Cross-Measurement Comparisons for a CFD Validation Dataset
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Experimental data for a shock-wave/boundary-layer interaction has been collected using
multiple measurement techniques. Unfortunately, diversity of methods for acquisition begets
an aggregation of data which does not directly quantify the same properties of the flowfield.
The objective in this paper was to (a) present the collection of flowfield measurements in
one venue in a format more usable for those validating CFD models against the data, (b)
evaluate the degree to which the experimental data support each other, and (c) highlight the
differences and relative advantages/shortcomings of each measurement techniques. To present
the various measured quantities into common format, CFD results from a companion paper
also submitted for presentation at this meeting are utilized. For the case where the boundary
layer remains attached, there is agreement between the various measurements as well as with
Reynolds-averaged Navier-Stokes simulation solutions. As the impinging shock strength is
increased beyond the point of separating the boundary layer, the congruity of the data wanes.
Generally, agreement among the measurements exceeds the degree to which the CFD solutions
agree with experiments. This suggests that unmodeled physical phenomena, such as transient
motion of the reflected shock and separation bubble, give rise to the discrepancies observed in
the computational results.

Nomenclature
hot-wire anemometer voltage
turbulent kinetic energy, %u:u:
Mach number
pressure
test section radius, 8.5 cm
core flow Reynolds number based on test section hydraulic diameter (2R)
hot-wire senstivity coefficient
temperature
velocity vector (U, V, W)
axial velocity (aligned with X)
vertical velocity (aligned with y)
spanwise velocity (aligned with 7)
axial coordinate, x = 0 at leading edge of test section
vertical coordinate, y = 0 on test section axis
wall-normal coordinate, y = 0 at (r,8) = (R, 6)
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z = spanwise coordinate, z = 0 on test section axis

a = shock generator cone half-angle

0% = boundary layer displacement thickness

0 = boundary layer momentum thickness or azimuth in cylindrical coordinate system, 8 = 0 at 12 o’clock and is
clockwise positive looking upstream

p = density

Ti’j = turbulent (Reynolds) stress tensor

T;; = viscous stress tensor

Subscripts

i = inviscid shock impingement

p = Pitot

r = recovery

t = total condition or turbulent condition

w = wall condition

0 = facility nozzle exit station

1 = station at which incoming boundary layer is evaluated

oo = freestream or boundary layer edge condition

Special Notations

) = time average (Reynolds average)
) = density-weighted time average (Favre average)
)" = Reynolds fluctuation

)" = Favre fluctuation

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 vehicles and propulsion systems. Typically,
methods which rely on modeling of the turbulent flow physics (e.g., Reynolds stresses and heat flux vector in
Reynolds-averaged Navier-Stokes (RANS) simulations) are less computationally expensive 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 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 only two of many 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 Turbulent Computation Fluid Dynamics Validation Experiment (TCFDVE) has been an ongoing effort funded
by the Transformation Tools and Technologies (TTT) 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 report presents
flowfield data from the various measurement techniques applied in this campaign.



I1. Apparatus and Procedure

A schematic of the flowfield being studied is shown in Fig. 1. Simple cone-cylinder bodies were used to generate the
initial shock wave which impinges on the naturally-growing test section boundary layer. This provides a relatively thick
profile in which to perform the detailed measurements required. The cone half-angle, @, 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 paper.
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 generally
presented relative to the location of the inviscid shock impingement station. The directions for the defined velocity
components which align with the typical convention for Cartesian coordinates are represented in green.

The various flowfield measurement techniques applied in this campaign each have advantages and drawbacks. The
intent of this paper is to make direct comparisons between them, where possible, to elucidate the differences and unify
the measurements into a consensus on the flowfield behavior for CFD validation efforts.

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 a Mach 2.5 converging-diverging nozzle. 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. The cylindrical portion of the body was 5cm 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 to place the inviscid impingement at the same axial station as in Ref. 7.
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 were available on the strut. A centerline position allows for the generation of an axisymmetric
interaction as shown in Fig. 1, while two offset positions generate swept interactions. For the TCFDVE campaign,
the near-wall measurements were made at the = 180° position. Thus, a secondary vertical coordinate, y = R —r,
is defined (magenta in Fig. 1) which aligns the presented data with typical wall-referenced coordinates used when
presenting boundary layer data.

The axisymmetric case requires sampling only in one x-r plane to fully describe the flowfield. As will be described
in Section II.B, the probe-based measurements took advantage of this feature to reduce the reach required for the



probe mount and traversing apparatus. Likewise, this enabled the application of particle image velocimetry (PIV)
measurements 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. Due to
the resulting lack of redundant flowfield measurements in the swept interactions, only the axisymmetric configurations
are analyzed herein.

B. Flowfield Measurement Techniques

Pitot probe measurements quantify the total pressure of the flowfield at the probe face. In supersonic flow, this
measured pressure is aft of the bow shock which forms due to the presence of the probe. At the high Reynolds number
and relatively small scale of the current experiments, all measurements are made in supersonic flow, except for the
separated region. Both the total pressure loss across the bow shock and the resulting downstream Mach number are
unique functions of the local undisturbed Mach number and thus, the measurement can be related to the undisturbed
stagnation pressure of the flow with knowledge of the pressure of the undisturbed flow.

The Pitot probe geometry and pressure measurement system are described in Ref. 7. In summary, the probe tip
was 0.63 mm in diameter with 0.15 mm walls. The probe was traversed in the y-z plane using a pair of screw-driven
positioning stages which are actuated by stepper motors. This precision system uses feedback from digital encoders to
locate the probe tip. The exact location of the wall is established by sensing electrical continuity between the probe and
test section.

Hot-wire measurements provide a more direct measurement of the kinematic behavior of the flow. The measurement
is sensitive to heat transfer between the thin metallic wire and the gas flow, which yields information about the local
mass flux and temperature. For very thin wires ( 3-5 um), operated with appropriate anemometry electronics, a flat
frequency response out to approximately 100 kHz can be obtained. This can be used to make inferences about the
dynamic behavior of the flow in both the incoming turbulent boundary layer and its interaction with the impinging
shock wave.

Hot-wire probes used in this experiment are described in great detail in [7]. In summary, the sensing element is a
5 pm diameter platinum-coated tungsten wire which is soldered to a streamlined probe (TSI Model 1214) to give a
length-to-diameter ratio of approximately 200. The hot-wire measurements used the same traversing system as the
Pitot probes to survey the flow. The probe signal was operated with a constant-voltage anemometer (CVA), which has
superior bandwidth, signal-to-noise, and insensitivity to cable effects compared to other anemometer designs [10]. The
data was low-pass filtered at 64 kHz and acquired by the facility data system at 200 kHz.

