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Turbulent Shock-Wave/Boundary-Layer Interactions Without
Sidewall Effects at Mach 2.5, 3.0, and 3.5 —
PIV Measurements From 2025 Test Entry

Heath H. Reising
National Aeronautics and Space Administration
Glenn Research Center
Cleveland, Ohio 44135

Abstract

The High-Mach Validation Experiments (HMVE) campaign was initiated as a follow-on to
shock-wave/boundary-layer interaction (SWBLI) experiments previously completed in the NASA
GRC 225 cm? Wind Tunnel at a freestream Mach number of 2.5. Data were collected at Mach 3.0
and 3.5 freestream conditions using the same set of three angles for the conical shock generators
in the axisymmetric test section. Select cases from Mach 2.5 testing were also duplicated to verify
repeatability. Particle image velocimetry (PIV) measurements were applied to collect large ensembles
of velocity data which were stitched together to form a quasi-continuous view of the mean and
turbulent flowfield behavior. Densely-spaced wall pressure measurements were concurrently acquired
to supplement the flowfield information from PIV. The primary purpose of this report is to summarize
the data obtained in this entry and assess the quality and repeatability relative to previous entries.
Herein, velocity data is visualized component-by-component in contour plot form to visually assess
the ability of the PIV technique to capture detailed flow features. Shock-fitting is used to quantify and
correct for small displacements in the shock generator tip which occur due to the long cantilevered
support. Since the novelty of this entry comes from the addition of new test cases at reduced
Reynolds number, results are presented in a fashion which highlights trends in the flowfield behavior
with variation in that parameter. Slices at select streamwise stations are extracted and compared
quantitatively across test conditions to identify trends. Data files containing wall-normal profiles of
each measured quantity at spacing which matches the companion probe measurements are attached to
this report for wider use in comparisons.

Nomenclature
¢y = boundary layer friction coeflicient
¢ = shock generator offset distance from test section axis
M = Mach number
P = pressure
r = radial coordinate
Rps = test section radius, 8.5 cm
Rep = core flow Reynolds number based on test section hydraulic diameter

Re s, = boundary layer characteristic Reynolds number using wall viscosity, ﬁ‘j‘;we
u = axial velocity (aligned with X)

ur = turbulent boundary layer friction velocity

v = vertical velocity (aligned with ¥)

w = spanwise velocity (aligned with 7)

x = axial coordinate, x = 0 at leading edge of test section

y = vertical coordinate, y = 0 on test section axis

y = wall-normal coordinate, y = 0 at (r,0) = (Rrs, 180°)

Z = spanwise coordinate, z = 0 on test section axis

a = shock generator cone half-angle
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B = shock wave angle
d99.5 = boundary layer thickness based on y(u = 0.995u,)

¢0* = boundary layer displacement thickness

0, = turbulent boundary layer viscous scale, ”—”f’u,

A = Rotta-Clauser integral boundary layer thickness

@ = boundary layer momentum thickness or azimuth in cylindrical coordinate system, 6 = 0 at 12 o’clock and is
clockwise positive looking upstream

p = density

Subscripts

i inviscid shock impingement
w = wall

Special Notations

0 = facility nozzle exit station

1 = station at which incoming boundary layer is evaluated
o = freestream or boundary layer edge

() = time average (Reynolds average)

()" = deviation of instantaneous value from the time average
()" = van Driest transform

I. Introduction

Validation of turbulence models is paramount in the pursuit of accurate computational fluid dynamics (CFD)
predictions in the complex flowfields present in realistic aerospace vehicle and propulsion designs. Typically, methods
which rely on modeling of the more complex fluid physics (e.g. Reynolds stresses and heat flux vectors in Reynolds-
averaged Navier-Stokes (RANS) simulations) are less expensive than scale-resolving methods such as Large-Eddy
Simulation (LES) and can be used in parametric optimization studies. However, the models used within these
lower-fidelity methods are almost universally calibrated in equilibrium turbulence and require careful tuning to accurately
predict the production, transport, and dissipation of turbulence in complex flowfields. Shock-wave/boundary-layer
interactions (SWBLI) are typically identified as a problematic case for RANS solvers due to their large departure from
an equilibrium turbulence state[1].

A dearth of high quality experimental data in supersonic and hypersonic shock-wave/boundary-layer interactions for
use in code validation efforts was identified by Settles and Dodson [2]. There, many of the candidate datasets were
rejected due to the lack of well-defined boundary conditions, undocumented 3D effects, inconsistency between repeated
measurements, or a lack of repeated measurements. A specific methodology was laid out in Ref. 3 for planning useful
CFD code validation experiments which acknowledges the interdependency between the requirements and capabilities
of experimental and computational results.

In addition to the overall lack of high-quality experimental data, the influence of the glancing sidewall interaction is
commingled with many nominally 2D SWBLI datasets. References 4 and 5 show just two examples where blockage
generated by corner separations influence the strength of the primary SWBLI. Thus, the current campaign aims to use
an axisymmetric wind tunnel test section and shock generator cone to circumvent this issue.

The High-Mach Validation Experiments (HMVE) are a follow-on to the Turbulent Computational Fluid Dynamics
Validation Experiment (TCFDVE) campaign which was reported on in several papers [6—10]. These test entries comprise
an ongoing effort funded by the Transformation Tools and Technologies project at NASA Glenn Research Center (GRC)
to provide a high-quality experimental dataset of a SWBLI which is free of sidewall effects. A key component of a
high-quality CFD validation dataset is the corroboration of a multitude of independent redundant measurements. This
manuscript extends upon the previously reported results by exploring interactions at increased freestream Mach number.

I1. Apparatus and Procedure
This report provides a complete summary of the particle image velocimetry (PIV) data collected in the test campaign
completed in February and March of 2025 as part of the High-Mach Validation Experiments. PIV measurements were
performed in the NASA Glenn Research Center 225 cm? Wind Tunnel. A schematic of the flowfield being studied
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is shown in Fig. 1. Simple cone-cylinder bodies were used to generate the initial shock wave which impinges on
the naturally-occurring test section wall boundary layer. This provides a relatively thick profile in which to perform
the detailed measurements required. The cone half-angle, a, was varied to provide both unseparated and separated
interactions.

Figure 1 also gives a pictorial reference for the coordinate system and nomenclature used throughout this manuscript.
Spatial coordinate are shown in both Cartesian (gray) and cylindrical (blue) systems to connect between the measurements
and the axisymmetric geometry. While x is indicated to reference from the test section leading edge, the data is presented
relative to the location of the inviscid shock impingement station near x = 19.5”. The directions for the defined velocity
components which align with the typical convention for Cartesian coordinates are represented in green.

Asymmetric
conical shock
interaction

Symmetric
conical shock
interaction

Note: x is measured
from the entrance to
the test section (not shown).

Fig.1 Basic geometry and coordinate systems.

A. Test Facility

For the test results presented herein, the tunnel was configured with its axisymmetric 17 cm diameter test section
and one of three converging-diverging nozzles: Mach 2.5, 3.0, or 3.5. The wind tunnel and the specific test section
geometry used for this test has been described thoroughly in Refs. 6-9.

