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A universal scaling for the length scales of1

shock-induced separation2

Nikhil Mahalingesh1, Sébastien Piponniau1†, and Pierre Dupont13

1Aix Marseille Univ, CNRS, IUSTI, Marseille, France4

(Received xx; revised xx; accepted xx)5

Experiments of transitional shock wave boundary layer interactions over a 6° and a 10°6
compression ramp were performed at a Mach number of 1.65. The unit Reynolds number7
was varied by a factor of two between 5.6 million per metre and 11 million per metre. Schlieren8
flow visualization was performed, and mean flow measurement were made using Pitot probes.9
Free-interaction theory was verified from pressure measurements for all operating conditions.10
A new non-dimensional parameter was developed for scaling the strength of the imposed11
shock, that incorporated free-interaction theory, and accounted for Reynolds number effects.12
The validity of this new scaling was supported by the reconciliation of the large scatter in13
a diverse collection of experimental results on the length scales of transitional interactions.14
Finally, a universal scaling for the length scales of shock induced separation with laminar or15
turbulent upstream conditions is proposed.16

Key words:17

1. Introduction18

Shock wave boundary layer interaction (SBLI) is a classical flow phenomenon of high speed19
aerodynamics. SBLIs are encountered in various applications such as engine inlets, transonic20
wings, rocket nozzles, compressors, etc. and hence, has received a lot of attention over the21
past 70 years (Délery et al. 1986; Dolling 2001).22

While small imposed flow deflections tended only to thicken the boundary layer, stronger23
flow deflections resulted in boundary layer separation. It was understood that one of the24
important mechanisms of SBLIs was the upstream propagation of the incident pressure rise25
through the subsonic channel of the boundary layer (Lees 1949). Given how often SBLIs were26
encountered in practical applications, there began many investigations with the objective to27
develop a model to predict the length of the separated region.28

However, this length scale was depended on many parameters such as Mach number,29
Reynolds number, imposed flow deflection, and more importantly, on the type of upstream30
boundary layer. In fact, SBLIs can be classified into three types, depending on the location31
of boundary layer transition (Gadd et al. 1954):32
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(i) Laminar interactions: where the boundary layer remained laminar throughout the33
interaction.34

(ii) Transitional interactions: where the boundary layer was laminar before separation and35
became turbulent after reattachment.36

(iii) Turbulent interactions: where the boundary layer was “fully” turbulent before the37
interaction.38

The length of interaction (𝐿) (formally defined as the stream-wise distance between the39
imposed (inviscid) shock location at the wall and mean location of boundary layer separation40
at the wall) for laminar interactions were much larger compared to turbulent interactions. Even41
when scaled with their respective boundary layer thicknesses, the measurements highlighted42
that 𝐿/𝛿∗ ≈ O(101

) for turbulent and 𝐿/𝛿∗ ≈ O(102
) for laminar interactions, for equivalent43

Mach, Reynolds numbers and flow deflections.44
Additionally, the flow deflection (or equivalently the pressure rise) required to separate45

a laminar boundary layer was much lower when compared to turbulent boundary layers46
(Liepmann et al. 1952). This meant that it was difficult to make a fair comparison between47
the different types of SBLIs.48

When comparing the same type of SBLIs, free-interaction theory (first proposed by49
Oswatitsch & Wieghardt (1948) and later formalized by Chapman et al. (1958)), showed50
that the non-dimensional pressure rise at separation was independent of the imposed flow51
deflection, but rather only a function of the upstream Mach and Reynolds number. This52
meant that the coefficient of free-interaction was different depending on the type of upstream53
boundary layer (Babinsky & Harvey 2011).54

Further, the length of interaction was found to be dependent on the type of geometrical55
configuration; while a small compilation of oblique shock reflection experiments did show the56
same linear relationship between the length scales and the imposed shock strength (Dupont57
et al. 2006), the length scales from compression ramp experiments were approximately 2 to58
4 times smaller for equivalent shock strengths.59

The pioneering work of Souverein et al. (2013) was able to develop scaling laws for60
both the length of interaction as well as the shock strength, to collapse the majority of the61
experimental measurements of turbulent SBLIs. It was shown that the length of interaction62
was the direct consequence of the mass flow deficit between the outgoing and incoming63
boundary layer. This scaling was a common formulation for both oblique shock reflections64
as well as compression ramps.65

Moreover, it was shown that the pressure needed to separate a turbulent boundary layer66
was mainly dependent on the dynamic pressure of the freestream, and only a weak effect of67
Reynolds number was reported (see figure 7, pg. 519, Souverein et al. (2013)). Hence, an68
inviscid shock strength was developed which was a type of overall pressure difference across69
the interaction, expressed in non-dimensional form.70

The compilation of a number of experimental measurements of turbulent SBLI using this71
scaling can be seen in figure 1. This scaling was successfully able to clear the ambiguities72
associated with the length scales of turbulent SBLIs between various wind tunnel facilities73
over a large range of Mach numbers, Reynolds numbers, and flow deflections.74

However, Reynolds number was found to have a significant effect on transitional interac-75
tions. Large differences (approximately 50%) were reported between the length scales from76
low Reynolds number wind tunnel of the IUSTI laboratory (Diop et al. 2016, 2019) and the77
high Reynolds number wind tunnel of TU Delft (Giepman et al. 2018), for the same imposed78
shock strength.79

A possible explanation was also the difference in free-stream noise of the two wind tunnels,80
which could have affected the transition process of the separated laminar boundary layer,81
and indirectly affected the length scales of the interaction. The wind tunnel of the IUSTI82
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Figure 1: Collapse of turbulent SBLI experiments using the mass-balance scaling (legend:
refer to Souverein et al. (2013)).

laboratory was found to have approximately 4 times lower turbulent intensities (in terms of83
mass-flux fluctuations). On a similar note, numerical studies of oblique shock reflections84
showed that the amplitude of inflow perturbations had a significant influence on the length85
of interaction (Larchevêque 2016), similar to what was observed for low speed laminar86
separation bubbles (Marxen & Henningson 2011). Hence, transition of the laminar boundary87
layer also played a significant role in affecting the length scales in such types of interactions.88

Hence, it was clear that the length scales of transitional SBLIs were sensitive to more89
parameters compared to turbulent SBLIs. Consequently, a thorough search of literature did90
not yield any scaling laws or comprehensive compilation for laminar and transitional SBLIs,91
that accounted for the effects of Reynolds number.92

The main aim of the current paper is to investigate the length scales of transitional SBLI93
with the hope of reconciling the discrepancies between different wind tunnel facilities.94
It is well known that length scales of such interactions have a complicated relationship95
with the transition of the boundary layer. The effect of Reynolds number and receptivity96
of the boundary layer to free-stream disturbances, is not very well understood. As several97
experimental facilities have examined the length scales of laminar and transitional SBLIs, the98
current work explores whether a scaling can be developed that consolidates all these results.99
Lastly, an effort is made to develop a common model for laminar, transitional and turbulent100
SBLIs.101

Experiments studying transitional SBLIs were performed with two compression ramps102
and comparisons were drawn with previous experiments from the IUSTI laboratory. The103
paper is organized as follows. Section 2 describes the experimental facilities of the IUSTI104
laboratory along with the geometrical models and the flow measurement techniques that105
were used. Sections 3.1 and 3.2 verifies and validates the canonical nature of the upstream106
laminar boundary layer as well as the compression ramp SBLIs respectively. The length of107
interaction is addressed in section 3.3, initially focusing on the effect of flow deflection and108
Reynolds number, and then moving on to the compilation of experimental data. Section 3.4109
extends the scaling to turbulent SBLIs and comparisons are drawn between different types110
of interactions. Section 4 summarises the results, providing conclusions and perspectives.111
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2. Experimental Methodology112