Particle image velocimetry was also applied in this series of experiments. By introducing tracer particles into the
flowfield, illuminating them with a laser sheet, and capturing image pairs of the particle locations in rapid succession,
the PIV technique captures velocity data simultaneously over a finite range of the flowfield. This method does not
induce the probe effects of the previous two techniques, but necessitates the introduction of optical access for camera(s)
to view the flowfield of interest. Additionally, the fundamental principles of this technique require that the tracers
faithfully follow the underlying gas flow, which requires careful consideration in high-speed and rarefied flows.

Development of the PIV seeding system was presented in Ref. 11. The apparatus for forming the laser sheet
and introducing it into the wind tunnel as well as detailed information on the camera positioning for stereoscopic
measurement are described in Ref. 9. In summary, the PIV system utilized a laser sheet which covered y of 0-30 mm
with a thickness of approximately 1 mm in the measurement region. The viewing angles necessitated by the requirement
of inducing minimal flow disturbance at the viewing windows produce a downward-looking view of the laser sheet
which is suboptimal for near-wall measurements. This results in a minimum wall-normal distance of 1 mm for valid
velocity data. Additionally, although great care was taken to produce a laser sheet which was parallel to the test section
axis, any amount of seed material on the wall results in a bright burst of scattering near the wall which precludes
capturing valid data in that region. The average magnification within the measurement region resulted in a scaling of
65 2= which results in a freestream displacement of approximately 18.5 pix for the 0.5 y1s inter-pulse time used for the

mm? .
entirety of the campaign.



C. Test Parameters

Previous publication of detailed PIV results [9] focused on Rep = 2 X 106 due to the favorable scale of the boundary
layer relative to the measurement spatial resolution and the reduced grid requirements for scale-resolving simulations
[9]. However, a great majority of the probe data was collected at Rep, = 4 x 10° [7, 8]. Since PIV data was taken at
both conditions, comparisons can be made between the data at the two conditions. Figures 2 and 3 show the mean
and turbulent streamwise velocity behavior at these two Reynolds number conditions for both the @ = 10° (weak) and
a = 16° (strong) SWBLIs. The interaction with a weaker impinging shock shows little change as the Reynolds number
is varied if the data is normalized such that the difference in boundary layer scales is removed. The @ = 16° case exhibits
some difference in the behavior due to an increased upstream influence at lower Reynolds number. This is visible in
both the mean velocity and axial turbulence data, where the profiles begin to deviate from the incoming boundary
layer behavior at the fifth station (x = 469.9 mm). However, the effect dissipates with downstream distance and both
quantities approach the same profile downstream of the interaction.

A summary chart visualizing the spatial locations of the various flowfield measurements is presented schematically
in Fig. 4 as well as superimposed onto the PIV-derived turbulent kinetic energy (TKE) field in Fig. 5. The Pitot data
were collected at discrete survey stations spanning from x = 355.6 mm (14 in) to x = 584.2 mm (23 in) at 12.7 mm (0.5
in) spacing. Additional surveys were made at half the spacing from x = 469.9 mm (18.5 in) to x = 508.0 mm (20 in) to
better resolve the interaction region. Hot-wire measurements were applied only in this compact spatial region due to
their time-intensive collection and processing. The PIV data spans a trapezoidal region with a wall-normal extent of
y < 25 mm from x = 406.4 mm to x = 569.0 mm (see Fig. 8 in Ref. 9). The normalized axial dimension, (x — x;) /67,
which will be used throughout the remainder of this paper is also shown on the top axis of Fig. 4 to show its mapping to
physical dimensions. The value for incoming boundary layer momentum thickness, d7, is taken from the result derived
from detailed Pitot surveys of 2.95 mm [8]. This normalization by a fixed value facilitates straightforward comparisons
between the various data sources but can introduce small spatial offsets if the incoming boundary layer scale (i.e. 6*)
varies. This should not be the case between the various experimental datasets, but could occur when incorporating
CFD solutions into the comparison. See Ref. 12 for detailed comparison of the boundary layer parameters from the
companion CFD solutions with the experimental data.

While PIV data is generally considered to provide a continuous field of data, the vector spacing in this experiment
was 0.25 mm. This resolution is surpassed by both the hot-wire surveys in the wall-normal direction where data were
taken at spacing as small as 50 pm to capture the high-gradient region of the boundary layer. Additionally, the extreme
viewing angles of the PIV cameras constrained the minimum wall-normal distance where valid vectors could be obtained.
Thus, while PIV provides a more dense dataset in the streamwise direction, the two probe-based techniques yield more
detailed information deep within the boundary layer.
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Fig.2 Comparison of mean axial velocity profiles from PIV at bounding Reynolds number conditions in the (a) @ = 10° and (b) @ = 16° interactions.
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Fig.3 Comparison of r.m.s. axial velocity fluctuation profiles from PIV at bounding Reynolds number conditions in the (a) « = 10° and (b) @ = 16°

interactions.
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Fig.5 Probe sampling stations overlaid onto PIV-derived TKE for the a = 16° case. Blue vertical lines were
sampled with both Pitot and hot-wire probes; stations indicated with gray were Pitot only.

II1. Results and Discussion

Flowfield variables being quantified by the various measurements include velocity, Pitot pressure, mass flux, and
total temperature. Only in select regions can simplifying assumptions be made to allow for direct comparison between
the data. Unfortunately, this does not include the region of the SWBLI where RANS models are likely to become
inaccurate.

The governing equations for a turbulent compressible flowfield contain many additional cross- and triple-correlation
terms which do not appear in their incompressible and laminar counterparts due to the fact that fluid density can vary not
only spatially but also temporally. In turbulent flows the equations of motion can be expressed in a "Reynolds-averaged"
form, which is typically defined as the decomposition of variables into their time-average and fluctuating components.
This is shown for generic variable, a, as

+a’ 1)
a =0. 2)

a=2 3)
P
a’'=a-a 4)
&)
where the Reynolds-averaged Favre fluctuation can be related to the density-velocity cross-correlation by
=L P% 49 ©)
P P

(see Appendix for derivation). The Favre decomposition proves to be very convenient in expressing the conservation
equations for compressible flows. In fact, the use of Favre-averaged variables proves necessary in RANS CFD to gather



the density-velocity correlation terms into the turbulent stresses in the averaged mass/momentum/energy equations.
Conversion between Favre-averaged and Reynolds-averaged data is straightforward if the correlation between density

and velocity is known, i.e.
Iu{
u—izbz-(l_p ) ©)

pu;

In a idealized experimental dataset, both Reynolds- and Favre-averaged quantities would be known and linear
turbulence closure solutions could be evaluated directly by comparing the eddy viscosity derived from true Reynolds
stresses with the model value, i.e.