The cone-cylinder centerbodies used to generate the impinging shock waves were highly configurable. Three tip
cone half-angles were available to generate interactions of various strengths: 10° for an unseparated interaction, 13.5°
for incipient separation, and 16° for a fully separated interaction. Typically, the cylindrical portion of the body was 5 cm
in diameter and was comprised of a collection of spacer pieces to generate the desired axial length. A specific length of
spacer stack was selected for each cone angle and Mach number to place the inviscid impingement at approximately the
same axial station, with one key exception: for the current HMVE campaign, a larger version of the @ = 16° cone was
fabricated which continued the conical expansion out to a 6 cm diameter in an attempt to increase the compression
length at the wall. This part contained the same length of cylindrical section as the smaller diameter version, resulting in
the cone tip residing in a more forward position when using the same set of spacers. Thus, the inviscid impingement
station for the @ = 16° cases at Mach 3.0 and 3.5 are shifted forward in the test section by 17.44 mm.

The cone-cylinders were cantilevered from a support strut spanning the aft end of the section. This strut had a
sharp leading edge to reduce blockage and, thus, lower the minimum Reynolds number condition available for testing.
Three mounting positions are available on the strut. A centerline position allows for the generation of an axisymmetric
interaction (left side of Fig. 1) while two offset positions generate swept interactions at distance ¢ from the tunnel axis
(right side of Fig. 1). The near-wall measurements were made at the 6§ = 180° position. Thus, a secondary vertical
coordinate, y = y + Rrg, is defined (magenta in Fig. 1) which aligns the presented data with typical wall-referenced
coordinates used when presenting boundary layer data.

The axisymmetric cases require sampling only in one x-r plane to fully describe the flowfield. The probe-based
measurements took advantage of this feature to reduce the reach required for the probe traversing apparatus. Likewise,
this enabled the application of PIV measurement in this facility using a fixed laser sheet position and a local seeding
technique. Due to the strong local flow angularity (see Ref. 9), the PIV technique was the only flowfield measurement
applied in the swept interactions.
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B. Measurement Techniques

The PIV system utilized herein has no notable changes from previous data collection for a Mach 2.5 freestream
condition [9]. The design process for the PIV system and the constraints for implementing the technique in this particular
facility are described in Ref. 11.

C. Test Parameters

In this entry, PIV data was collected for all 3 conical shock generator tips installed on the tunnel axis to create
axisymmetric interactions for each facility nozzle. Additionally, the shock generator was offset to the £ = Ryg/4 and
6 = 90° position to study swept interaction for the @ = 16° configurations. For each test configuration, the facility total
temperature was tightly controlled at (311.0 = 0.3) K ((100.0 + 0.5) °F) in order to create a nearly adiabatic condition
at the test section walls. This serves two purposes: simplifying the boundary conditions applied in companion CFD
calculations and also minimizing the collection of condensation on the exterior of the test section which can occlude the
windows through which the PIV cameras view the flowfield. For each fixed-geometry nozzle, the total pressure of the
supply air was controlled to maintain specific Reynolds number values at the exit station. These are referred to in terms
of test section diameter as Rep and the specific values at which tests were operated are summarized below in Table 1.
As expected, the nozzle Mach number value has very little scatter since it is mostly determined by the nozzle geometry
and varies only slightly with total pressure and temperature. These values are known very precisely due to the averaging
of 8 pressure measurements made around the nozzle circumference. The Reynolds number condition is set somewhat
less precisely since it is more sensitive to fluctuations in the supplied pressure and temperature (both of which are being
feedback controlled simultaneously). However, the test conditions are still quite accurate to the intended set point.

For the Mach 2.5 case, the nozzle exit Mach number has a slight sensitivity to Reynolds number. The agreement of
the nozzle Mach number with the design value at Rep = 4 x 10% is exemplary of the fact that the CFD simulation used
to make the viscous correction to the nozzle contour was performed at that condition. As the nozzle is operated at lower
total pressures, the boundary layer at the exit station thickens, thus reducing the Mach number at that station. For the
other two nozzles, the behavior is not quite as straightforward. For each, the exit station Mach number closely matches
the design value at the higher Reynolds number condition. However, as the Reynolds number is decreased for the Mach
3.0 nozzle, the exit condition is nearly unchanged indicating a relatively unchanged boundary layer displacement. For
the Mach 3.5 nozzle, Mach number at the exit station increases at reduced Reynolds number, indicating a reduction in
boundary layer scale. This could be symptomatic of a change in the transition location along the nozzle contour and will
be checked against the flowfield and wall pressure data in the test section in Section III.

The low Reynolds number conditions were selected such that the blockage sustained in the diffuser by the PIV
apparatus does not cause significant incursion of the shock train into the test section. At Mach 2.5, there is significant
headroom between a minimum Reynolds number and the capability of the air supply system. However, the latitude
between these two limits wanes with increasing Mach number (vacuum pressure is unchanged). The new conditions
introduced herein at reduced Reynolds number were selected as the minimum total pressure condition which maintained
the mean location of the shock train leading edge at least 3999 5 downstream of the PIV measurement region.

Table 1 Freestream test conditions.

Nominal ‘ Actual
Moo Rep X 1076 ‘ My, Rep X 1076

2.5 1 2.486 + 0.005(£3.5 x 10™HT  1.007 £ 0.032 (+0.016)
2.5 2 2.494 + 0.004 (1.8 x 10™%)  2.002 + 0.042 (+0.016)
2.5 4 2.500 £ 0.004 (8.8 x 107%)  4.014 + 0.032 (+0.016)
1 3.003 + 0.008 (£6.0 x 10™%)  1.008 + 0.016 (+£0.026)

3 2.25 2.994 + 0.003 (+2.7 x 10™%)  2.253 + 0.008 (+0.026)
3.5 1.5 3.518 £0.012 (6.8 x 107%)  1.504 £ 0.010 (+0.042)
3.5 3 3.501 + 0.008 (3.4 x 107%)  3.007 + 0.014 (+0.042)

* Ranges indicate 2 standard deviation scatter in the values calculated by facility data system simultaneously with PIV data collection.
T Values in parentheses indicate the measurement uncertainty bounds (95% confidence) based on instrument accuracy.
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II1. Results and Discussion
Analysis of the PIV data first requires a precise determination of the wall position within the PIV vector fields.
This is obtained by close inspection of the near-wall mean axial velocity and turbulent shear behavior in the incoming
boundary layer. Then, the inviscid shock location can be ascertained by tracing the region of peak negative divergence
to correct for minor variations in the shock generator position, as described in the following section.

A. Axial Alignment of the Data

As described in Ref. 9, the optical access required for PIV measurements necessitated the inclusion of a longer
centerbody to provide enough axial clearance for the cameras to be placed between the region of interest and the
flange at the aft end of the test section. Thus, while the test configurations are equivalent from the plenum tank to
the interaction, the PIV configuration is more susceptible to misalignment of the cone-cylinder tip due to the longer
cantilevered length. Great care was taken to ensure that the centerbody was aligned with the test section pre-test at
atmospheric pressure and the methods used were validated in the TCFDVE campaign where very little shifting of the
centerbody was observed. However, in the HMVE campaign, a small offset was observed in both the wall pressure and
PIV data. This was investigated and reported upon in Ref. 12 in detail. Following the procedure outlined therein for
determining the true shock position, axial shifts in the inviscid impingement station were quantified for this dataset from
the PIV data. In this entry, a precise wall location was determined from the turbulent shear stress information.