The experiments were performed at the IUSTI laboratory of Aix-Marseille University and113
CNRS. The supersonic wind tunnel was a closed-loop system which could be continuously114
operated for several hours without significant drift in free-stream properties (±1K/hr and115
±0.5 mbar).116

Experiments were performed in the S8 test section, where a symmetric converging-117
diverging nozzle accelerated the flow to a Mach number of 1.65, corresponding to a free-118
stream velocity of 464 m/s. The total temperature was maintained at ambient conditions119
(approximately 295 K, depending on weather conditions), while the total pressure (𝑝𝑡 ) of120
the free-stream could be varied from 0.15 atm (near vacuum) to 0.9 atm (close to ambient121
pressure). This resulted in a range of unit Reynolds numbers (𝑅𝑒𝑢) from 2.1 × 106 𝑚−1 to122
12.4 × 106 𝑚−1 for the free-stream. Most of the current experiments were performed for123
freestream total pressures of 0.4 atm, 0.6 atm and 0.8 atm (table 1).124

The free-stream noise at the exit of the nozzle was measured using the classical single125
sensor hot-wire anemometer. The Streamline amplifier from Dantec Dynamics was operated126
in the symmetric bridge configuration. A platinum and tungsten wire of 2.5µm diameter127
was used. The constant temperature anemometer had an effective bandwidth in the range of128
100 kHz to 150 kHz, depending on the unit Reynolds number. Table 1 shows the measured129
turbulence intensities in terms of non-dimensional fluctuations (root mean square) of mass-130
flux, velocity and pressure. The free-stream noise was found to be hypo-turbulent in nature,131
with low turbulence intensities for all operating conditions. Thus, ensuring that the laminar132
boundary layer would not undergo bypass transition (Laufer 1961).133

Downstream of the nozzle, the test section was 105 mm in height and 170 mm in span-wise134
width. The geometric models of the two compression ramps were similar in construction135
with a sharp leading edge, total length of 280 mm and spanning the entire width of the test136
section. The location of the corner of the ramp (𝑥𝑐) was 115 mm from the leading edge for137
both ramps. Reynolds number based on the location of the corner is shown in table 1 for138
different total pressures of the free-stream. The two models were placed at a height of 25139
mm from the floor, using supports near the span-wise edges of the wind tunnel. Pictures140
and schematics of the two models are shown in figures 2 and 3. It is to be noted here that141
the adiabatic wall temperature for these models nearly reached ambient conditions (total142
temperature of the freestream), considering a recovery factor: 𝑟 ≈ 𝑃𝑟1/2

≈ 0.84 for a fully143
laminar boundary layer and 𝑟 ≈ 𝑃𝑟1/3

≈ 0.89 for a fully turbulent boundary layer (Mack144
1954), where 𝑃𝑟 is the Prandtl number.145

The flow deflection (𝜑) of the two compression ramps were chosen such that direct146
comparisons could be drawn with the oblique shock reflection experiments by Diop (2017).147
In particular, the ramp angles were chosen to be twice that of the imposed flow deflection148
in the oblique shock reflection experiments, so that the overall pressure rise across the149
interaction were the same between the two configurations (Délery et al. 1986). The oblique150
shock reflection experiments were performed in the same wind tunnel facility (but in the151
other test section (S7) of the IUSTI laboratory), at similar Mach and Reynolds numbers.152
Similar to experiments of Diop (2017), the floor of the wind tunnel was modified to have an153
additional depth of 10 mm to alleviate choking of the secondary flow underneath the models.154

Flow visualization was performed using Schlieren measurements from a conical setup155
involving a parabolic mirror. Vertical gradients of density in the flow were visualized by156
placing the knife edge horizontally. Images were acquired at low speeds with a classical157
full-frame digital SLR camera (Nikon D700), having a 12-bit CMOS sensor with a pixel size158
of 8.45 𝜇m, and a resolution of 4526 × 2832 pixels, and the exposure time of the camera was159
set to 150 𝜇s.160

Focus on Fluids articles must not exceed this page length
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𝑝𝑡 [atm] 𝑀 𝑅𝑒𝑢 (× 106
) [𝑚

−1
] 𝑅𝑒𝑐 (× 106

) 𝜎𝜌𝑢 [%] 𝜎𝑢 [%] 𝜎𝑝 [%]

0.4 1.64 5.61 0.65 0.07 0.04 0.16

0.6 1.64 8.37 0.96 0.06 0.03 0.13

0.8 1.65 11.01 1.27 0.05 0.03 0.11

Table 1: Operating conditions of the experiments.

(a) Picture. (b) Schematic.

Figure 2: 6° compression ramp geometrical configuration.

(a) Picture. (b) Schematic.

Figure 3: 10° compression ramp geometrical configuration.

A classical Pitot probe was used to make measurements of the mean flow field. The tip161
of the probe was 0.3 mm in height with a opening of 0.15 mm in height, which measured162
the mean stagnation pressure of the flow. Flow properties such as Mach number, pressure,163
temperature, velocity and density were determined using standard equations.164

3. Results165

3.1. Upstream boundary layer166

The boundary layer velocity profiles were measured at different stream-wise locations on a167
simple flat plate geometry at the same Mach number. The geometry and setup of the flat plate168
was identical to both the compression ramps.169

Measurements using the Pitot probe were made every 0.05 mm in the wall-normal170
coordinate and are shown in figure 4 in similarity coordinates, with stream-wise velocity171
scaled with the external velocity outside the boundary layer (𝑢𝑒) and wall-normal distance172
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Figure 4: Boundary layer velocity profiles at different Reynolds numbers. Legend: solid
black line: Blasius boundary layer;

○ 𝑅𝑒𝑥 = 0.65 × 106; × 𝑅𝑒𝑥 = 0.96 × 106; ◻ 𝑅𝑒𝑥 = 1.27 × 106.

scaled with the boundary layer thickness (𝛿99). The figure also shows the theoretical173
compressible Blasius boundary layer profile, obtained by solving the compressible boundary174
layer equations for the same Mach number.175

Measurements of the boundary layer profile made at different Reynolds numbers exhibited176
a clear linear region and agreed very well with the theoretical Blasius profiles. Thus, validating177
the canonical nature of the laminar boundary layer for the Reynolds numbers (i.e. 𝑅𝑒𝑐)178
considered in the current experiments (table 1). The nature of the boundary layer was expected179
to be the same over both compression ramps, given the similarity of the geometrical models.180
Hence, it was concluded that both compression ramps were interacting with a canonical181
laminar boundary layer.182

3.2. Spatial organization183

Figure 5 shows the Schlieren visualization of the transitional SBLI for the 6° compression184
ramp. The sensitivity of the Schlieren system was increased so that small density gradients185
may be observed more clearly. A weak shock wave from the leading edge of the ramp186
(annotated by LE Shock) was seen. A weak Mach wave was seen originating from the ceiling187
of the test section, upstream of the leading edge. This Mach wave was due to a microscopic188
structural discontinuity between the end of the diverging section of the nozzle and the189
start of the test section. Due to the weak strength of this Mach wave, no significant effect190
was observed on the mean flow field of the interaction, based on Pitot probe and hot-wire191
measurements. Additionally, the secondary flow (under the ramps) appeared to maintain192
supersonic conditions, indicating that the flow was not choked.193

Looking closely near the corner, it was seen that the boundary layer separated upstream of194
the corner and subsequently re-attached downstream of the corner. A separation bubble was195
visible between the points of separation and reattachment (identified by the small bright white196
region). Separation of the boundary layer was not characterized by a distinct shock wave,197
but rather weak compression waves which could not be seen by Schlieren imaging. However,198
stronger compression waves were observed at reattachment, which coalesced further away199
from the wall and merged in to a shock wave. The Schlieren visualization of the interaction200
involving the 10° compression ramp was similar and is not shown here to avoid repetition.201

An illustration of the compression ramp SBLI is shown in figure 6, where𝐶 represented the202
corner of the ramp, with 𝑆 and 𝑅 representing separation and reattachment of the boundary203
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Corner

LE
Shock Mach Wave

Reattachment
Shock

Figure 5: Schlieren visualization for 𝜑 = 6° & 𝑅𝑒𝑐 = 0.65 × 106.