—p //u// + ﬁkélj
= 3
Mt ZSij

where k = 5 ;{’ ;{’ and S, ; is the deviatoric (traceless) strain tensor, S, i3 gi‘ck 6;;. Unfortunately, the full complement

of density, velocity (all 3 dimensions), and cross-correlations thereof are 1mp0551b1e to obtain concurrently. However,
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the mean strain, S;; = % (
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tensors contain several terms which are individually measurable, as will be discussed. An additional difficulty with
applying this method to measured data is the appearance of deviatoric strain in the denominator. For the normal
components, this value is nearly zero except in regions of strong acceleration and the derived eddy viscosity value is
highly sensitive to errors in the turbulent normal stress values. Furthermore, if the turbulent viscosity does not carry an
extremely large value, the normal components are nearly identical and the numerator is everywhere nearly zero. Thus,
this analysis is limited in application to the primary shear component, u’v’, only.

Pitot pressure measurements alone provide only the local time-averaged total pressure of the flowfield downstream of
the probe-induced shock-wave in a supersonic flow. In regions of the flow where the local static pressure is known, the
ratio of Pitot and static pressure can be used to compute the local Mach number of the undisturbed local flow assuming
(1) the probe can be adequately aligned with local flow direction, (2) mild turbulence intensity, and (3) minimal velocity
gradient across the scale of the probe face [13]. To convert Mach number data into velocity units for comparison with
other measured data, local static temperature must be determined. This can be accomplished through synthesis with
other measurements for by applying a temperature-velocity relation, such as the Crocco-Busemann/Walz equation [14]
or Whitfield & High expressions [15]. The latter is preferred because it captures the overshoot in mean total temperature
which is observed in adiabatic compressible boundary layer flows. The overshoot was found to closely match the total
temperature measurements made with hot-wire probes in the upstream boundary layer of the current configuration [7, 8].
However, the error incurred by computing velocity from Pitot probe data using the Crocco-Busemann relation at this
Mach number is negligible [7, 8]. If the local static pressure is unknown, which is the case for most of the flowfield in
the current study, the Pitot pressure measurements cannot be reduced beyond a normalization by the freestream value, as
presented in Refs. 7, 8.

PIV measures velocity directly (u, v, and w), which is the most typical flowfield variable to analyze when studying
fluid motion which are dominated by inertial forces in the absence of strong compressibility. In many investigations, the
PIV-derived kinematic stresses, uu’;, are used as surrogates for the compressible Reynolds stresses, pu”u" (see Eq. (9))
in the absence of information about the mean and fluctuating density fields which are required for Favre- averaged terms
[16]. The PIV technique is constrained by the finite size of the interrogation windows which are applied for the image
cross-correlation (limits velocity dynamic range), finite sensor pixel size (limits minimum resolvable velocity increment)
and by the inertial behavior of the seed particles (limits ability to resolve high-frequency velocity fluctuations).

Hot-wire measurements are directly sensitive to heat transfer between the wire and surrounding gas. This information
can be reduced to measurements of mean mass flux normal to the wire, p|| proj,,_,, U ||, in flows without significant probe

yawing (typically further assumed identical to pU) and flow total temperature, T,, using the aerodynamic calibration
procedure outlined in Ref. 7. Additionally, by acquiring data at various wire overheat ratios, the fluctuation intensity

in mass flux ((pU)’?), total temperature (I 2), and their cross-correlation ((pU)'T;’) can also be determined [8, 17].
Because the technique is sensitive to mass flux instead of velocity, the data provided by this measurement is advantageous
in compressible flows where "Favre-averaged" quantities are commonly used in the governing equations for RANS
modeling. For example, with knowledge of the mean density field, as in the incoming boundary layer, the Favre-averaged
velocity, u, is readily computed.



The hot-wire data may be further reduced to Reynolds-averaged velocity measurements with the assumption that
acoustic energy is small and the flow temperature fluctuations are isobaric: & = L This implies that the turbulence
induces very little compressibility in the flow (M; < 0.3) and the incompressible turbulent pattern is merely convected

along by the compressible mean flow. The equations become [7, 17]
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where measured values of pu and the 3 turbulent intensities, (("7”))22 , %, and (ppi%, can be applied to solve for M and
pu t !

p’u’ at each location in a survey.
This procedure was applied to the incoming boundary layer data in Ref. [7], where the static pressure profile normal

to the wall was assumed to be constant at the wall value (p = %). As with comparisons between the Pitot probe and

PIV data, the simplifying assumptions that allow for the direct conversion of data between the measured quantities are
invalid in the SWBLI region where static pressure is not constant. Instead, density information from another source
must be leveraged to bridge between the various measured mean quantities.

Fluctuating components are further complicated by the correlation of thermodynamic variables with the velocity
field. For example, the mass flux fluctuations which are quantified by the hot-wire measurements can be expanded as

(pu)" = (p+p") (u+u') —pu (14)
2 ) Y 1,72 12,7
(fz“_)2 2“__2+’i—2+2ﬁz_ +2%+2‘;2; (15)
pw W p

which illustrates the difficulty in directly comparing the turbulent quantities from the hot-wire and PIV datasets (as
well as with the Favre-averaged fluctuations from RANS solutions). These relations may be simplified by applying
assumptions about the relative order of magnitude of the terms, as will be discussed.

The mass flux observed by the hot-wire measurement is typically assumed to be aligned with the direction of
freestream flow (|| U || = U). For the mean flow upstream of the interaction where the flow not turned significantly, this
is a good assumption since \%| < 0.02 and w = 0. Within the interactions studied herein, the deviation of the mean
velocity vector from axial does not exceed —9.5° to +7.5° in the PIV data and, thus, the overstatement of axial mass flux
due to flow angularity is on the order of at most 1.4% (see Appendix).

The effect of three-dimensional turbulent fluctuations is more nuanced. Significant levels of fluctuation in v and w
implies that the heat transfer process which drives the hot-wire measurements may not be solely driven by the axial
component of velocity fluctuations, as is typically assumed in boundary layer studies. If the turbulent intensity in
the direction of the wire axis is weak enough to be considered incompressible, the typical "cosine-law" dependence
[18] applied to incompressible flow measurements may be applied. This implies that the wire is only sensitive to the
projection of pl7 onto the wire-normal plane. This is in contrast to the analysis applied to inclined-wire measurements
in compressible flow where significant yawing velocity induces a coupling of the probe response and local Mach number
[19].

For the current dataset, the consequence of considering non-negligible v’ and w’ for a probe which is not perfectly
aligned to the local streamline is that data typically attributed as axial mass flux fluctuations, (pu)’, also contain a
dependence to fluctuations in the wire binormal direction (normal to both the local flow vector and the wire axis). In the
case where the probe is equally sensitive to mass flux fluctuations within the plane normal to wire (x-y plane here), the
quantity being measured is (see Appendix)

pv (pw) (pv)' (@)2 (pv)” 6)

2 ——
= () |l 2= e+ (| ==
Spu P (puy? WP (pu)?
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which closely resembles the intended quantity (pu)’?> when the flow angularity and wall-normal turbulence level are low.