Table 2 summarizes the shifts observed over all the configurations sampled with PIV in this campaign. Typically, the
configurations requiring the largest cantilever exhibit the largest shift from the nominal tip location. Since the cone tip
station was kept constant between the axisymmetric and swept configurations, there is an aftward shift in the nominal

impingement station in the measurement plane of Rrs cot 8,/1 + RL;S which is typically on the order of 5 to 8 mm for
the £ = Rrgs /4 offset over the range of shock angles.

Table 2 Summary of measured inviscid impingement stations, x;, inferred from PIV data.

M2.5 M3.0 M3.5
ReD RED I@D &D ReD RED &D
a 0 1 x 10° 2% 100 4 % 10° 1 x 10° 2.25 x 10° 1.5x 108 3% 10°
10° ¢ 491.8(-2.6) 492.0(-2.4) 492.2(-2.2) 491.8 (-2.9) 490.2 (-5.0)
13.5° ¢  495.0(-1.1) 494.7(-1.4) 494.5(-1.6) 492.4 (-1.8) 490.2 (-4.3)
16° ¢ 491.4(-3.8) 493.2(-2.0) 492.4(-2.7) 476.2(-3.1) 476.0(-3.2) 476.7(-1.4) 474.4(-3.6)
90°  498.8 (~1.0) 497.8 (-2.1) 482.9 (~1.6) 482.5(=2.1) 482.4(-1.5) 4822 (~1.7)

Units are mm. Parenthetical is deviation from nominal location based on model geometry.

To make comparisons between the PIV and probe sampling test section configurations, data will be presented and
compared in axial coordinates referenced to the inviscid impingement station determined for that particular configuration.

B. Wall Pressure Profiles

Figure 2 shows a comparison of the wall pressure data, corrected by the shock location derived from PIV, across
several test campaigns at a common test condition of Mach 2.5 and Rep = 2 x 10°. This is analogous to Figure 5 in
Ref. 12. Clearly, the profiles are consistent between the three test entries which were carried out over several years.
The typical features are an increase in the initial pressure jump at the reflected shock foot and overall pressure rise
from the conical compression with increase shock generator angle. The axial separation of the incident shock and the
expansion fan from the "shoulder" where the centerbody transitions from conical to cylindrical shape decreases with &
thus decreasing the length of the linear ramp from the initial jump to the pressure peak.

Beyond the specific case compared in Fig. 2, an overall summary of wall pressure behavior corresponding to the
current PIV dataset is presented in Fig. 3. For the higher-Mach conditions, comparisons with the previous HMVE
entry at the common Reynolds number operating conditions are included to show repeatability. For Mach 2.5, the
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a = 10.0°, HMVE2 a =13.5°, HMVE2 a =16.0°, HMVE2
---0--- a=10.0°, HMVE1l ---<¢--- a=13.5°, HMVE1 a =16.0°, HMVE1
----=--- a=10.0°, TCFDVE ----=--- a =13.5°, TCFDVE a =16.0°, TCFDVE
2.5
2L
SIS
1.5+
.-
1 ot s FREEF R e aaa ot
| |
-50 150

Fig.2 Wall pressure profiles from instrumented window installed at # = 0° in the axisymmetric configurations
at Mach 2.5 and Rep = 2 x 10° from current and previous test campaigns.

abundance of test points precludes the inclusion of comparisons to previous test entries. As in Fig. 2, the profiles are
quite repeatable between test entries for the higher Mach number nozzles. A key feature of Fig. 3a is the trend of
increasing upstream influence of the interaction with decreases in core flow Reynolds number. This is in agreement with
the previously observed increase in test section boundary layer scale as the Reynolds number is reduced [9]. At higher
Reynolds number, the peak pressure achieved in the interaction is also enhanced across all shock generator angles
at Mach 2.5. Conversely, the interactions appear quite insensitive to Reynolds number changes for the limited data
available for the higher Mach number nozzles (Reynolds number reduction explored at @ = 16° only). This is indicative
of a relatively unchanged incoming boundary layer profile, which agrees with the nozzle exit Mach number values in
Table 1 and observations from the PIV data, as will be discussed in subsequent sections. When looking across the Mach
numbers, the reduction in compression length from the impingement of initial shock to the expansion from the conical
shoulder of the centerbody with increasing freestream Mach number becomes apparent, especially in the @ = 10° cases.
The convergence of the compression and expansion features was the primary motivation for the creation of the larger
« = 16° cone used in both HMVE entries, as mentioned in Section I1.A.

Wall pressure profiles for the swept interactions studied in this entry are shown in Fig. 4 in comparison with common
test points from the previous entry and also their axisymmetric counterparts. As with the axisymmetric cases, the
behavior is quite repeatable after removal and re-installation of the test hardware. Similarly, the Reynolds number
sensitivity of the interactions trends the same as in Fig. 3, being much more pronounced at Mach 2.5 than with the
other two nozzles. For all the swept interactions, the peak compression is reduced relative to the axisymmetric case
due to the out-of-plane pressure relief permitted in the azimuthal direction. Another universal feature is the increase
in upstream influence from the inviscid impingement point which will be studied in the flowfield data from PIV in
subsequent sections.

An interesting feature of both Figs. 3 and 4 is that the interaction at Mach 3.0 and @ = 16° seems to have a larger
upstream influence than the case with a higher pressure rise across the incident shock for My o, = 3.5. To investigate
the dependence of these profiles on Mach number, Fig. 5 re-plots the profiles collected during the most recent test
entry from Fig. 3 onto common axes for each shock generator angle. For all cases except the aforementioned outlier,
a clear trend appears of upstream movement of the mean reflected shock foot location as the incident shock strength
rises. This effect may also have a co-mingled Reynolds number effect, as that quantity is also increasing along with
Mach number across the case since the Rep, = 2 X 10° case was selected for display at Mach 2.5 so that the Reynolds
number is monotonically decreasing with Mach number, as in Ref. 12. This trend will be investigated further through
normalization by the incoming boundary layer scale in subsequent sections. Returning to the anomolous behavior
in Fig. 5c, wall pressure profiles from probe testing are included to isolate whether the effect is repeatable across
configurations (or perhaps an artifact of the x; determination method from PIV). The selected profiles were obtained
while the probe is located well outside the boundary layer and aft of the current region of interest so there is minimal
influence at the wall. These profiles show a much greater deviation from the PIV configuration at Mach 3.0 than at
Mach 3.5. While the Mach 3.0 profiles agree quite well in peak pressure and align in the expansion region, there is a
clear stretching of the forward portion of the PIV configuration profile out to a further upstream extent. As shown in
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Fig.3 Wall pressure profiles from instrumented window installed at @ = 0° in axisymmetric interactions
compared across the @ range at all three freestream Mach number values.