Compression Waves

S C R

Reattachment Shock

Laminar BL
Turbulent BL

L

Separated Shear Layer

Figure 6: Illustration of the SBLI over the compression ramp.

(a) 6° ramp. (b) 10° ramp.

Figure 7: Comparison of Pitot pressure evolution with inviscid pressure rise (legend: refer
to table 3, solid black line represents the inviscid pressure step).

layer respectively. The recirculating region was long and thin, shown by the gray region204
between the points 𝑆 and 𝑅. Such large aspect ratios of the separated region was also found205
by previous studies (Diop et al. 2019; Giepman et al. 2018; Threadgill et al. 2021). Far206
downstream of reattachment, the boundary layer was expected to be fully turbulent. The207
stream-wise distance between the points 𝑆 and 𝐶 was referred to as the length of interaction208
(𝐿).209
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Figure 8: Pressure evolution across separation represented through the coefficient of
free-interaction (legend: refer to table 3, dashed black line corresponds to 𝐹𝑠 = 0.8, and

dotted black line corresponds to 𝐹𝑝 = 1.5).

Figure 7 shows the evolution of the static pressure coefficient over the interaction for the210
two compression ramps, measured using the Pitot probe. Measurements were made outside211
the boundary layer at a constant height from the wall, for every 1 mm along the stream-wise212
coordinate. The height of the measurements was chosen such that there was minimal probe213
interaction effect on the flow. This was chosen to be 𝑦 = 5 mm and 𝑦 = 14 mm for the 6° and214
10° compression ramps respectively.215

The stream-wise coordinate was normalized according to equation 3.1, where 𝑥𝑠 corre-216
sponded to the mean location of separation and 𝑥𝑐 was the location of the corner.217

𝑋∗ =
𝑥 − 𝑥𝑠

𝑥𝑐 − 𝑥𝑠
(3.1)218

The mean location of separation was associated with the inflection point in the stream-219
wise pressure evolution. This inflection point was determined by identifying the peak in the220
stream-wise gradient of the pressure. Thus, the mean location of separation was determined221
up to an accuracy of ±1 mm.222

The measurements showed a classical two-step pressure rise, characteristic of separated223
SBLIs, for all the operating conditions of the current experiments. Comparisons were also224
made with the inviscid pressure rise for each compression ramp, and reasonable agreement225
was found in both cases, with a small undershoot by the experiments. This was due to the226
non-trivial loss of total pressure across the reattachment shock, which was not taken into227
account in the data analyses. The reattachment pressure rise was more spread out on the 6°228
ramp compared to the 10° ramp, suggesting that the reattachment compression was more229
smooth for the 6° ramp.230

The non-dimensional pressure rise at separation was identical for both compression ramps,231
owing to the free-interaction process of the boundary layer (Chapman et al. 1958). Figure232
8 shows the evolution of the pressure across separation in terms of the coefficient of free-233
interaction (𝐹):234
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(a) 6° ramp. (b) 10° ramp.

Figure 9: Comparison of non-dimensional pressure evolution (legend: refer to table 3,
vertical solid black line corresponds to location of the corner).

𝐹 =
𝑝 − 𝑝1

𝑞

¿

Á
ÁÀ(𝑀

2
− 1)1/2

2 𝑐 𝑓

(3.2)235

Where 𝑝1 was the static pressure of the freestream, 𝑞 was the dynamic pressure of the236
freestream, and 𝑐 𝑓 was the skin-friction coefficient. The theoretical skin-friction coefficient237
from an equivalent (attached) Blasius boundary layer was used to determine this coefficient.238
It is to be noted here the theory of free-interaction proposed another scaling for the stream-239
wise coordinate based on the extent of the pressure rise at separation. This scaling was not240
used here as it was not possible to accurately and confidently determine this stream-wise241
length. Hence, figure 8 uses the scaling based on the length of interaction (equation 3.1).242
Nevertheless, the measurements confirmed the process of free-interaction, as a value of 𝐹𝑠 ≈243
0.8 was reached at the mean location of separation and the pressure asymptotically reached244
𝐹𝑝 ≈ 1.5 downstream of separation, agreeing with standard values reported by various245
experiments in literature (Babinsky & Harvey 2011). This confirmed the canonical nature of246
the current compression ramp SBLIs.247

The flow deflection at separation (corresponding to the pressure rise at separation) was248
found to be 1.3° ≤ 𝜑𝑠 ≤ 1.7°. It was observed that this flow deflection at separation decreased249
slightly with increasing Reynolds number, following the predictions of free-interaction theory250
(Chapman et al. 1958). However, the exact difference in these flow deflections were within251
the uncertainty of the measurements, and hence, this result could not be concluded with252
confidence. Nevertheless, the global organization of the mean flow field was similar for the253
two compression ramps for all the Reynolds numbers considered in these experiments.254

3.3. Length of interaction255

Additionally, Pitot probe measurements provided quantitative insight into the upstream256
influence of the SBLI through the length of interaction, which was defined as the stream-wise257
distance between the corner of the ramp and the mean location of boundary layer separation258
(measured at the wall). Figure 7 showed that the global organization of the mean flow was259
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𝜑

6° 10°

𝑅𝑒𝑐 (× 106
)

0.24 34.8

0.33 27.2

0.65 22.1 26.0

0.96 19.2 20.7

1.27 16.2 19.0

1.43 14.3

Table 2: Absolute lengths of interactions shown in millimetres.

(a) Reynolds number effect. (b) Shock strength effect.

Figure 10: Comparison of non-dimensional lengths of interaction between both
compression ramps (legend: refer to table 3).

similar for both ramp geometries. However, it did not show how the length of interaction260
changed with Reynolds number as well as imposed flow deflection. Figure 9 compares the261
pressure evolution over the interaction between the two ramps, similar to figure 7 (Here, data262
is shown for more Reynolds numbers on the 6° compression ramp to highlight the effect of263
Reynolds number). But instead of using the non-dimensional stream-wise coordinate, the264
stream-wise coordinate was projected to the wall (using the local Mach characteristic angles),265
and is shown in absolute units of millimetres.266

It was observed that the length of interaction decreased when Reynolds number was267
increased, for both the ramps. And comparing between the two ramps, the length of interaction268
was larger for higher ramp angles (table 2). Additionally, it was observed that on the 6° ramp,269
both the location of separation (corresponding to the first pressure rise) and reattachment270
(corresponding to the second pressure rise) moved when the Reynolds number was changed.271
However, only the location of separation moved and the reattachment point was nearly fixed272
at approximately the same location on the 10° ramp.273