While information on the intensity of density fluctuations is not available, the PIV data can provide an order-of-
magnitude estimate of the error induced in the hot-wire measurement by misalignment of local streamlines from axial
by evaluating two cases: negligible density fluctuations or in the assumption that pressure fluctuations are small and,
thus, the density fluctuation intensity follows directly with axial velocity (Strong Reynolds Analogy, discussed in detail
later). These are shown for the @ = 16° case, which contains the strongest flow turning, in Fig. 6. Here, the effect is
negligible in the incoming boundary layer, as expected, and the overstatement of axial turbulence does not exceed 4% in
the interaction region. This is due to a combination of small flow angularity and dominance of the axial turbulence in
regions where flow angularity is present.
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Fig. 6 Estimate of flow angularity effect on axial mass flux turbulence levels derived from single-normal
hot-wire probes based on PIV data from the o = 16° interaction under the assumption of (a) negligible density
fluctuations or (b) perfect p-u correlation.

Conversely, the length of the sensing element (wire) can bias the measurement of turbulent intensity toward lower
values [20-22]. A wire which is long relative to the spatial scale of the turbulence incurs a spatial-averaging effect
while a wire with a low length-to-diameter ratio can be biased by heat conduction to the support prongs. Either of these
scenarios result in attenuation of the observed turbulent intensity. The combination of these requirements drives the
wire to the minimum practical wire diameter in high Reynolds number flow, which is constrained by wire fragility at
supersonic speeds.

A. Flowfield Thermodynamic Property Estimation

The primary source for thermodynamic properties of the flowfield used to bridge between the various measured
quantities is CFD simulations. While implicit large-eddy simulations have been applied at reduced Reynolds number
[23], RANS solutions at conditions matched to the experiment [12] are utilized herein to ensure consistency of the
spatial scales. While solutions from various solvers and turbulence models are available, only a select set was applied
here to supplement the experimental data. Specifically, solutions from NASA’s FUN3D and VULCAN-CFD solvers
utilizing two common turbulence models: the Spalart-Allmaras (SA) model and a version of the Menter Shear Stress
Transport k — € model which utilizes a vorticity-based production equation (SST-V). For further detail on the relative
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accuracy of the various solution methods, see Ref. 12. The reader is cautioned that the CFD solutions are not taken as
"ground-truth" in the comparisons herein, but instead included as an independent additional data source. The intrinsic
limitations of the RANS turbulence models and consequent inaccuracy in computed flowfield is acknowledged.

The time-averaged thermodynamic property fields may be derived from PIV measurement in a 2D flowfield by the
procedure outlined by Van Oudheusden [24] which will be referred to here as "pressure-from-PIV". By invoking the
Euler momentum equation, an assumption of adiabaticity and negligible density fluctuations, the local pressure gradient
can be computed directly from velocity data. The equations, in conservative form as suggested therein, are

Vp=-v (,oﬁ@i/)

OIn(p/ps) _ (3'41"41 0 i)

(5[1'RT + u,-uj)

0x; 0x; T Ox; (17)
— — dln o _(duu , dwv _ um AT _ wv T
RT + uu uv —%’1” ) _ ox T oy T 0x T ay)
— — oln(p/ps) | = —_— —_— — o — o
RT + TP/ Peo) _(ouv | 9vv _ uv T _ vv oT
uv vy 9y (_ax @y T ox T oy

where temperature is computed using a slightly modified equation, which includes the recovery factor, r, to account for
non-unity Prandtl number:

’y—lMZ 1— ﬁiﬁi

% =1+r o — (18)
Ul
The implicit assumption required for application of Eq. (17) in a flowfield which is significantly affected by viscous
forces, such as the current SWBLI, is that the pressure gradient terms which must be integrated are negligibly influenced
by viscous stresses. This was demonstrated in Ref. 24 for both transonic airfoil and planar impinging SWBLI data and
will be assessed for the current dataset as well.

An example derived temperature field from the current dataset and the corresponding Mach number values are
shown in Fig. 7. This information can then be used to solve the 2x2 system shown in Eq. (17) at each spatial location to
compute the 2D gradient of the logarithm of pressure. This is shown for the same example case in Fig. 8 where the data
has been smoothed by a 3 x 3 median filter to mitigate noise.

In order to compute the pressure field, the gradient data must be spatially integrated. In Ref. 24, this was
accomplished with a spatial marching technique from an initialized region of known pressure. In the current dataset, a
convenient region to use is the incoming freestream flow. A simple spatial marching technique was applied to spatially
integrate the gradient into pressure fields as shown in Fig. 9. This method was selected for its simplicity, applicability to
the current flowfield where the solution can be marched from the undisturbed incoming freestream flow, and previous
success in a similar flowfield [24]. Solutions based on the Poisson equation, while more mathematically rigorous,
would require boundary conditions to be specified on the entire periphery, which is not known precisely a priori in the
current flow. For example, prescribing the behavior of the pressure field at the upper boundary presents a challenge
downstream of the incident shock wave which is followed by a region of continuous compression, then expansion from
the centerbody shoulder, and finally the reflected shock whose precise position depends on the viscous SWBLI behavior.
The numerical scheme applied here utilized second order accurate methods for the spatial derivatives and a trapezoidal
method to integrate the pressure gradient derived from the average of the available neighbors. To assess the accuracy of
this method, the derived parameters can be compared directly with CFD solutions and probe measurement data.

The contribution of the turbulent terms was shown to be negligible in prior SWBLI application [24]. While
it is trivial to include the fluctuating terms when performing the calculation, the increased relative uncertainty in
higher moments of the velocity distribution (and spatial derivatives thereof) in a general dataset makes their omission
advantageous. The relative difference in resulting parameters derived by including or omitting the turbulent terms was
evaluated for the current dataset, where the large number of velocity field samples should well-resolve the turbulent
intensities. In particular, the case in the current dataset which contains the strongest turbulence, @ = 16° was selected
for evaluation. The results are plotted in Fig. 10. The three terms plotted are all related to one another and, thus, show
similar trend of the inclusion of turbulent terms driving a decreased value near the shock crossing and separation
point and a near-wall increase in the recovering boundary layer. The reason for presenting all three parameters is to
illustrate the magnitude of the change in parameter value. While the static pressure is locally altered by up to 10% of the
freestream pressure, the two parameters which will be used to compare with other measurements, density and Pitot
pressure, are less affected by the inclusion of the fluctuation terms. This is driven by the fact that the largest changes in
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Fig.7 PIV-derived thermal properties for the o = 16° interaction at Rep, = 4 x 10°: (a) temperature and (2?)
Mach number (white contour highlights sonic line).

pressure occur in regions of reduced Mach number, which attenuates the extremes observed in the other two variables.
Thus, both derived thermodynamic fields (computed with and without inclusion of the fluctuation terms) will be carried
forward through the analysis in this paper to gauge the relative accuracy of each.