Fig. 3, the profile is quite consistent in the PIV configuration across both HMVE entries, further indicating that the x;
value is not to blame. Further investigation utilizing the flowfield surveys through probe measurements will provide
key insight into whether the origin of this behavior is due to some difference in the incoming boundary layer behavior
between configurations.
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Fig.4 Wall pressure profiles from instrumented window installed at 8 = 0° in swept (£ = Rys /4,6 = 90°)
interactions all three freestream Mach number values relative to axisymmetric behavior.
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Fig. 5 Wall pressure profiles from instrumented window installed at # = 0° in axisymmetric interactions
compared across the freestream Mach number range at all three shock generator angles.
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C. General Flowfield Topology

In the appendix, stitched PIV fields from all camera views are presented for all three values of freestream Mach
number across the various shock generator configurations to provide relative comparisons. For each, mean flow
streamlines are overlaid to illustrate the overall flow behavior underlying the individual velocity components. These
figures follow the format presented in Ref. 12 so that direct comparisons can be made. However, the addition of new
cases at reduced Reynolds number has expanded the scope and, thus, the subsections are reorganized to include the
additional test points. Instead of grouping the figures by shock generator angle and comparing across freestream Mach
number values, the data herein is grouped by freestream Mach number to include the additional variable of Reynolds
number and illustrate the variations in flowfield behavior produced thereof. Broad observations on the flowfield topology
are discussed in this section while detailed quantitative comparisons are deferred to subsequent sections.

It is important to note that the limits of the color scales for turbulence quantities change with shock generator angle
due to the drastic difference in peak normalized turbulence levels. The color maps are consistent with Ref. 12 for direct
comparison with results from the previous entry, where applicable. Thus, if turbulence levels are elevated from what
was previously observed, the color scale may become saturated in some regions. The true peak values will be better
resolved in the following sections which plots detailed profiles of the data extracted at select axial stations.

In corroboration of the wall pressure profiles presented in Figs. 3a and 4a, the upstream influence observed in the
Mach 2.5 interactions is increased at lower Reynolds number conditions. Looking closely at the upstream region in
Figs. A1, A4 and A7, the change in boundary layer height becomes clear. This will be studied more quantitatively in
subsequent sections of this report. Similarly, the trends observed in Figs. 3b, 3c, 4b and 4c¢ are confirmed in the PIV
results, where the comparisons across Reynolds number in Figs. A19 to A24 and Figs. A31 to A36 show very little
change in the length of upstream influence forward of the inviscid impingement location. Figures Al11, A12, A23, A24,
A35 and A36 also illustrate the further upstream influence and overall weakening of the interaction (reduced mean
velocity deficit and turbulence intensity) in the swept configurations.

Inspection of these contour plots does not provide confirmation of the unexpectedly large upstream influence
observed in the wall pressure profiles at Mach 3.0 in Fig. 5¢c. In fact, close comparison of Figs. A19b to A21b and
Figs. A31b to A33b reveals that the forward-most influence of the shock occurs at a very similar location between the
Mach 3 and 3.5 cases at @ = 16°. Corroboration for the wall pressure rise occurring # 1 mm forward in the Mach 3.0
case is only provided by the u’v’ field, which does show a forward shift in the high shear region at the reflected shock
foot. This suggests that the effect seen in the wall pressure could be driven by transient motion of the reflected shock
foot combined with a low-pass filtering effect from pneumatic lag or seed oil infiltration in the capillary tubing. Proof of
such would require a statistical analysis of the flowfield data, which is beyond the scope of this report. Additionally, the
15 Hz data acquisition rate of the PIV system will only provide a partial view of the shock foot transient behavior. Thus,
further analysis of this behavior is deferred to future reports which include the high-bandwidth turbulence measurements
facilitated by the hot-wire probes.

As for general trends across the Mach and Reynolds number range tested, the effect of increased boundary layer
thickness at reduced Reynolds number for the Mach 2.5 cases provides better resolution of the interaction behavior for a
fixed camera sensor scale and magnification. At other freestream Mach number values, with the boundary layer changing
very little, the interaction scale is relatively unchanged. The primary difference observed with varying Reynolds number
in these interactions is an increase in peak turbulence levels, which is likely an artifact of seed droplet differences
induced by operating the particle generator at different pressures. At all freestream Mach number conditions tested, the
streamwise normal turbulence stress is increased by approximately 50% and the turbulent shear stress approximately
doubles from the levels measured in the incoming boundary layer for the 10° case. For the interactions containing some
degree of separation, the magnitude of turbulence enhancement becomes stronger with increasing freestream Mach
number while the general shape and scale of the regions of high turbulence look quite similar. This will be analyzed in
subsequent sections in further detail.

In interactions where separation occurs (@ = 13.5° and 16°), the PIV measurements are sometimes polluted by an
imaging artifact which arises from pooled seed material at the separation line. This is inevitable with the downward
viewing angle of the cameras and the axisymmetric shape of the test section. The oil droplets, acting as faithful tracers
of the flowfield, are entrained into the separated region and begin to collect at the & = 180° location due to gravity.
This results in a region of bright scattering in the PIV images not just in the separation bubble itself (as they would
in even a 2D near-wall PIV measurement with appreciable pooling) but also along a line in the background which
approximately traces the separation line through some extent around the test section azimuth. In the mean velocity
fields, this manifests as a region of low streamwise velocity which is delineated by sharp gradients which stand out from
the smoothly-varying velocity field. Similarly, a region of strong streamwise turbulence intensity is also manifested near
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the reflected shock foot location. A typical example of this behavior is highlighted in Figs. A19a, A20a and A21a where
the artifacts are circled. This portion of the data was not masked out in this section to avoid biasing the results with the
selection of an arbitrary metric for rejecting non-physical data. Thus, the reader is cautioned to consider this aspect of
the data when making comparisons with other test or simulation data.

D. Detailed Flowfield Profiles

In order to perform detailed comparisons between flowfield realizations, PIV results are extracted at select stations
which align with the discrete sampling stations used in the companion probe measurements (as in Ref. 10). In an
effort to distribute the data in a format with a manageable file size, this is also how the data is structured in the files
accompanying this report.

