may be related to a remaining sensitivity 
of transition on the pressure gradient in the presence of the 
gaps.

In summary, the described results can be helpful to design 
laminar airfoils and define appropriate maximum gap sizes 
and manufacturing tolerances. Furthermore, the results 
stress the need to investigate possible resonance effects, as 
for example the organ-pipe mechanism, and their influence 
on T-S wave induced laminar–turbulent transition. Such 
resonance effects may also be helpful to compensate flow 
disturbances by two-dimensional excrescences and therefore 
stabilize laminar flow regimes.
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Appendix

Appendix consists out of two 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 transi-
tion Reynolds number of reference configuration at different 
wind tunnel entries (labelled as Reference 1–6). The indi-
vidual 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 transi-
tion Reynolds number which corresponds to the loca-
tion of the gap at x

G
∕c = 0.35 with Re

x
G
= x

G
⋅ Re1 . In the 

middle between the boundaries given by the reference 
configuration and the gap location, the measured transi-
tion Reynolds numbers of different gap configurations 
are shown by blue ( w = 30 μm ), green ( w = 100 μm ) and 
red ( w = 200 μm ) lines.

The last image at the bottom shows the correspond-
ing results of the critical N-factors. In the ranges of 
H12 where a linear increase in the critical N-factor was 
observed a linear function with an average slope was fit-
ted to the results. The offset between the different linear 
approximations was used to determine the value of �N 
used for the analysis in Sect. 5.

The second part of Appendix contains Tables 4 to 9 of 
the fitted linear approximations with intercepts, hII,0 , and 
slopes, hII,1 , of Eq. II for each gap configuration. These 
results are also summarized in Figs. 60 and 61. In gen-
eral, it was also found for the configuration with gaps that 
an increasing unit Reynolds number leads to an increas-
ing transition Reynolds number (Fig. 60 and Tables 4, 
5 and 6) and an increasing unit Reynolds number leads 
to a decreasing slope (Fig. 61 and Tables 7, 8 and 9). 
An exception to this behavior was found at cases of the 
largest Mach number ( M = 0.65 ) with high Reynolds 
numbers ( 50 ≤ Re

∗
1
 ) for gap widths of w = 100 μm and 

w = 200 μm . A possible reason for this abnormal trend 
may be an organ-pipe mechanism inside the gap which 
triggers a new T-S wave as described by Zahn and Rist 
(2015) and discussed in more detail in Sect. 7.4. How-
ever, it should be stressed that the observed scattering of 
the intercept for different Mach numbers at Re⋆

tr
= 30  , 

40  and 50  is approximately 𝛥Re⋆
tr
≈ 20 and based on a 

significant extrapolation of the measurement data. Fur-
thermore, the basis for this extrapolation at high Mach 
and Reynolds numbers is only a few measurement points. 
It is therefore difficult to make a definite statement based 
on the observed trends shown in Figs. 60 and 61.
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Fig. 21   Re∗
tr
 as a function of H

12
 for the reference configuration
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Fig. 32   Inc. critical N-factors as a function of H
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Fig. 35   Inc. critical N-factors as a function of H
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Fig. 38   Inc. critical N-factors as a function of H
12

 for different refer-
ence configurations and gap widths with M = 0.50 , Re∗
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Fig. 41   Inc. critical N-factors as a function of H
12

 for different refer-
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Fig. 44   Inc. critical N-factors as a function of H
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 for different refer-
ence configurations and gap widths with M = 0.65 , Re∗
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Fig. 47   Inc. critical N-factors as a function of H
12

 for different refer-
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Fig. 50   Inc. critical N-factors as a function of H
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 for different refer-
ence configurations and gap widths with M = 0.65 , Re∗
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Fig. 53   Inc. critical N-factors as a function of H
12

 for different refer-
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Fig. 56   Inc. critical N-factors as a function of H
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 for different refer-
ence configurations and gap widths with M = 0.65 , Re∗
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Fig. 59   Inc. critical N-factors as a function of H
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Table 4   Intercepts, h
II,0

 , of configuration with w = 30 μm as a func-
tion of unit Reynolds number and Mach number (see Eq. II)

Re
∗
1

M = 0.35 M = 0.50 M = 0.65

17.5 22.68
22.5 41.55
30.0 51.14 58.71 57.85
40.0 58.24 65.24 73.18
50.0 64.66 65.68 75.61
60.0 75.77
70.0 93.69
80.0 95.68

Table 5   Intercepts, h
II,0

 , of configuration with w = 100 μm as a func-
tion of unit Reynolds number and Mach number (see Eq. II)

Re
∗
1

M = 0.35 M = 0.50 M = 0.65

17.5 27.40
22.5 30.09
30.0 29.93 36.43 35.85
40.0 34.09 35.61 34.78
50.0 35.75 41.15 36.90
60.0 33.09
70.0 31.63
80.0 28.56

Table 6   Intercepts, h
II,0

 , of configuration with w = 200 μm as a func-
tion of unit Reynolds number and Mach number (see Eq. II)

Re
∗
1

M = 0.35 M = 0.50 M = 0.65

17.5 25.55
22.5 30.19
30.0 31.63 38.24 33.03
40.0
50.0 35.35 29.86
60.0 33.09
70.0 13.25
80.0 18.21

Table 7   Slopes, h
II,1

 , of configuration with w = 30 μm as a function 
of unit Reynolds number and Mach number (see Eq. II)

For each slope the number of evaluated data points is given in brack-
ets

Re
∗
1

M = 0.35 M = 0.50 M = 0.65

17.5 −7.58 (3)
22.5 −14.72 (4)
30.0 −18.20 (3) −21.20 (3) −20.88 (7)
40.0 −20.71 (2) −23.55 (3) −26.62 (3)
50.0 −23.07 (4) −23.46 (2) −27.35 (2)
60.0 −27.15 (2)
70.0 −34.07 (2)
80.0 −34.65 (2)

Table 8   Slopes, h
II,1

 , of configuration with w = 100 μm as a function 
of unit Reynolds number and Mach number (see Eq. II)

For each slope the number of evaluated data points is given in brack-
ets

Re
∗
1

M = 0.35 M = 0.50 M = 0.65

17.5 −9.46 (4)
22.5 −10.49 (3)
30.0 −10.20 (10) −12.84 (9) −12.61 (18)
40.0 −11.67 (7) −12.33 (2) −12.02 (7)
50.0 −12.17 (6) −14.34 (4) −12.66 (8)
60.0 −10.98 (4)
70.0 −10.20 (4)
80.0 −8.80 (2)

Table 9   Slopes, h
II,1

 , of configuration with w = 200 μm as a function 
of unit Reynolds number and Mach number (see Eq. II)

For each slope the number of evaluated data points is given in brack-
ets

Re
∗
1

M = 0.35 M = 0.50 M = 0.65

17.5 −8.80 (3)
22.5 −10.49 (4)
30.0 −10.80 (3) −13.53 (3) −11.53 (8)
40.0
50.0 −12.04 (3) −9.93 (4)
60.0 −10.98 (4)
70.0 −2.88 (2)
80.0 −4.58 (2)
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