The pressure-from-PIV result can be further evaluated by comparing the near-wall flowfield pressure with that
measured directly with wall taps in the conventional test section. Figure 11 shows this for both the @ = 10° and @ = 16°
cases. Considering the typical difficulty in deriving quantitative wall measurements from flowfield data, the pressure
inferred from the PIV velocity field follows the trends of the measured wall pressure quite well in both while somewhat
over-predicting the peaks in the profile. The discrepancy in pressure ratio is not unexpected considering the difficulty in
obtaining accurate PIV in that region with downward-looking cameras.

The congruence in the shape of these pressure profiles further strengthens the previous assertion that the pressure-
from-PIV method is able to broadly capture the behavior of this flowfield. Perhaps the most consequential result from
this comparison is the agreement in the location of the initial pressure rise which indicates the mean location of upstream
influence from the reflected shock foot. This indicates congruence between the measurements on the overall scale of the
interaction and in the registration of the measurement spatial locations. This is quite important for CFD validation
efforts which seek to make comparison in solution variables both within the flowfield (measurements require a finite
offset from the wall) and on the domain boundary.
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Fig.9 PIV-derived pressure fields for the @ = 16° interaction at Rep = 4 X 10°: (a) static , and (b) Pitot pressure.
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Fig. 11 Surrogate wall pressure traces derived from PIV in comparison with measurements.
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B. Comparison of Measured Quantities

1. Incoming Boundary Layer

As discussed in the previous section, the assumption of constant static pressure in the wall-normal direction allows
for direct measurement-to-measurement comparisons to be made in the incoming turbulent boundary layer. The
comparisons made between PIV and probe measurements shown in Ref. 9 will be expanded upon here. In particular,
the assumptions related to various forms of the Strong Reynolds Analogy (SRA) [25] will be evaluated. Additionally,
CFD data will provide reference checks on the derived quantities (density, etc.).

The boundary layer velocity profile as measured by all 3 techniques is compared in detail in this section. Figure 12
shows a comparison between the PIV and Pitot-derived velocity data, as shown in Ref. 9. Overall, the data from
disparate measurements agree well, although the PIV data shows a distinctly higher velocity at the boundary layer edge
than Pitot profiles at either azimuthal position.

Comparisons to hot-wire measurements were not made therein due to the difference in definition of upstream
boundary layer sampling station. The station defined in Ref. 7 as the upstream boundary (showing excellent agreement
between Pitot and hot-wire probes) was x = 355.6 mm (14 in) is further upstream than PIV data could be obtained.
However, Pitot surveys were performed at regular spacing such that one of the further downstream stations (but still well
upstream of shock impingement) could be utilized for comparison with PIV. With some normalization of the data to
account for boundary layer growth, the data at disparate stations should still be able to be compared directly under the
assumption that streamwise pressure gradient effects are minimal.

20
—e—PIV, § = 180°
o Pitot probe, 0 = 0°
——e— Pitot probe, 6 = 180°
15
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=

0.5 0.6 0.7 0.8 0.9 1
U

Fig. 12 Mean axial velocity profiles in the incoming boundary layer at x = 419.1 mm (16.5 in) and Rep, = 2 x 10°.

For the mean velocity field, the Strong Reynolds Analogy [25] implies that

u-—u
— = Ry (y — )M} (19)

where R, is the density-velocity correlation coefficient defined as

Rp’u’ = = . (20)
4/ /r)’z‘/u_T2 o2 w?
[? u2

Equation (19) yields differences between Favre- and Reynolds-averaged velocity of < 1.5% for the observed value
for Ry = 0.8 and turbulence Mach number, M, = \/572, of 0.2 [26]. Estimates using the current PIV data and an
assumption of uniform total temperature in the incoming boundary layer are in agreement with this level of turbulence
Mach number and resulting difference between Favre- and Reynolds-averaged values.

This section will present turbulence quantities from hot-wire (velocity, density, and their correlation) and PIV
measurements (velocity only). Figure 13 shows the velocity turbulence level measured in the undisturbed incoming
boundary layer. The relatively high level of turbulence observed outside the boundary layer in the PIV data is indicative
of the noise floor of that measurement exceeding the true turbulence intensity. This is evident when considering the
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superior dynamic range of the hot-wire probe and its assessment of the freestream turbulence level to be 0.3% of the
mean velocity. The noise floor of the PIV measurement apparatus is set by a combination of factors contributing to the
random error, the foremost of which being the stereoscopic reconstruction error and accuracy of the peak detection
relative to the finite resolution of the sensor. As discussed in Ref. 9, the average disparity resulting from the stereoscopic
reconstruction in the freestream for this dataset is 0.25 pix, which amounts to an error of 1.5% of u. Similarly, the
typical correlation peak error of 0.1 pix will add an additional 0.5% to the error which amounts to the noise floor
observed in Fig. 13.

The PIV measurements can be corrected if the noise is assumed to be uncorrelated to the turbulent fluctuations by
subtracting the variance observed in the incoming freestream from the mean squared deviation at every point as

(2 )\
u;m= (ui,meas - O—Mi,oo) . (21)
After applying this correction, the turbulence intensity from the two measurement techniques is in better agreement.
The PIV profile still exhibits turbulence levels in the outer portion of the layer which match that of the hot-wire
measurements. As the wall is approached, the PIV-derived turbulence levels begin to fall below the hot-wire values. For
the near-wall region, the PIV data approach the empirical wall-wake law of Smits [27] when using the high Reynolds
number constants proposed therein and applying the appropriate compressible flow transformations. The hot-wire data
exhibits elevated turbulence much deeper into the layer, only approaching the empirical result at the last point in the
profile. Both measurements suggest that the turbulence level over most of the boundary layer is elevated from typical flat
plate boundary layer levels by up to 3.5% of the local mean velocity. The persistence of turbulence near the boundary
layer edge beyond the empirical relation is consistent with other experimental and DNS datasets used to fit the model;
thus, the discrepancy in Fig. 13 at %99 > 1 is due to a shortcoming of the simple analytical description.
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Fig. 13 Axial velocity turbulence intensity in the incoming boundary layer.