1. Incoming Boundary Layer

One of the primary requirements for this dataset was to ensure that the state of the undisturbed boundary layer
entering the interactions was well-characterized. Any quantitative comparison between CFD solutions of the SWBLI
and the experimental data will require matching of at least the mean streamwise velocity profile. Because the precise
location of the transition point within the facility nozzle is difficult to ascertain experimentally, a simple solution
to match the experimental boundary layer in a CFD solution is to add a length of cylindrical pipe upstream of the
converging-nozzle whose length is tuned to match the experimental state just upstream of the interactions, as in Ref.
13. Figure 6 shows representative streamwise velocity profiles at x = 419.1 mm (16.5"). These profiles are provided
in dimensional units to illustrate the small range of scatter in freestream velocity across the Reynolds number range
for each nozzle. As noted from the wall pressure profiles, the boundary layer is much more sensitive to the Reynolds
number condition when using the Mach 2.5 nozzle than the other two. The Mach 2.5 behavior follows the expected
trend and the boundary layer thickening is corroborated by both My ., calculations from the nozzle exit static pressure
(Table 1) and M| . trends observed with Pitot probe measurements. For the other two nozzles, the relatively unchanged
displacement thickness is also in line with the sensitivity of nozzle exit Mach number to Reynolds number condition.
The integral parameters in the undisturbed boundary layer profiles are quantified in Table 3. There, a summary of typical
turbulent boundary layer parameters derived from the PIV measurements is provided. Due to the lack of near-wall data,
the profiles are not directly integrated, but instead a log-law profile is fit to the measurements as in Ref. 9 and integral
parameters are derived thereof with the additional near-wall data provided by the canonical profile. While this adds
fidelity to the derived integral parameters, the friction coefficient values have the noted caveat of being based on only a
few points within the logarithmic region of the boundary layer. Probe-based measurements are much better-suited to
accurately obtaining this quantity. Similarly, the near-wall viscous scale is estimated from using the derived friction
velocity values to illustrate the scales required to resolve the boundary layer across the cases.

207 207 201
— Rep = 1 x 10° — Rep =1 x 10° — Rep = 1.5 x 10°
Rep =2 x 10° —— Rep = 2.25 x 109 Rep = 3 x 10°
151 [ Rep =4 x 10° 15 15}
El El El
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5 5F 5t
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(a) Moo = 2.5. (b) Moo = 3.0. (€) Moo = 3.5.

Fig. 6 Upstream boundary layer mean velocity profiles for the various facility nozzles tested.
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Table 3 Incoming boundary layer velocity profile parameters.

Nominal ‘ Measurements

My Repx107° \ 8995 [mm] 6% [mm] 6[mm] Res, cyx10° &, [pm]

2.5 1 13.7 3.90 1.01 3,160 1.68 15.9
2.5 2 12.1 3.33 0.88 5,550 1.53 8.29
2.5 4 11.4 2.94 0.79 9,770 1.42 4.37
3 1 12.7 4.13 0.82 2,080 1.56 22.6

2.25 13.4 4.17 0.85 4,850 1.34 10.6
3.5 1.5 13.9 4.94 0.80 2,500 1.31 21.9
3.5 3 13.9 4.83 0.78 4,750 1.12 12.2

These PIV results will be supplemented by probe measurements which have better near-wall capability in a future
all-encompassing report. Preliminary analysis of Pitot probe data shows similar overall trends boundary layer height
across the facility Reynolds number range at Mach 3.5 with a slightly increased displacement thickness at lower values
and a relatively unchanged overall boundary layer height (699 5). The overall boundary layer height values from the
probe measurements agree with the PIV to within 0.1% and the integral parameters within 2.5%. For the Mach 3.0
nozzle, the boundary layer is a bit more sensitive to Reynolds number with a slight decrease in dgg 5 and integral
parameters at lower pressure. This is opposite to the expected trend which has been repeatedly observed for the Mach
2.5 nozzle in both probe and PIV measurements, as has been discussed. However, these results are also backed up by
the probe measurements, which show the same trends and agree with the PIV to within 4%.

Similarity of the profiles in Fig. 6 is evaluated in Fig. 7 where the dimensionless equivalent incompressible velocity
defect, (us, — u") /ur, given by the van Driest transform of the data is plotted against a non-dimensional wall-normal
distance. The selection of ideal parameters by which to normalize the data is still a subject of active research, especially
when working with compressible boundary layers [14]. The most obvious outer scale for the boundary layer is 99 s,
which is used in Fig. 7a. The collapse for y/§ > 0.3 appears quite good across the Mach and Reynolds number range.
Closer to the wall, the data becomes a bit more scattered with no clear dependence on tunnel operating condition. In
comparison with the universal behavior suggested by Pirozzoli & Smits [14], a general trend is observable that the
velocity defect is a bit higher in the quadratic portion of the profile and falls below the expected logarithmic behavior at
the points nearest the wall. As suggested by Fernholz & Finley [15], the Rotta-Clauser [16, 17] integral length scale, A,
is used in Fig. 7b to scale the wall-normal height. This scale is sometimes preferred over dgg 5 since that parameter is
highly sensitive to the accuracy of the measurement. To match the magnitude used for the x-axis of the plots, the scale in
Fig. 7b is multiplied by 3.6, the value of A/8g9 5 for a zero pressure gradient boundary layer [17]. In this normalization,
the profiles are more tightly grouped throughout the quadratic region. Also, the mismatch from the (incompressible)
empirical profile is greatly reduced with the data only diverging from the correlation for (3.6y/A) < 0.1. This behavior
is common among compressible boundary layer experiments, as surveyed in Ref. 18.
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Fig. 7 Boundary layer defect profiles using various scaling methods.

2. Interaction Region - Comparison Across Freestream Conditions

For direct visualization of the flowfields’ sensitivity to the incident shock strength, Figs. 8 to 10 gather profiles
across the Mach number range. These figures present the higher Reynolds number case for the high Mach number
conditions since that is where data was collected at all three shock generator angles. As in Fig. 5, the intermediate
Reynolds number case is displayed for Mach 2.5 so that the Reynolds number is monotonically decreasing with Mach
number. Also following previous publications from this test campaign, the spatial coordinates are non-dimensionalized
by the incoming boundary layer displacement thickness, J7, to eliminate overall scale of the experiment from the results.

Figure 8 shows the relative change in the streamwise mean velocity through the interactions at the various shock
generator angles. As expected, the maximum deficit in the mean streamwise velocity induced near the wall becomes
deeper not only with @ but also with increasing freestream Mach number for 10° and 13.5° as the incident shock wave is
strengthened. For example, shock pressure ratio increases from 1.38 at Mach 2.5 to 1.84 at Mach 3.5 in the case of the
a = 13.5° cone. For the @ = 16° case, the boundary layer becomes fully separated at all freestream Mach numbers and
mean velocities near zero are attained. Across the plots, there is a clear trend for the velocity-deficient region to spread
further from the wall at lower Mach number. This is likely a Reynolds number effect and will be discussed further
subsequently.

At each freestream Mach number setting, the expected trend is observed with the velocity deficit initiating further
upstream and reaching deeper levels with increasing @. Comparing across the plots, it becomes clear that the pressure
rise across the incident shock and its reflection are not the only influence upon the upstream extent of the interaction.
Rather, the case which contains the weakest incident shock (Mach 2.5) exhibits the greatest upstream influence when
normalized by the incoming boundary layer scale. Figure 11 shows that the mean wall pressure profiles show a similar
behavior with a subtle forward movement of the initial pressure rise at lower freestream Mach number except for
the outlier at Mach 3.0 and @ = 16° previously noted in Fig. 5c. The flowfield data is better suited to determine the
most upstream location of the reflected shock foot, as it is an ensemble average of individual snapshots rather than a
pneumatically-averaged measurement, and thus displays this effect with more contrast. In the end, this trend is attributed
to a Reynolds number (which trends with freestream Mach number here) effect and could be further analyzed with
application of the pressure from PIV technique used in Ref. 10.