Rapids articles must not exceed this page length
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Figure 10 highlights the evolution of the length of interaction (𝐿) normalized by the274
compressible displacement thickness (𝛿∗) at separation (the theoretical compressible dis-275
placement thickness for an attached Blasius boundary layer was used). The same symbols276
used in figure 9 were repeated for consistency. Here, the shock strength was defined as the277
non-dimensional inviscid pressure rise imposed by the ramp:278

𝑐𝑝3 =
𝑝3 − 𝑝1

𝑞
=

2
𝛾𝑀2 (

𝑝3

𝑝1
− 1) (3.3)279

Where 𝑝3 was the “final” pressure downstream of the reattachment. A clear trend of280
the length of interaction was not observed for increasing Reynolds numbers (figure 10a).281
Moreover, the length scales for different Reynolds numbers fell on a vertical line for each282
ramp (figure 10b). Hence, it was important to incorporate Reynolds number in the non-283
dimensional scaling of the shock strength.284

Further, for comparisons to be made between different geometries (e.g. oblique shock285
reflections and compression ramps), there was a need to utilise a common length scaling for286
both geometries. As the current experiments were made so that a direct comparison could287
be made with oblique shock reflection experiments of Diop (2017), an effective scaling for288
the length of interaction was necessary. Souverein et al. (2013) developed a common length289
scaling for turbulent SBLIs, based on the mass flow deficit between the outgoing (𝑚𝑜𝑢𝑡 ) and290
incoming (𝑚𝑖𝑛) boundary layer.291

𝐿∗ =
𝐿

𝛿∗
𝐺3 =

𝐿

𝛿∗
(

sin (𝛽) sin (𝜑)
sin (𝛽 − 𝜑)

) = (

𝑚𝑜𝑢𝑡

𝑚𝑖𝑛

− 1) (3.4)292

Where 𝛿∗ was the compressible displacement thickness of the boundary layer at the mean293
location of separation, 𝛽 was the inviscid shock wave angle, and 𝜑 was the imposed flow294
deflection. This scaling was a common formulation for both oblique shock reflections as well295
as compression ramps. Although this scaling was developed for turbulent SBLIs, it should296
also be applicable to transitional SBLIs, given that this formulation was developed on a mass297
conservation basis.298

Figure 11 compares the length of interaction between the current experiments on compres-299
sion ramps and oblique shock reflection experiments from Diop (2017). The legend of the300
symbols used in this figure can be found in table 3. Here, 𝑅𝑒𝑖 refers to the Reynolds number301
based on the location of the inviscid shock at the wall (impingement shock for the oblique302
shock reflection and location of the corner for compression ramps). This common notation303
of Reynolds number will be used from here onwards to avoid confusion.304

It was observed that the classical normalization (𝐿/𝛿∗) resulted in nearly half the interaction305
lengths for the compression ramps compared to the oblique shock reflections (figure 11a). The306
use of “mass-balance” length scaling (𝐿∗) rectified this disagreement. Further, length scales307
for equivalent shock strengths nearly collapsed on each other and the same linear relationship308
was obtained between the non-dimensional shock strength and the non-dimensional length of309
interaction (figure 11b). This confirmed that such a length scaling based on the mass-balance310
approach was also valid for transitional SBLIs.311

Additionally, Souverein et al. (2013) also proposed a non-dimensional separation criterion312
to classify the shock strength:313

𝑆∗𝑒 =
𝑝3 − 𝑝1

(Δ𝑝)𝑠𝑒𝑝
= 𝑘

2
𝛾𝑀2 (

𝑝3

𝑝1
− 1) (3.5)314

Here, a constant (𝑘) was chosen such that it took into account the weak effect of Reynolds315
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(a) Classical normalization. (b) Mass-balance normalization.

Figure 11: Comparison of lengths of interaction between compression ramps and oblique
shock reflections (legend: table 3).

Oblique shock reflections (Diop 2017)

𝜑

3° 3.5° 4° 4.5° 5° 5.5° 6°
0.62 ∎ ∎ ∎

𝑅𝑒𝑖 (× 106
) 0.92 ▲ ▲ ▲ ▲ ▲

1.24 G G G G G

Compression ramps (current experiments)

𝜑

6° 10°

𝑅𝑒𝑖 (× 106
)

0.24 ▼

0.33 ◂

0.65 ● ●

0.96 ⧫ ⧫

1.27 ★ ★

1.43 ▸

Table 3: Legend of symbols for transitional SBLI experiments of the IUSTI laboratory.
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number as well as expressed the separation state of the boundary layer. Particularly, the316
constant was chosen as 𝑘 = 3 for 𝑅𝑒𝜃 ≤ 104 and 𝑘 = 2.5 for 𝑅𝑒𝜃 > 104 so that 𝑆∗𝑒 = 1 at the317
onset of separation, with 𝑆∗𝑒 < 1 corresponding to incipiently separated interactions and 𝑆∗𝑒 >318
1 corresponding to fully separated interactions.319

This was similar to the shock strength scaling used here (comparing equations 3.3 and 3.5),320
but with an additional parameter (𝑘). It was shown that the Reynolds number did not have a321
significant effect in turbulent SBLIs, or more specifically, the “pressure difference” required322
to separate a turbulent boundary layer ((Δ𝑝)𝑠𝑒𝑝) had a weak dependence on Reynolds323
number.324

The use of such a separation criterion for transitional SBLIs meant that this constant325
had to be modified from what was typically used for turbulent SBLIs. Particularly, the326
value of this constant had to be increased, as the pressure difference required to separate a327
laminar boundary layer ((Δ𝑝)𝑠𝑒𝑝)was much smaller compared to turbulent boundary layers.328

Moreover, the values of 𝐿∗ in transitional SBLIs were much larger compared to turbulent329
SBLIs (comparing figures 1 and 11). Extrapolating the values of 𝐿∗ found by Souverein330
et al. (2013) to the values reported in figure 11, a value of 𝑘 ≈ 9 was chosen for transitional331
SBLIs. It is important to note that the value of this constant will only introduce an offset to332
the horizontal axis for the data points on figure 11.333

As the set of data in figure 11 was quite limited (similar Mach numbers, Reynolds numbers,334
and flow deflections), it was difficult to determine whether a new scaling worked better335
than the classical one. Hence, an attempt was made to compile a number of experimental336
measurements of the lengths of interaction for transitional SBLIs. Particularly, experiments337
of oblique shock reflections and compression ramps were collected. The current data set338
was limited to the supersonic regime and excluded hypersonic experiments. It was believed339
that the non-adiabatic wall conditions in hypersonic experiments might locally influence340
the pressure required to separate the boundary layer. Due to the complexity of this effect,341
hypersonic experiments were excluded in the current compilation. Figure 12 shows the342
compilation of the experiments using the scaling proposed by Souverein et al. (2013). The343
legend for this compilation is shown in table 4.344

This compilation was not exhaustive and did not include the length scales reported from345
the following transitional SBLI experiments, as the published information was not enough to346
determine 𝐿∗ and 𝑆∗𝑒 : Liepmann et al. (1952), Gadd et al. (1954), Gadd (1958), Lewis et al.347
(1968), Roberts (1970), and Polivanov et al. (2015).348

Nevertheless, this compilation had a collection of independent experiments performed349
over the past 70 years, in different wind tunnel facilities, and with a wide range of operating350
conditions:351

1.6 ≤ 𝑀 ≤ 4.0352

0.11 ≤ 𝑅𝑒𝑖 (× 106
) ≤ 2.5353

1.2 ≤ 𝑝3/𝑝1 ≤ 8.3354

It is important to note that such a compilation was made for the first time for laminar and355
transitional SBLIs. Figure 12 showed that this particular set of scaling parameters resulted356
in different trends in the data, and this variety in the trends was greater than the uncertainty357
associated with the measurement techniques. It is to be noted here that the data points with358
large values of of 𝐿∗ and 𝑆∗𝑒 correspond to the high Mach number (𝑀 > 3) experiments of359
Chapman et al. (1958), Pate (1964) and Threadgill et al. (2021), where large flow deflections360
could be imposed.361

The reason why such a scaling worked for the compilation of turbulent SBLIs by Souverein362
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Figure 12: Length of interaction based on the mass-balance scaling by Souverein et al.
(2013) with 𝑘 = 9 (legend: refer to table 4).