The SRA can also be utilized to convert between velocity and mass flux fluctuation data. If the higher-order terms in
Eq. (15) are neglected, the normalized mass flux fluctuation level is

1! 72
3 p'w u — y—4
ﬂ—_—z‘l'_—2+2151Z —;I:]‘FZRPIW(’)/—])M +(’y—])M] (22)

N
Vuja

derived for adiabatic, compressible turbulent boundary layers holds. While some aspects of the SRA (i.e. T_f =0
and R,,, = 1) have been proven invalid [28, 29], Eq. (23) has been shown to derive its accuracy from the fact that

if we assume that the relation

=(y- 1M’ (23)

T2 > T/? — 2T;T’ which has been confirmed by direct numerical simulation in a Mach 2.5 turbulent boundary layer
[30] as well as at more extreme conditions [31].
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This can be converted to the freestream-normalized r.m.s value typically presented as

2 —— 2 = A2 1/2
u u _
Vﬁ) ) _ _pu V(‘_’_) __p [1+2Rp/u/(y— DM+ (y—1)°M (24)
(o) o  (p); o Pl Pleo U100

where the negligible turbulence level in the freestream allows pifes * pPlle t0 be substituted in order to separate mass
flux into its density and velocity components.

The density-velocity correlation has been extensively studied in compressible wall-bounded turbulence to develop
models which accurately portray the coupling between momentum and energy transport [25, 28, 29, 31]. We can make
our own assessment of this correlation using the hot-wire data by applying Eqs. (10) to (13), using Eqgs. 17-18 in Ref.
17 to compute the fluctuation intensities in density and velocity. Figure 14 shows the result from the current dataset
where the correlation is significant, as expected, with a slow decrease toward the wall. The value approaches other
experimental [32] and computational [30, 33] measures in this Mach number regime which show values in the range 0.5
to 0.65, although the trend in the wall-normal direction is not confirmed therein. Interestingly, the agreement of this
experiment with the lower values typically observed in computations diverges from the literature where compressible
boundary layer experiments typically obtain values closer to 1. This phenomenon has previously been attributed to
more intense total temperature fluctuations in the experiments, typically by a factor of 2 [30]. The current dataset may
not be influenced to the same degree as previous experimental results using similar methods due to the large number of
overheat ratios utilized. Figure 14 in Ref. 8 illustrates that the peak in the measured total temperature fluctuation profile
decreases by nearly 50% when utilizing the full complement of 11 overheat ratios instead of just 3.

0 0.2 0.4 0.6 0.8 1
R/)’u’

Fig. 14 Density-velocity correlation in the incoming boundary layer.

2. Interaction Region

The region of the flowfield studied in this section is arbitrarily defined as the axial extent for which there is hot-wire
data (-0.29 < (x —x;)/R < 0.16) to emphasize the region around the initial pressure rise. At the upstream end of this
region, the boundary layer shows very little influence of the SWBLI in the Repy = 4 x 10° case and behaves as if in
equilibrium except for a jump observed outside the boundary layer which corresponds to the inviscid Rankine-Hugoniot
relations. Closer to the impingement point, the influence of the reflected shock foot forward of the inviscid impingement
point will be observable in both the mean quantities and turbulence measures. These will be coupled by the intermittency
of the shock foot location.

In this region, the mean pressure field is not directly quantifiable by the measurement techniques applied, so the
density field cannot be inferred even with an assumption of velocity-temperature relationship. This precludes the direct
comparison of hot-wire and PIV data. However, pressure-from-PIV methods and companion CFD calculations provide
the requisite information to bridge between the disparate measured quantities.

Data obtained by the pressure-from-PIV method described in Section III.A and through CFD simulation are
compared with the Pitot probe measurements. These derived Pitot pressures are extracted along radial lines identical to
the Pitot probe surveys to provide co-located data. Figure 15 presents the disparate datasets on a common set of axes for
each probe station. Here, the dotted vertical lines denote the physical station on the lower abscissa while the scale for
the data is given on the upper. The wall-normal coordinate is normalized by the incoming boundary layer displacement
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thickness determined from the Pitot surveys to be 2.95mm [8]. For the @ = 10° case, the Pitot pressures derived
from PIV data exhibit the same qualitative behavior as the probe measurements while exhibiting slightly higher values
throughout the profile. This is most prevalent at the boundary layer edge and increases with downstream distance which
is likely an artifact of the spatial marching integration scheme for the pressure field. Agreement is considerably better in
the @ = 16° interaction, where the PIV-derived result trends very close to the probe data. The largest discrepancy occurs
approximately at the crossing point of the impinging and reflected shocks, which is where transient shock motions
certainly muddy the interpretation of time-averaged measurements. Overall, the level of agreement is quite favorable
considering the assumptions invoked in the pressure-from-PIV method.

For both cases, the CFD solutions presented were generated using the FUN3D solver. These solutions follow the
probe data quite closely in both cases with some minor exceptions. In particular, the SST-V solution exhibits a small
"hump" in Pitot pressure near the shock crossing point which is likely an artifact of slight spatial differences between
the experiments and CFD which can be overemphasized in a discrete profile like those shown. Otherwise, this model
appears to provide superior overall agreement with the measured data.
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Fig. 15 Pitot pressure measurements in the interaction region for the (a) @ = 10° and (b) @ = 16° cases.

In Fig. 15, the difference between pressure profiles derived from PIV and the probe data are nearly imperceptible.
In the weaker interaction, this is a result of the relatively low turbulence level generated. However, in the stronger
interaction, the turbulence levels can become significant relative to the freestream values. As shown in Fig. 10, the Pitot
pressure is altered by less than 2% of the freestream total pressure and the largest magnitudes occur in the recovery
region which is not plotted here.

Similarly, Fig. 16a shows a direct comparison of the velocity and mass flux data from PIV and hot-wire measurement,
respectively, at the more tightly-spaced stations of hot-wire measurement for the @ = 10° interaction. It is clear that
direct comparison of the measured quantities does not yield meaningful assessment of the agreement of the data.
However, utilizing solutions obtained in the coordinating simulation study [12], the mean density field can be leveraged
to eliminate the effect of the spatially-varying mean density. In particular, the solutions obtained with the FUN3D solver
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package using both turbulence models are shown here. The results are shown in Fig. 16b, where the two measurement
sets align quite well when using either CFD dataset. This agreement supports three interlinked findings:

1) the measured data from the hot-wire and PIV techniques are in congruence,

2) the CFD accurately captures the mean density behavior of this weak interaction, and

3) the role of density-velocity correlation is minor, as it is not accounted for here.
Freestream-normalized values can be expressed as
p_u__pu-pu
— == (25)
Pl,c0 Ul,00 (pu)l,oo

where the relative magnitude of p’u’ is necessarily small relative to the mean mass flux to facilitate the agreement seen
in Fig. 16b. This aligns with the fact that the boundary layer is only weakly perturbed in this case and follows from the
scaling arguments made on the incoming boundary layer behavior regarding the influence of density-velocity correlation
in low-supersonic Mach number flow.