At the furthest downstream station shown, the profiles have not recovered to a universal behavior, with the lower
Mach number cases scattered further. The downstream boundary layer edge velocity also remains further suppressed
from the incoming value at lower Mach number. Both of these effects are due to the larger spatial separation between
the incident shock and the expansion fan which emanates from the cone-cylinder shoulder.

Figures 9 and 10 illustrate the behavior of the turbulent stresses of primary importance in these interactions at
sampling stations identical to that of Fig. 8. While the relatively sparse spacing of the profiles herein limits the ability to
compare the true peak turbulence levels across the cases, the expected trend is still clearly visible: stronger turbulence
persisting over a larger streamwise extent for increasing @. The streamwise turbulence intensity tends to appear like
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boundary layer turbulence with a monotonic increase toward the wall in unseparated interactions. For interactions where
the boundary layer separates, the intensity peaks further from the wall and decays into the separation zone. In-plane
shear behaves similarly, resembling boundary layer behavior up to the location of the reflected shock foot. The @ = 10°
results show only a mild enhancement of the turbulence (Figs. A3, A6 and A9 show that further enhancement occurs
downstream of the stations selected here) while @ = 13.5° and 16° exhibit a common behavior — a strong negative
stress (same sign as incoming boundary layer shear) which traces the reflected shock foot mean position with a small
underlying region of positive shear which becomes most pronounced in the strongest interaction (Mg, = 3.5, @ = 16°,
see Fig. A33b). The existence of a positive shear region is in congruence with other impinging SWBLI results in
experiments [19, 20] and simulations [21].

The larger separation induced at higher angles tends to shift the location of maximum u’u’ and u’v’ away from the
wall at a given station as the peaks track the shear layer above the forward side of the separation bubble. As shown in the
contour plots of Section III.C, the streamwise turbulence intensity peak tends to wrap around the bubble and move
back toward the wall near the inviscid impingement point while the region of high positive shear stress abruptly ends at
the apex of the low-velocity region. A secondary negative shear region is established in the recovering layer beyond
reattachment. This is most obvious at @ = 16° (cf. Figs. A8, A20 and A32 against Figs. A9, A21 and A33).

As with the mean velocity, at lower Mach numbers the turbulent region is spread over a larger wall-normal extent
with increasing peak intensity and sharper gradients as Mach number increases. In both turbulence quantities shown, the
profiles at the final station (x —x; = 0.567) return to a similar form across @ and My « conditions. The peak streamwise
normal stress appears further from the wall for increasing @ and appears to attain a similar maximum value for the
@ = 13.5° and 16° cases. The final (u’v’) profiles match this trend with the peak also moving further from the wall for
increasing shock generator angle. In this quantity, however, there is a clear trend of higher maximum stress as well. This
is confirmed when looking at the overall field in Section III.C where the turbulent shear stress appears to be the quantity
for which the departure from the upstream state persists most.
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Fig. 8 Mean streamwise velocity profiles for axisymmetric interactions across the Mach number range.
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Fig. 9 Streamwise turbulence intensity profiles for axisymmetric interactions across the Mach number range.
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As discussed in Section II1.C, the scale of the upstream influence of the interaction is highly coupled with the scale of
the incoming boundary layer. If a spatial or velocity normalization can eliminate these effects, comparisons can be made
across cases operated at different Reynolds number, which is especially advantageous for generating scale-resolving
CFD simulations of this flow with tractable grid size. Figures 12 to 20 show how well scaling by the incoming boundary
layer displacement thickness, 7, collapses the mean and turbulent velocity profiles at each freestream Mach number
condition. This is the normalization method used previously for small boundary layer differences between experiments
and computations [13]. For the Mach 2.5 case, data was collected at multiple Reynolds numbers for each shock generator
cone angle. This data is grouped by velocity component into Figs. 12 to 14. For the higher Mach numbers, Reynolds
number was only varied for the strongest shock wave case (@ = 16°).

Looking broadly across the set of figures it is clear that spatial scaling alone cannot collapse the data completely.
At Mach 2.5 (Figures 12 to 14), while the incoming profiles and aft-most profiles collapse to a common behavior,
the agreement is not good within the primary interaction region. This is not unexpected, as the interaction will not
only scale with the overall boundary layer scale, but also the ratio of outer to inner scale which is a strong function of
Reynolds number (itself commonly termed the "friction Reynolds number"). Thus, while some outer effects may be
collapsed by the current non-dimensionalization, the increasingly disparate outer and inner length scales will drive
additional effects which cannot be simultaneously accounted for with normalization by a single scalar factor. Here, it
would appear that these effects manifest most in a greater upstream influence at lower Reynolds number which drives a
corresponding shift of the shear layer away from the wall for a fixed sampling station. The Reynolds number sensitivity
of SWBLI upstream influence has been previously noted in both compression corner experiments [22], impinging shock
simulations [23], and universal analytical scaling arguments [24].

At the higher freestream Mach numbers, the mean velocity profiles in Fig. 15 and Fig. 18 do not indicate nearly the
same Reynolds number dependence as that observed for Mach 2.5. In particular, the Mach 3.0 data shows very little
change in the upstream influence of the interaction while Mach 3.5 shows a slight increase at lower Reynolds number.
Additionally, the wall-normal coordinate of the peak streamwise normal turbulent stress and in-plane turbulent shear
stress appear to match quite well across the Reynolds number range. Since the test section wall boundary layer scale
was little affected by Reynolds number at these Mach numbers, the normalization by 67 is making very small relative
changes to the profiles. Thus, the result here can be summarized as both the incoming boundary layer and SWBLI
being unaffected by halving the Reynolds number. The SWBLI behavior is confounding in light of the trend observed
at Mach 2.5 and results in the literature, suggesting that these conditions are beyond some asymptotic state where
Reynolds number no longer affects the scaling of the upstream influence, or possibly, the same phenomenon causing the
insensitivity of the boundary layer to pressure changes is also manifesting in the SWBLI behavior. Hopefully further
study including the probe measurements or detailed simulations may help elucidate the cause of this behavior.

As for the turbulence quantities, the peak streamwise normal stress which appears in the shear layer above the
separated region in the @ = 13.5° and 16° cases is attenuated as Reynolds number is reduced (see Figs. 13c, 14c, 16,
17, 19 and 20). This is in agreement with the recent LES simulations of Laguarda et al. [23] which showed a the
location of peak streamwise stress to move very near to the reflected shock foot mean position for a Reynolds number
reduction similar to the largest range explored here (Mach 2.5). Figures 16 and 19 illustrate a key artifact of pushing
the limits of low Reynolds number operation — the difficulty in delivering sufficient particles into the core flow to
properly seed the upper regions of the field of view behind the incident shock wave. For the strong turning at the shock
in these cases, flow angles up to 9.5° are incurred, which brings flow far outside the original boundary layer into the
measurement region. This is observable in Figs. A20a and A32a, where both the downward-running streamlines and
enhanced turbulence are evident in the region of y > 12 mm aft of the incident shock wave. Unseeded flow entering
the field of view reduces the quality of correlation thus adding noise to the measurement. For mean flow quantities,
this averages out over the large number of samples, but statistical measures, such as the turbulent normal stresses, are
enhanced. Thus, the increase in u’2 observed in the outer part of the profiles is a Reynolds number effect only in the
manner that the tunnel operating condition affects the seed dispersion. It is not a property of the flowfield. The shear
stress plots are relatively unaffected since stochastic noise in the correlation should be uncorrelated between the two
velocity components. Instead, the profiles generally agree across Reynolds number where the lack of smoothness in the
profiles at low Reynolds number is attributed to a reduction in valid vectors. As the wall is approached, the profiles come
into agreement for y < 11 mm. This effect is also mitigated further downstream as the reflected shock and expansion fan
from the shoulder of the cone-cylinder centerbody counteract the initial negative v which brought unseeded freestream
flow into the measurement region, as shown in the figures contained in the Appendix.
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3. Interaction Region - Fixed Stations