Symbol Literature 𝑀 𝑅𝑒𝑖 (× 106
) 𝜑 𝑝3/𝑝1

Oblique Shock Reflections

○ Barry et al. (1951) 2.1 0.11 - 1.20 3.0°- 7.0° 1.4 - 2.1

◊ Chapman et al. (1958) 2.4 0.18 4.0° 1.6

✩ Hakkinen et al. (1959) 2.0 0.30 - 0.44 2.7°- 8.4° 1.3 - 2.4

● Degrez et al. (1987) 2.2 0.11 3.8° 1.5

⧫ Skebe et al. (1987) 2.0 - 3.0 0.52 - 0.62 4.5°- 5.5° 1.6 - 2.2

⧫ Bur & Garnier (2016) 1.6 0.61 - 1.09 3.0° 1.3

★ Giepman et al. (2018) 1.7 1.8 - 2.5 2.0°- 5.0° 1.2 - 1.6

Diop (2017) 1.7 0.62 - 1.24 3.0°- 6.0° 1.4 - 1.8

Compression Ramps

◻ Chapman et al. (1958) 2.6 0.33 25° 4.3

△ Pate (1964) 3.0 0.28 - 0.77 25° 4.9

G Nielsen et al. (1965) 2.6 0.21 10° 1.9

∎ Gray (1967) 3.0 0.19 - 1.03 7.5°- 15° 1.7 - 2.8

▲ Sfeir (1969) 2.7 0.14 9°- 11° 1.8 - 2.1

G Baroth & Holt (1983) 2.4 0.21 10° 1.8

▲ Threadgill et al. (2021) 4.0 0.11 - 0.25 15°- 28° 3.7 - 8.3

Current Experiments 1.65 0.65 - 1.27 6°- 10° 1.3 - 1.6

Table 4: Legend of symbols for the compilation of transitional SBLIs (the legend for the
experiments of Diop (2017) and the current experiments can be found in table 3).
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et al. (2013), was because Reynolds number had a weak effect on the separation criterion363
of turbulent SBLIs. One of the possible reasons why this scaling did not collapse the data364
set of transitional SBLIs was due to the inability of the shock strength scaling to take into365
account the effect of Reynolds number. This was clear when looking at experiments where366
the Reynolds number was varied while keeping the shock strength constant (similar to the367
current experiments, see figure 11). Such data points fell on a straight vertical line with368
smaller lengths for higher Reynolds numbers (e.g. length scales reported by Threadgill et al.369
(2021)). Hence, this compilation highlighted that there was a need for the shock strength370
parameter to consider the change in Reynolds number.371

In order to introduce Reynolds number in the shock strength scaling, the concept of372
free-interaction theory by Chapman et al. (1958) was revisited. The main idea behind373
this formulation was that the non-dimensional pressure rise at separation showed universal374
behaviour for all SBLIs (apart from the constant being different for turbulent and laminar375
SBLIs). This universal behaviour has been proven many times for a number of experiments376
for different Mach numbers, Reynolds numbers and shock strengths (Babinsky & Harvey377
2011). Moreover, this universal behaviour was also verified for the current set of experiments378
as well (figure 8).379

The initial idea of Souverein et al. (2013) for the non-dimensional shock strength scaling,380
was to compare the overall increase in pressure across the interaction with the pressure rise381
across separation (Δ𝑝/(Δ𝑝)𝑠𝑒𝑝). Such a scaling did indeed collapse a subset of experimental382
data, in which the pressure rise needed to separate the boundary layer was explicitly reported383
(see pg. 519, figure 7, Souverein et al. (2013)). However, to include other experimental data384
which did not measure the pressure rise needed to separate, (Δ𝑝)𝑠𝑒𝑝 was replaced by a385
constant (equation 3.5).386

The current compilation showed that Reynolds number had a significant effect on the387
pressure rise at separation for laminar and transitional SBLIs, and this behaviour could be388
universally described by free-interaction theory (equation 3.2). If the pressure required to389
separate a boundary layer was approximated as the plateau pressure i.e. (Δ𝑝)𝑠𝑒𝑝 ≈ 𝑝2 − 𝑝1,390
then free-interaction theory can be re-written as follows:391

(Δ𝑝)𝑠𝑒𝑝

𝑞
= 𝐹𝑝

¿

Á
ÁÀ

2 𝑐 𝑓

(𝑀2
− 1)1/2

(3.7)392

Where 𝐹𝑝 = 1.5 was the value of the free-interaction coefficient at plateau for laminar393
SBLIs. As the extent of the plateau in laminar and transitional SBLIs was quite large,394
the uncertainty in the determination of this coefficient at plateau would be lower than395
determining the exact value needed to separate a laminar boundary layer (Giepman et al.396
2018). Consequently, the expression Δ𝑝/(Δ𝑝)𝑠𝑒𝑝 was elaborated using equation 3.7 as397
follows:398

𝑆∗𝑑 =
𝑝3 − 𝑝1

(Δ𝑝)𝑠𝑒𝑝
=

1
𝐹𝑝

¿

Á
ÁÀ
(𝑀2

− 1)1/2

2 𝑐 𝑓

2
𝛾𝑀2 (

𝑝3

𝑝1
− 1) (3.8)399

This expression was similar to equation 3.5, with an additional term (similar to 𝑘) which400
introduced the effect of Reynolds number through the skin-friction coefficient (𝑐 𝑓 ). However,401
the skin-friction coefficient was not reported by most of the experiments in this compilation402
due to its measurement complexity. Hence, the theoretical skin-friction coefficient for a403
compressible Blasius boundary layer (at the mean location of separation) was used. This404
was done to remain consistent across all data sets. The compilation of the experimental data405
using the new shock strength scaling is shown in figure 13.406
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Figure 13: Compilation of length scales for a modified shock strength parameter, 𝑆∗𝑑 .