Both turbulence models shown here seem to accurately predict the flowfield in this unseparated case. This is
unsurprising since these models are known to show most difficulty with portraying the flow separation which is only
present in stronger interactions. This case instead serves as a baseline proof that the method of using density data from
an external source to bridge between the PIV and hot-wire measurements is sound. For more thorough evaluation of the
various models and solvers against this dataset, see Ref. 12.

For the @ = 16° interaction, the increased pressure gradient leads to local separation behind the reflected shock
foot and the generation of a region of high local turbulence in the shear layer above the separation zone. Profiles of
mean mass flux are plotted in Fig. 17 in a fashion similar to the weaker interaction. While the agreement between
density-weighted PIV data and hot-wire measurements is not quite as tight as in the @ = 10° case, the trends are still
quite similar. "Self-correcting" the PIV velocity data by weighting the velocity with the density field obtained by the
"pressure-from-PIV" method seems to provide the best agreement with the values obtained by hot-wire measurement,
showing remarkable similarity throughout the interaction. The profiles which utilize CFD-based density data also
follow the general trends of the directly-measured mass flux data. Here, the choice of turbulence model has a larger
effect on the level of agreement with the density field generated using the SST-V model providing mass flux profiles
which match the hot-wire data considerably better. In either case, the agreement is quite good when considering the
tendency for small changes in interaction scale between the PIV and CFD fields to cause large discrepancies in computed
parameters in regions of high gradient. The most conspicuous difference between the profiles is seen near the separated
region, where the hot-wire data exhibits higher values. This is likely an artifact of the local mass flux value falling
below the range over of the wire’s aerodynamic calibration. Because these calibrations are carried out in situ using the
incoming boundary layer of the wind tunnel, the lower limit on the range of mass flux values the probe is subjected to is
constrained by how closely the wire can be brought to the wall surface. In practice, it is difficult to obtain velocities
much below the sonic value in the Reynolds number range being explored here. With this noted caveat, the level of
agreement displayed in the profiles implies that the hot-wire and PIV datasets are in congruence overall.

The superior agreement when applying the SST-V solution’s density field stems from the fact that the SST-V model
tends to generate a mean velocity field which better matches the PIV result. Relative performance of the two turbulence
models in matching the PIV velocity data is shown in Fig. 18 where wall-normal profiles are compared at the same
sampling stations as shown in the previous plots (for more global comparisons of turbulence models on this problem,
see Ref. 12). Here, the clear difference between the two models is that the SST-V model predicts a larger upstream
influence of the interaction, which better matches what is observed in the measurements. This trend is agnostic of the
solver used, as evidenced by the additional data which is included from a solution which utilized the VULCAN-CFD
solver. This does not necessarily constitute an endorsement of the SST-V model for separated flows, as it has been
shown to over-estimate separation length in stronger interactions [34].

To further illustrate the relative differences in the weighting applied to the velocity data, Fig. 19 presents the density
profiles derived from the PIV data against those from the RANS CFD. It is clear that CFD solutions and the PIV-derived
density field show similar qualitative behavior, which is quite remarkable given the assumptions required. It is apparent
from close inspection of the profiles that the PIV-derived density tends to under-predict the jump through the impinging
and reflected shock waves. In fact, the agreement observed in Fig. 17 becomes all the more surprising when considering
the neglection of compressible turbulence (p’ terms in the derivation of Eq. (17)).

The difference between the profiles shown in Figs. 16b and 17 can be further analyzed by including the density-
velocity correlation term, p’u’. This may be computed from the hot-wire measurements if the density field is provided

20



i PIV, u . HW, pu

Uo7 Pl

1.5 0.

ot
—
—
(23

7@ 7 I— PIV (u) + PIV (p) —— PIV (u) + SA (p) PIV (u) + SST-V (p) o HW (pu) |
Proc Uioe 7 Pl

0.5 1 1.5 0.5 1 1.5 0.5 1 1.5 0.5 1 1.5 0.5 1 1.5

| |

| /

=
|
BN
R

(b)

Fig. 16 Mean axial velocity and mass flux in the o = 10° interaction at hot-wire survey stations. (a) Direct
comparison of measured quantities and (b) corrected by mean density profile from CFD solution.

or inferred from turbulent Mach number values derived from PIV data if the assumptions inherent in the SRA can
extended into the interaction region (dubious).

Direct comparison of axial turbulence intensity from PIV and hot-wire measurements within the interaction is
affected by the same issues as in the incoming boundary layer. Here, the mean static pressure (density) field is an
additional unknown. There exist two methods for bridging between the measurements, each requiring its own set of
assumptions about the flow behavior. The first avenue is to attempt to compute mass flux fluctuation intensities from the
PIV data. This involves carrying the SRA assumptions (derived for zero pressure gradient boundary layers) through the
interaction region in addition to requiring mean density information which is not directly measured. The second method
involves leveraging density information from an external source and applying the steps described in Section III.B.1 to
the hot-wire data and separate the fluctuating intensity in density, velocity, and their cross-correlation. This requires
continuing the assumption of the vorticity mode dominating the turbulence behavior, which becomes increasingly
dubious in the post-shock region.

By dissecting the individual terms which make up the Reynolds stress transport equations, it becomes clear that
several terms which are typically neglected in boundary layer flows may become significant in the presence of strong

dilatation or high levels of pressure fluctuation. For example, the pressure "diffusion”, —% (p’u;’d jk+ p’u}’éik), and
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techniques, have been shown to be key to accurately predicting the re-attachment of separated shock-wave/boundary-layer
7 _@)+—,,(@_@
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identified to have a prominent role in the transport and redistribution of the turbulent energy in the region where the
shear layer interacts with the impinging shock [36]. The terms involving cross-correlations of pressure and velocity are
experimentally unavailable while evaluating the mass flux terms requires accurate collocated data for the mean pressure
field and 2nd derivative of the velocity field. However, the comparison of the turbulence distribution within the current
dataset with CFD solutions utilizing second-moment closures or large-eddy simulation (LES) is an area ripe for further
exploration. This is beyond the scope of this work.

Applying Eq. (24) to the PIV data requires the assumption of a density-velocity correlation coeflicient (R,,/) which
is not known within the interaction. For this analysis, the value was chosen to be uniformly 1 for the current analysis to
follow the original SRA proposed by Morkovin [25] and also simulate the case of strongest-possible density fluctuations
originating from the vorticity mode of turbulence. Similarly, the assumption of constant mean total temperature is
wrapped within the computation of the mean density field from PIV data. It is clear when dissecting Eq. (22), that a
high level of correlation between density and velocity can drive significant mass flux fluctuations through the 2nd term
in brackets. This can occur even at low M where the intensity of density fluctuations becomes less important, as in the
highly turbulent region just above the separation zone in the @ = 16° interaction.