In the previous section, data was extracted at stations which matched a non-dimensionalized axial position. While
convenient for comparison across tests run at different conditions, this uses a posteriori information about the incoming
boundary layer integral parameters which is not available at the time of selecting sampling stations for probe surveys.
Additionally, the time-intensive nature of probe testing limits the number of discrete sampling stations which can be
explored and a balance must be struck between using close spacing within the interaction region to resolve sharp features
and fully covering the behavior of the recovering boundary layer downstream of the interaction. To ensure consistency
with the probe measurements which will be reported upon separately, PIV data is sampled at the same set of fixed
discrete stations (6.35 mm spacing) and plotted in this section. Additionally, this data is attached in standard Tecplot®
ASCII data format for public use.

As shown in Section III. A, the shock position varies slightly in the PIV configuration due to the long cantilevered
length of the shock generator body. To alleviate the effect this might have on comparison between PIV results and probe
or CFD data, the PIV data is extracted at physical locations which match the shock-referenced axial station, x — x;, from
the probe configuration. Figures 21 to 26 illustrate the data contained in the attached data files. Stepping through the
mean velocity profiles from undisturbed upstream boundary layer (dark blue) to post-interaction recovery (red), the level
of velocity defect and the subsequent recovery are visualized.

While the number of profiles makes these plots a bit crowded, the tighter axial sampling here allows for a more
precise identification of interaction features such as the incident shock or the near-wall upstream influence extent.
The larger velocity defects incurred in the stronger interactions better resolves these features. This is obvious when
comparing Figs. 25b to 25d where the rapid axial velocity gradient at the reflected shock foot yields a jump from the
undisturbed behavior to the profile containing peak velocity decrement from one station to the next in the @ = 10° and
13.5° cases. At @ = 16°, this occurs across 4 profiles. Due to the larger velocity jump and greater spatial separation
between the initial shock and the expansion around the cone-cylinder shoulder at Mach 2.5, Figs. 21c, 21f and 21i
are the best examples to illustrate the behavior at the boundary layer edge. There, the incident shock wave can be
seen intersecting the profiles progressively nearer to the wall with downstream distance up to the point of maximum
edge velocity defect, which coincides with the station of minimum near-wall velocity (also approximately the same
streamwise station as the apex of the separation bubble). Proceeding through the remaining profiles, the edge velocity
begins to increase again up to an asymptotic value which is approximately 0.98u .

Similarly, the peak streamwise turbulence intensity is quantified best in these figures, as discussed in Section III.C.
For the Mach 2.5 cases (Fig. 22), the maximum r.m.s. values are approximately 10%, 15%, and 20% of the freestream
velocity for @ = 10°, 13.5°, and 16°, respectively, and relatively insensitive to the Reynolds number condition. As
the Mach number increases to 3 in Fig. 24, the peak values become 10%, 18%, and 22%, with a slight sensitivity to
Reynolds number which was noted in Section III.D.2. Finally, Fig. 26 shows that the strongest turbulence intensity
appears in the Mach 3.5 cases. There, the @ = 10° profiles shows a similar maximum value to the other Mach numbers
while the @ = 13.5° and 16° results both peak at 24% of u; .. For all cases, the profile maximum returns approximately
to the level of the incoming boundary layer with a notable shift away from the wall in the peak location.

Because these profiles continue further beyond the primary interaction region, the far-field behavior of the recovering
layer is also better visualized. An interesting overall observation is that the near-wall mean velocity re-attains the value
from the incoming boundary layer by the aft-most station for all but the @ = 10° cases. Among those cases, there is also
a trend with freestream Mach number, which is likely driven by the change in wave angles giving rise to a longer conical
compression before the expansion from the cone-cylinder shoulder. Indeed, the Mach 2.5 result, which has the largest
separation between these features, shows the slowest recovery in mean velocity.

While Figs. 21 to 26 only show streamwise velocity information for brevity, the attached files contain the three
components of the mean velocity field and all six turbulent stress quantities. The files are formatted such that each
sampling station is a distinct "zone" which is labeled by the probe station index and the shock-referenced axial coordinate.
Within each zone, a wall-normal profile is provided at the exact spacing of the PIV cross-correlation grid. To perform
non-dimensionalization of the spatial coordinates as in Section III.D.2, boundary layer parameters contained in Table 3
may be utilized. A unique file exists for each test condition with the nominal test condition identified in the filename.
For specific information on the precise test condition, refer to Table 1.
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IV. Conclusions

This document summarizes the PIV data collection test entry completed in the spring of 2025 as part of the ongoing
SWBLI experiments in the GRC 225 cm? Wind Tunnel at three nominal freestream Mach number conditions of 2.5,
3.0, and 3.5. Detailed post-processing methods utilized to quantify small offsets in the shock generator tip position
are outlined and the results are collated herein. Thereafter, accounting for these small offsets, data are presented in
coordinates which are referenced to consensus best-fit inviscid impingement locations to remove any sensitivity to small
variations in the shock generator tip location.

PIV data are presented across the matrix of freestream Mach number, Reynolds number, and shock generator
configurations in order to infer macroscopic trends in the data. In this report, emphasis is placed on the resultant flowfield
changes with reduction in Reynolds number, as those cases are unique to this test entry. Overall, the flow behavior
observed in the stitched velocity fields is in agreement with previous test entries and impinging shock interaction
literature. To further explore the flow behavior in more detail, wall-normal profiles were extracted at select stations and
compared directly across flow conditions. In an attempt to remove boundary layer scale effects, data were extracted at
stations which matched a non-dimensional coordinate, (x — x;)/6*. While removing gross effects of Reynolds number
on interaction scale, Reynolds number effects were found to persist within the interaction with this normalization,
especially at lower freestream Mach number.