This new scaling did improve some of the problems found in the previous scaling, in par-407
ticular, different Reynolds number resulted in different separation criteria, and consequently408
the length scales did not fall on vertical lines (comparing figures 12 and 13). Nevertheless,409
there was still a large amount of scatter among the data, and hence proving that this was not410
the right scaling either.411

Another way to scale the shock strength parameter was to compare the ratio of pressures,412
as opposed to comparing the pressure differences:413

𝑆∗𝑟 =
𝑝3/𝑝1

(𝑝/𝑝1)𝑠𝑒𝑝
=

𝑝3

𝑝1

⎡
⎢
⎢
⎢
⎢
⎣

1 +
𝛾𝑀2

2
𝐹𝑝

¿

Á
ÁÀ

2 𝑐 𝑓

(𝑀2
− 1)1/2

⎤
⎥
⎥
⎥
⎥
⎦

−1

(3.9)414

Where (𝑝/𝑝1)𝑠𝑒𝑝 is again obtained from the free-interaction theory of Chapman et al.415
(1958), by re-writing equation 3.7.416

This latest scaling seemed to collapse most of the data set, as shown in figure 14. The417
effect of Reynolds number appeared to be well captured by this new scaling as the data points418
did not fall on a vertical line as the previous scaling (figure 12) and instead of the different419
trends observed in figure 13, the same linear relationship (i.e. same slope) was obtained for420
most of the data points from the compilation in figure 14.421

The non-dimensional nature of this scaling automatically adjusted the shock strength;422
for low shock strengths with no separation, the imposed adverse pressure ratio is lower423
than the pressure ratio required to separate the boundary layer and hence, 𝑆∗𝑟 < 1. For424
incipient interactions involving intermittent separation, the imposed pressure ratio is close425
to the pressure ratio required to separate the boundary layer (𝑆∗𝑟 ≈ 1). And finally 𝑆∗𝑟 > 1426
corresponded to a typical separated SBLI. No empirical constant had to be adjusted for this427
auto-scaling, compared to equation 3.5.428

Additionally, when the plateau pressure between separation and reattachment was repre-429
sented as 𝑝2, this separation criterion could be re-written as:430

𝑆∗𝑟 =
𝑝3/𝑝1

(𝑝/𝑝1)𝑠𝑒𝑝
≈

𝑝3/𝑝1

𝑝2/𝑝1
≈

𝑝3

𝑝2
(3.10)431
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Figure 14: Compilation of length scales for different non-dimensional shock strengths, 𝑆∗𝑟 .

It is well known that separated SBLIs are characterized by a two-step pressure rise over432
the interaction, and the overall pressure rise (𝑝3/𝑝1) across the interaction can be expressed433
as the combination of these two pressure jumps:434

𝑝3

𝑝1
=

𝑝2

𝑝1
×

𝑝3

𝑝2
(3.11)435

The first pressure rise (𝑝2/𝑝1) at separation, exhibited universal behaviour according436
to free-interaction theory (Chapman et al. 1958). The second pressure rise (𝑝3/𝑝2) at437
reattachment, did not show universal behaviour. The collapse of the experimental data in438
figure 14 suggested that the non-dimensional length of interaction was only a function of the439
second pressure rise (𝑝3/𝑝2), given that the first pressure rise at separation was universal.440
This could be a possible physical explanation as to why only this separation criterion was441
able to collapse the experimental data set.442

It is important to note that, as a consequence of this non-dimensional scaling, both the443
horizontal and vertical axes of figure 14 were functions of Reynolds numbers:444

𝐿∗ ≈ 𝐿
√

𝑅𝑒𝑢

𝑥𝑠
𝑓 (𝑀, 𝜑), 𝑆∗𝑟 ≈ (𝑅𝑒𝑢 𝑥𝑠)

1/4 𝑓 (𝑀, 𝜑) (3.12)445

𝛿∗ introduced a Reynolds number term through the Blasius reference length scale in 𝐿∗,446
while (𝑐 𝑓 )

−1/2 introduced a Reynolds number term in 𝑆∗𝑟 , where 𝑥𝑠 was the mean location447
of separation of the boundary layer at the wall. Although it was of concern that the presence448
of a Reynolds number term on both axes of figure 14 might have contributed to the collapse,449
this contribution was found to be minimal, given that the exponent was not the same for the450
non-dimensional length and non-dimensional shock strength.451

Looking closely at figure 14, it was observed that certain data sets from different wind452
tunnels exhibited the same slope, while being offset with respect to each other, along the453
vertical axis. Figure 15 shows the “zoom” of the data points in the lower left corner of figure454
14, to highlight the low Mach number experiments (e.g. the current experiments). In fact,455
nearly parallel lines could be drawn, where each line corresponded to a subset from different456
wind tunnel facilities (parallel red lines in figure 15).457
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Figure 15: subset of the compilation from figure 14.

One of the major contributing factor for this nearly constant offset could be a difference458
in free-stream turbulence intensities across different wind tunnel facilities. The problem of459
background aerodynamic noise was found to be a major limitation in the study of high-speed460
laminar boundary layers since the very beginning of experiments in supersonic wind tunnels461
(Laufer 1954). Similar to low-speed flows, high free-stream turbulence intensities was linked462
to a rapid transition scenario that bypassed the linear growth of modes predicted by stability463
theory (Morkovin 1959).464

Even if the free-stream turbulence intensities were low enough for the growth of linear465
and modal mechanisms (i.e. not high enough to trigger bypass transition) of the laminar466
boundary layer, it could still accelerate the natural transitional mechanisms (Laufer 1961).467
Consequently this acceleration could have enabled the separated boundary layer to reattach468
“earlier”, leading to a shorter length of interaction, and subsequently an offset in figure 15.469
The influence of free-stream turbulence intensity on the transitional mechanisms of a laminar470
boundary layer is a complex topic, particularly, the effect of amplitude and spectral content471
of the free-stream noise on the transition process (through receptivity), is not very well472
understood. Not all wind tunnel facilities in this compilation have reported their amplitude473
and spectral content of the free-stream noise, and hence it was difficult to conclusively474
determine if and how these parameters affected the length scales of the interaction.475

Nevertheless, a qualitative understanding of this effect of freestream noise is well known.476
A review of supersonic wind tunnels by Pate & Schueler (1969) provided strong evidence477
linking the noise radiated by turbulent boundary layers on the tunnel walls to lower transition478
Reynolds numbers. This prompted NASA to develop the so-called “quiet” wind tunnel, which479
ensured the boundary layers on all the tunnel walls to be laminar. Experiments performed480
in this low-disturbance tunnel reported transition Reynolds numbers of O(107

), one order481
of magnitude higher than conventional “noisy” wind tunnels (Chen et al. 1989; Schneider482
2004).483

Schneider (2015) further highlighted that quiet tunnels were more representative of actual484
flight conditions, and emphasized the necessity to develop quiet wind tunnels to study the485
transition process, particularly at hypersonic speeds, where the boundary layer transitional486
mechanisms were more complex. Unfortunately, none of the experiments in this compilation487
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were made in quiet wind tunnels. It would be very interesting to compare the length scales488
for laminar and transitional SBLIs from such facilities to the current compilation.489

Another important factor to consider was leading edge bluntness. Potter & Whitfield (1962)490
showed that the bluntness of the leading edge had a significant effect on the transition process491
of the laminar boundary layer. It was found that the transition Reynolds number increased492
for increasing “bluntness” of the leading edge, even when bluntness had a negligible effect493
on the mean pressure distribution. Given that the degree of bluntness of the leading edge494
was not reported by many of the authors in this compilation of experimental data, it was495
difficult to determine what kind of effect this had on the transition process of their respective496
boundary layers. This delay or acceleration of the transition process (corresponding to a497
blunt or sharp leading edge respectively) of the boundary layer could have affected the length498
scales of interaction, and consequently played a role in the observed offset in length scales499
in this compilation.500

Moreover, Lusher & Sandham (2020) showed that the lateral walls of the wind tunnel501
test section could dramatically change the length of interaction for transitional SBLIs. This502
confinement effect was particularly significant when the span-wise width of the test section503
was small compared to the length of the separated region. The current compilation in figure504
15 contained experiments with a wide variety of test section sizes. The effect of this finite size505
of the test section and deviation from nominally 2D interaction is a complicated relationship506
between the laminar boundary layer and the turbulent boundary layer on the side walls. This507
topic of 3D effects in nominally 2D SBLIs has received relatively more attention for turbulent508
interactions, with investigations from Dussauge et al. (2006); Burton & Babinsky (2012);509
Wang et al. (2015); Xiang & Babinsky (2019) to cite a few.510

Moreover, Threadgill et al. (2021) showed that when the geometry did not span the entire511
width of the test section, “spillage” of the flow in the span-wise direction reduced the length512
of interaction, compared to when end-plates were used. This could have played a contributing513
factor on the smaller length scales reported by the experiments of Degrez et al. (1987), where514
the flat plate did not span the entire width of the test section. However, it is important to note515
that such effects can both increase or decrease the length scales of the interaction, depending516
on the secondary flow conditions underneath the main geometry. In fact, an overpressure517
underneath the geometry could restrict spillage and increase the length of interaction as well.518

Another contributing factor could be a systematic error introduced in the calculation of519
the length of interaction by different studies.520

Additionally, figure 15 showed that some data points exhibited a different slope (shown in521
solid blue lines) compared to the rest of the compilation (shown in solid red lines).522

The slope of this deviant subset of data was found to be reduced by 47% (when compared523
to the slope of red lines in figure 15). To understand this deviation, comparisons were made524
with individual experimental data sets in figure 16.525

The current experiments were compared with one of the first parametric studies on526
transitional SBLIs from Barry et al. (1951) in figure 16a. It was observed that at low527
Reynolds numbers (i.e. 𝑅𝑒𝑖 = 0.11 × 106), the same slope was observed (compared to528
the current experiments), albeit with an offset (possibly due to a combination of factors529
mentioned before). However, as Reynolds number was increased (i.e. 𝑅𝑒𝑖 ≥ 0.6 × 106), this530
slope reduced and the offset also increased (the change in offset is more clear at higher 𝑆∗𝑟 ). It531
is important to note here that Reynolds number was changed by changing the total pressure532
of the free-stream, while the inviscid shock impingement location was kept constant.533

Similarly, comparisons were made with the more recent parametric studies of Giepman534
et al. (2018) in figure 16b. At “low” Reynolds numbers (i.e. 𝑅𝑒𝑖 = 1.8 × 106), when the535
imposed flow deflection was increased, the measured length scales were offset with respect536
to the current experiments and the slope was slightly lower. However, as the Reynolds number537
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(a) Comparison with the experiments of Barry et al. (1951) (symbol ○) different Reynolds
numbers (solid black line: 𝑅𝑒𝑖 = 0.11 × 106, dashed black line: 𝑅𝑒𝑖 = 0.25 × 106, dotted

black line 𝑅𝑒𝑖 = 0.6 × 106, dashed dotted black line 𝑅𝑒𝑖 = 1.2 × 106).

(b) Comparison with the experiments of Giepman et al. (2018) (symbol★) for a constant
Reynolds number (solid black line: 𝑅𝑒𝑖 = 1.8 × 106

, 2° ≤ 𝜑 ≤ 5°) and increasing Reynolds
number (solid blue line: 𝜑 = 3°, 1.8 ≤ 𝑅𝑒𝑖 (× 106

) ≤ 2.5).

Figure 16: Reynolds number effect (legend of symbols: refer to table 4).

was increased (i.e. 𝑅𝑒𝑖 > 1.8 × 106, corresponding to the solid blue line in figure 16b), the538
offset increased as well (in this case the Reynolds number was increased by moving the539
shock impingement location further downstream, while keeping the same total pressure of540
the freestream).541

Moreover, it is also imperative to note that there was an order of magnitude difference in542
Reynolds numbers between the experiments of Barry et al. (1951) and Giepman et al. (2018).543
Hence, the lowest Reynolds number of Giepman et al. (2018) was still higher than the highest544
Reynolds number of Barry et al. (1951), while the offset for both of these experiments were545
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nearly the same, possibly suggesting that the free-stream noise of Giepman et al. (2018) was546
much lower than that of Barry et al. (1951).547

In essence, figure 16 conveyed that while the new separation criterion (𝑆∗𝑟 ) was able to548
capture the effects of Reynolds number, it was merely a first order effect that worked when549
the free-stream noise of the wind tunnel was relatively low (e.g. the current experiments).550
For higher free-stream noise, the transitional mechanisms of the laminar boundary layer551
were possibly accelerated, which could have changed the relationship between Reynolds552
number and the length of interaction. The modelling of this modified relationship would553
require insight into the complex interplay between freestream noise, receptivity (both for the554
attached and separated boundary layer) and Reynolds number. Hence, this observed offset in555
these curves as well as the change in slope, could have multiple contributing factors, which556
requires additional experiments and analyses to understand in more detail.557

3.4. Universal scaling558

Notwithstanding the non-linear effects of the transition process, it seemed that the new559
separation criterion scaling 𝑆∗𝑟 was able to capture the relationship between the length of560
interaction and the imposed adverse pressure gradient, for laminar and transitional SBLIs.561
Building on these results, an attempt was made to extend this scaling for turbulent SBLIs as562
well.563

For turbulent SBLIs, a compilation of experimental data sets was already made by564
Souverein et al. (2013) (figure 1). And, it was shown that the pressure required to separate565
a turbulent boundary layer was only a function of the dynamic pressure of the free-stream566
(see figure 8 from Souverein et al. (2013)). This meant that Reynolds number had a weak567
influence on the pressure required to separate a turbulent boundary layer. Subsequently, this568
pressure ratio required to separate turbulent boundary layers was determined as follows:569

(Δ𝑝)𝑠𝑒𝑝

𝑞
≈ K (3.13a)570

(

𝑝

𝑝1
)

𝑠𝑒𝑝

≈ 1 +
𝛾𝑀2

2
K (3.13b)571

Where the constantK ≈ 0.4 was found by Souverein et al. (2013). It was observed that the572
constantK replaced the term with the skin-friction coefficient, when compared with equation573
3.7, and thus removing the effect of Reynolds number.574

Consequently, the shock strength scaling proposed here could also be applied to turbulent575
SBLIs, albeit with a modified resulting expression, when compared with laminar and576
transitional SBLIs (equation 3.9).577

𝑆∗𝑟 =
𝑝3/𝑝1

(𝑝/𝑝1)𝑠𝑒𝑝
=

𝑝3

𝑝1
[1 +

𝛾𝑀2

2
K]

−1

(3.14)578

The compilation made by Souverein et al. (2013) was revisited using this new scaling and579
is shown in figure 17. It was found that this new shock strength scaling did indeed work also580
for turbulent SBLIs. As opposed to the best fit (based on a power law) proposed by Souverein581
et al. (2013), a first order (linear) polynomial fit was made in the current analysis, where two582
different slopes was identified depending on whether the interaction was attached (𝑆∗𝑟 < 1)583
or separated (𝑆∗𝑟 > 1).584

The slope was more than four times higher when a mean separation was found when585
compared to an incipient separation (table 5). Additionally, the scatter in the length scales586
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Figure 17: Evolution of length scales for turbulent SBLIs using the new scaling (legend:
refer to Souverein et al. (2013)).

increased for very high (relatively speaking) shock strengths i.e. 𝑆∗𝑟 > 1.2, where large587
imposed flow deflections might have resulted in significant corner and/or 3D effects.588
Moreover, large flow deflections probably resulted in a Mach stem over the turbulent SBLI,589
which could have saturated the imposed pressure jump across the interaction. Hence, higher590
non-dimensional shock strengths might not have been possible in the supersonic regime of591
turbulent SBLIs. Hence, the confidence of this slope at higher separation criteria was low.592
It is important to note that SBLI studies made in the hypersonic regime were not included593
in this compilation as wall heat transfer effects become significant. Jaunet et al. (2014) had594
shown that non-adiabatic wall conditions also affected the separation criterion at supersonic595
speeds. In such cases, the separation criterion would have to be further modified to take this596
into account, which was not performed in the current analysis.597

Due to the universality of this scaling of the separation crtierion, laminar, transitional and598
turbulent SBLIs can now be compared directly and figure 18 shows this comparison. The black599
and white symbols correspond to turbulent SBLI experiments (taken from Souverein et al.600
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Figure 18: Comparison of turbulent and laminar SBLI length scales (legend: refer to
Souverein et al. (2013) for black and white symbols, and refer to table 3 for coloured

symbols).