In order to facilitate use of this dataset in comparisons with CFD and other measurements, slices of the PIV data
across the range of flow conditions are collated into a set of files which are attached to this document and hosted by the
NASA STI office on the NASA Technical Reports Server (NTRS). A final overarching report from the HMVE campaign
is forthcoming which combines results from all PIV entries along with comparisons to probe-based measurements to
assess the congruence of the various datasets and elucidate flowfield behavior in regions where a particular technique is
better suited.
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Appendix - Stitched PIV Velocity Fields

1. Mach 2.5 Freestream
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Fig. A1 Axial velocity fields in Mach 2.5 axisymmetric @ = 10° interaction across Reynolds number settings.
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Fig. A2 Axial turbulence intensity fields in Mach 2.5 axisymmetric @ = 10° interaction across Reynolds
number settings.
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Fig. A4 Axial velocity fields in Mach 2.5 axisymmetric @ = 13.5° interaction across Reynolds number settings.
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Fig. A5 Axial turbulence intensity fields in Mach 2.5 axisymmetric @ = 13.5° interaction across Reynolds
number settings.
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Fig. A7 Axial velocity fields in Mach 2.5 axisymmetric @ = 16° interaction across Reynolds number settings.

NASA/TM-20250008885 40



0 0.01 0.02
|
T
ERUI= =
A =
I=> e
0 ”’i?—_ \\J 1
-40 -20 0 20 40 60
x — x; [mm]
(a) Rep = 1x 10°
0 0.01 0.02 0.03 0.04 0.05 0.06
T T | R |
— T T
E 10k .
A .
I= : —=
0 ) i I
-40 -20 0 20 40 60
x — x; [mm]
(b) Rep =2 x 10°
0 0.01 0.02 0.03 0.04 0.05 0.06
T | I R
e I T
ERUIS === =
A
I=>
0 L | 1 !
-40 -20 20 40 60
x — x; [mm]
(¢) Rep = 4 x 10°
Fig. A8 Axial turbulence intensity fields in Mach 2.5 axisymmetric @ = 16° interaction across Reynolds
number settings.

NASA/TM-20250008885

41



F
X
—_
<
@

&
2

-5 -4 -3 -2 -1 0 1 2 3 4 5
T

-40 -20 0 20 40 60
x — x; [mm]

(a) Rep =1 x 10°

EUL: x1073
-5 -4 -3 -2 -1 0 1 2 3 4 5
e T T T T ]
T | T T T
ERI= = _ -
£
1> > ——
M T E
0 1 | sl 1 | |
-40 -20 20 40 60
x — ; [mm]
(b) Rep =2 x 10°
;Li x107
-5 -4 -3 -2 -1 0 1 2 3 4 5
L e T T T T ]
T —~ T = I = T—
ERUI= = = -
A >
I
0 1 i s i — | |
-40 -20 0 20 40 60

x — x; [mm]
(c) Rep = 4 x 10°

Fig. A9 Shear stress fields in Mach 2.5 axisymmetric @ = 16° interaction across Reynolds number settings.
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Fig. A10 Through-plane velocity fields in Mach 2.5, @ = 16° swept (£ = Rys /4,6 = 90°) interaction at the two
Reynolds number conditions tested.

(a) Rep =1 x 10°, swept. (b) Rep = 1 x 10%, axisymmetric.
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(¢) Rep =2 x 10, swept. (d) Rep = 2 x 10%, axisymmetric.

Fig. A11 Axial velocity field comparison between swept (£ = Rys /4,0 = 90°) and axisymmetric (£ = 0)
interaction behavior near impingement at Mach 2.5 and o = 16°.
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Fig. A12 Acxial turbulence intensity comparison between swept (£ = Rys /4,0 = 90°) and axisymmetric (£ = 0)
interaction behavior near impingement at Mach 2.5 and a = 16°.
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2. Mach 3.0 Freestream
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Fig. A13 Axial velocity fields in Mach 3.0 axisymmetric @ = 10° interaction at Rep = 2.25 x 10°,
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Fig. A14 Axial turbulence intensity fields in Mach 3.0 axisymmetric & = 10° interaction at Rej = 2.25 x 10°,
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Fig. A15 Shear stress fields in Mach 3.0 axisymmetric & = 10° interaction at Rep = 2.25 x 10°.
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Fig. A16 Axial velocity fields in Mach 3.0 axisymmetric & = 13.5° interaction at Rep = 2.25 x 10°.
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Fig. A17 Axial turbulence intensity fields in Mach 3.0 axisymmetric @ = 13.5° interaction at Rep, = 2.25 x 10°.
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Fig. A18 Shear stress fields in Mach 3.0 axisymmetric & = 13.5° interaction at Rep, = 2.25 x 10°.
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Fig. A19 Axial velocity fields in Mach 3.0 axisymmetric @ = 16° interaction at the two Reynolds number
conditions tested.
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(b) Rep = 2.25 x 10°

Fig. A20 Axial turbulence intensity fields in Mach 3.0 axisymmetric @ = 16° interaction at the two Reynolds
number conditions tested.
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Fig. A21 Shear stress fields in Mach 3.0 axisymmetric @ = 16° interaction at the two Reynolds number
conditions tested.
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Fig. A22 Through-plane velocity fields in Mach 3.0, @ = 16° swept (£ = Rys /4,6 = 90°) interaction at the two
Reynolds number conditions tested.
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Fig. A23 Axial velocity field comparison between swept (£ = Rys /4,0 = 90°) and axisymmetric (£ = 0)
interaction behavior near impingement at Mach 3.0 and o = 16°.
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Fig. A24

Axial turbulence intensity comparison between swept (£ = Ry /4,60 = 90°) and axisymmetric (£ = 0)

interaction behavior near impingement at Mach 3.0 and « = 16°.

NASA/TM-20250008885

51



3. Mach 3.5 Freestream
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Fig. A25 Axial velocity fields in Mach 3.5 axisymmetric @ = 10° interaction at Rep = 3 x 10°,
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Fig. A26 Axial turbulence intensity fields in Mach 3.5 axisymmetric @ = 10° interaction at Rep, = 3 x 106,
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Fig. A27 Shear stress fields in Mach 3.5 axisymmetric @ = 10° interaction at Rep = 3 x 10°.
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Fig. A28

Axial velocity fields in Mach 3.5 axisymmetric @ = 13.5° interaction at Rep = 3 x 10°.
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Fig. A29 Axial turbulence intensity fields in Mach 3.5 axisymmetric @ = 13.5° interaction at Rep, = 3 x 10°.
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Fig. A30 Shear stress fields in Mach 3.5 axisymmetric @ = 13.5° interaction at Rep = 3 x 10,
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Fig. A31 Axial velocity fields in Mach 3.5 axisymmetric @ = 16° interaction at the two Reynolds number
conditions tested.
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(b) Rep = 3 x 10°

Fig. A32 Axial turbulence intensity fields in Mach 3.5 axisymmetric @ = 16° interaction at the two Reynolds
number conditions tested.
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Fig. A33 Shear stress fields in Mach 3.5 axisymmetric @ = 16° interaction at the two Reynolds number
conditions tested.
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Fig. A34 Through-plane velocity fields in Mach 3.5, @ = 16° swept (£ = Rys /4,6 = 90°) interaction at the two
Reynolds number conditions tested.
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Fig. A35 Axial velocity field comparison between swept (£ = Rys /4,0 = 90°) and axisymmetric (£ = 0)
interaction behavior near impingement at Mach 3.5 and o = 16°.
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Fig. A36

Axial turbulence intensity comparison between swept (£ = Ry /4,60 = 90°) and axisymmetric (£ = 0)

interaction behavior near impingement at Mach 3.5 and o = 16°.
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