Laminar & Transitional SBLIs Turbulent SBLIs

𝑆
∗
𝑟 < 1 (4.6,-2.6)

𝑆
∗
𝑟 > 1 (28.7,-28.1) (18.0,-16.0)

Deviated subset (15.1,-16.8)

Table 5: Coefficients (a,b) of first order polynomial fit: 𝐿∗ = 𝑎 𝑆
∗
𝑟 + 𝑏.

(2013)) and the coloured symbols correspond to the current experiments on transitional SBLIs601
(refer to table 3). To the authors’ knowledge, this is the first time such a direct comparison602
has been made between the different types of SBLIs. To avoid clutter and improve legibility,603
only the current experiments from the compilation of laminar and transitional SBLIs are604
shown in figure 18.605

It was observed that there was little overlap between the two compilations. This was606
mostly due to the fact that the pressure ratio required to separate a laminar boundary layer is607
much lower compared to a turbulent boundary layer, resulting in large separation criteria for608
laminar and transitional SBLIs. Consequently, the non-dimensional lengths scales of laminar609
and transitional SBLIs were also much larger relative to turbulent SBLIs.610

Given this small overlap between the length scales, it was difficult to conclusively conclude611
on the difference in slope between the different types of SBLIs. The power law fit of Souverein612
et al. (2013) suggested an asymptotic increase of length scales of turbulent SBLIs for 𝑆∗𝑟 > 1.2,613
however, there wasn’t enough data points in this regime to support this behaviour conclusively.614
As mentioned before, experiments of turbulent SBLIs at 𝑆∗𝑟 > 1.2 were possibly characterized615
by significant corner and/or 3D effects, which would have affected the observed length scales.616

Nevertheless, a linear fit of these experimental data sets showed that the slope of laminar617
and transitional SBLIs were approximately 60% larger than the slope of turbulent SBLIs618
(table 5). In fact, the subset of laminar and transitional SBLIs that deviated away from the619



24 N. Mahalingesh, S. Piponniau and P. Dupont

rest of the compilation exhibited similar slopes as that of turbulent SBLIs. Again suggesting620
that this subset of laminar and transitional SBLIs possibly involved a laminar boundary layer621
that was strongly affected by its transition process, and likely a non-canonical SBLI. The622
slopes of all the types of SBLIs are shown in table 5 for reference.623

Figure 18 also suggested a possible continuity in the non-dimensional lengths between624
turbulent and laminar SBLIs. To elaborate, this would mean that if experiments of laminar625
and transitional SBLIs were made at the separation criteria corresponding to turbulent SBLIs626
(i.e. 𝑆∗𝑟 < 1.2), then the resulting non-dimensional lengths of interaction could possibly be627
similar (or in the same range of values) to turbulent SBLIs. This suggested that the 𝐿∗ scaling628
was able to reconcile large differences (nearly one order of magnitude) in the aspect ratios629
of the length scales (𝐿/𝛿∗) between the different types of SBLIs, through the inviscid term630
in equation 3.4:631

(𝐿/𝛿∗)𝑙𝑎𝑚𝑖𝑛𝑎𝑟 > (𝐿/𝛿
∗
)𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡

(𝐺3)𝑙𝑎𝑚𝑖𝑛𝑎𝑟 < (𝐺3)𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡

⎫
⎪⎪
⎬
⎪⎪
⎭

(𝐿∗)𝑙𝑎𝑚𝑖𝑛𝑎𝑟 ≈ (𝐿
∗
)𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 (3.15)632

This suggested that this set of non-dimensional scaling (𝐿∗ and 𝑆∗𝑟 ) were universal for the633
types of SBLIs considered in this compilation.634

4. Conclusion635

Experiments of transitional SBLI were made on nominally 2D compression ramps. Two636
ramp geometries, with a 6° and 10° flow deflection were studied at a Mach number of 1.65637
and the unit Reynolds number was varied between 5.6 million per metre and 11 million per638
metre. The canonical nature of the transitional SBLI was verified with comparisons with639
free-interaction theory.640

The non-dimensional scaling of the length of interaction (originally proposed by Souverein641
et al. (2013)), based on the mass-balance between the incoming and outgoing boundary layer642
was found to reconcile the differences in absolute length scales between compression ramp643
SBLIs and transitional oblique shock reflection experiments of Diop (2017). Thus, such a644
mass-balance scaling also worked for laminar and transitional SBLIs.645

A compilation of lengths of interaction reported from various experiments on transitional646
SBLIs in literature was made for the first time. The compilation showed that different trends647
were observed by subsets, and highlighted the effects of Reynolds number on the separation648
criteria.649

A new non-dimensional scaling was developed for the shock strength that included the650
effects of Reynolds number through the free-interaction theory. In particular, this new scaling651
was based on the ratio of pressures across the interaction as opposed to the difference in652
pressures across the interaction (as originally proposed by Souverein et al. (2013)). The653
pressure ratio across the interaction was normalized with the pressure ratio required to654
separate the boundary layer, which was obtained from free-interaction theory. Such a scaling655
was able to collapse most of the data set, and nearly the same linear relationship between this656
new separation criterion and the length of interaction was obtained for all the data points.657

The current experiments on transitional SBLIs (performed in the IUSTI laboratory) were658
found to have the longest non-dimensional lengths of interaction compared to the rest of the659
compilation. And, it was observed that some subsets exhibited an offset in non-dimensional660
length scales with respect to the current experiments. Many possible factors were identified661
that could have contributed to this offset, including higher free-stream noise, leading edge662
bluntness, and 3D effects. However, a conclusive cause for this offset could not be found.663
Additionally, other subsets showed different slopes entirely, compared to the rest of the664
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compilation. While a conclusive cause could not be identified, the most likely cause was665
found to be the combination of high free-stream noise and high Reynolds number, resulting666
in a non-canonical laminar boundary layer and SBLI.667

The scaling of the separation criterion based on the ratio of pressures across the interaction668
was extended to turbulent SBLIs. Contrary to laminar and transitional SBLIs, Souverein et al.669
(2013) had shown that Reynolds number had a weak effect on the pressure required to separate670
a turbulent boundary layer. Hence, this weak effect of Reynolds number was incorporated into671
the new separation criterion through an empirical constant. This new scaling of separation672
criterion was indeed able to collapse most of the data set from the compilation of Souverein673
et al. (2013).674

Due to the common non-dimensional formulation of the length scales and separation675
criteria between laminar, transitional and turbulent SBLIs, a direct comparison was made676
between the different types of SBLIs for the first time. Although there was little overlap,677
the comparison suggested that the non-dimensional lengths of interaction between different678
types of SBLIs were similar for equivalent separation criteria. To elaborate, although large679
differences can be found when comparing the aspect ratio (𝐿/𝛿∗) between different SBLIs,680
the length of interaction represented in terms of 𝐿∗ were similar.681

Further experiments and analyses are required to confirm and validate this hypothesis for682
different separation criteria, as well as reaffirm the growth rates of the length scales across683
different types of SBLIs for increasing separation criteria.684
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