Figure 20 shows a comparison of the resulting mass flux fluctuation profiles derived from the application of strong
Reynolds analogy assumptions on the PIV data with those obtained directly with hot-wire measurements. In the @ = 10°

interactions [35]. These terms, as well as the turbulent mass flux term, u_;’ ( ), were
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Fig. 19 Mean density in the @ = 16° interaction at hot-wire survey stations.

interaction, the intensity of mass flux fluctuations derived from the PIV data agree generally in magnitude to those from
hot-wire. This agreement suggests that the measurements are in congruence and the SRA relationships are still accurate
in this mildly perturbed boundary layer. Similarly, the most upstream profiles in the @ = 16° are in alignment, the first
being essentially an undisturbed turbulent boundary layer and the second being just aft of the mean reflected shock foot
but still upstream of the strongest turbulent activity. Further downstream, data from the different measurements diverge
markedly. In particular, the mass flux fluctuations as quantified by hot-wire measurement are significantly higher than
what the PIV data and SRA would imply. This does not necessarily imply a mismatch in the measurements, but could
simply be an artifact of the SRA breaking down. Specifically, the pressure fluctuations inherent to the interaction strain
the assumption of negligible turbulence in the acoustic mode and the premise of constant density-velocity correlation
coefficient has no physical support within the interaction. Since RANS solutions do not contain information on the
density fluctuations, they cannot provide mass flux fluctuation information without invoking similar assumptions to
those applied to the PIV and thus are not helpful in this context.

The fluctuation intensity in the PIV-derived velocity away from the wall is magnified away from the wall in a similar
fashion to the upstream boundary layer when presented in Morkovin-scaled units, as in Fig. 12 of Ref. 9. Here, the
values are not only amplified by the mean density variation (see Fig. 19) but also the high local Mach number, which
incurs a high amplification of the velocity fluctuations stemming from compressibility.

Deriving velocity and density fluctuation intensity values from the hot-wire data is possible if energy in the acoustic
mode of the turbulence field is assumed small relative to the vorticity and entropy modes [37]. Confidence in this
assertion is high in the incoming boundary layer but wanes in the interaction region. The collapse of this relation is
three-fold. First, the impinging and reflected shock waves inject significant energy in to the acoustic mode [38]. Also,
external pressure gradients, such as those applied by these waves, can induce compressible turbulence in boundary layer
flows [26, 39, 40]. This strains the assumption of low turbulence Mach number which is synonymous with a solenoidal
turbulence pattern. This is particularly true in the separated interaction, where strong velocity fluctuations are induced
near the reflected shock foot and in the shear layer. Additionally, the unsteady motion of the shock waves (and separation
bubble, if present) generates a strong amplification of the pressure fluctuations [41]. Nevertheless, the hot-wire data was
reduced under the assumption of negligible pressure fluctuations to assess the error incurred by carrying this analysis
through the interaction as a counterpart to the SRA-based correction of the PIV data, which contained more restrictive
assumptions. Namely, the additional degree of freedom granted by variable density-velocity correlation was postulated
to facilitate better agreement between the data.

Figure 21 shows the velocity turbulence levels directly from PIV in comparison with hot-wire data reduced as
described as with values extracted from the CFD solutions . The fluctuations levels are normalized by the local mean
velocity value to align with the direct output of the hot-wire measurement, which eliminates the additional uncertainty
in ascertaining the local mean velocity from the hot-wire data. This also matches the normalization of Fig. 13. As in the
incoming boundary layer data, the PIV data has been corrected using Eq. (21) to eliminate the additive measurement
noise. Because the CFD solutions only compute the Favre-decomposed variables, the r.m.s. fluctuations provided are
equivalent to ,

2, o o)
= — 4+ -

(26)
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Fig. 20 Turbulent mass flux estimated from applying the Strong Reynolds Analogy to PIV data in (a) the
a = 10° and (b) the a = 16° interactions at hot-wire survey stations.

which contains similar terms but is not equivalent to the normalized mass flux fluctuation intensity (see Eq. (15)). The
assumption made in making direct comparisons between u’2 and u’’? is that the higher order terms are negligible.

In Ref. 8, the normal components of the Reynolds stress were estimated from the reported TKE as u’’? ~ %E
by assuming the turbulent energy to be equally partitioned between the normal components. However, within the
interaction region, the individual components can differ in regions of high strain. The individual turbulent stresses

are available in CFD solutions utilizing two-equation models, such as the Menter SST-V in the form of 7} = —ﬁug’u}’.

This can be converted to velocity units as 7/./p which is equivalent to the Reynolds-averaged kinematic stresses when
compressible turbulence can be neglected (see Appendix). For the one-equation SA model, the only turbulent stress
directly computed is shear, which will be the only term compared to the measurements herein.

The magnitude of turbulent velocity fluctuations derived from hot-wire measurements exceeds that of the PIV and
CFD through the majority of the interaction. Only outside the boundary layer and, in the @ = 16° case , near the
separated region do the PIV and CFD data approach or exceed the hot-wire values. This is not unexpected since the
mass flux fluctuations being quantified with the hot-wire include density fluctuations in the aforementioned acoustic
mode, the presence of which will be additive to the underlying vorticity mode turbulence being compared to in the PIV
and CFD profiles. Near the separated region (near-wall portion of 2nd-5th profiles in Fig. 21b), the fluctuation levels
become quite high in the PIV and CFD results due to the low local mean velocity. Because this increase is not reflected
in the hot-wire data being referenced against, profiles of those two datasets are truncated at the axis limits. The lack of
agreement in this region is likely due to the local mean mass flux falling below the range of the wire’s aerodynamic
calibration, as observed in Fig. 17, or the turbulence levels becoming too high to be accurately quantified by the hot-wire.

The axial component of velocity turbulence from CFD are also presented in Fig. 21 for comparison with the
measurements. While this component appears to follow the qualitative behavior of the measurements, the CFD
solutions exhibit distinctly lower values throughout the profiles. When observing the turbulence intensity in the other
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2 components (not shown for brevity) it is clear that the PIV data exhibits more anisotropic behavior than the CFD
solution, which acts much more like a pure shear flow.
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Fig. 21 Axial turbulence intensities from PIV, CFD, and estimates based on hot-wire measurements in (a) the
a = 10° and (b) the a = 16° interactions. Superscripts indicate CFD solver: "F" is FUN3D and "V" is VULCAN.

The level of agreement between the measurements and simulations can be further analyzed through comparison
of the TKE. Figure 22 shows profiles extracted at the hot-wire survey stations (identical to Fig. 21). At @ = 10°, the
differences between CFD and measurements are quite small near the wall, with slightly higher turbulence observed
in the VULCAN solution when compared to FUN3D. Away from the wall, the PIV shows a distinctly higher level of
turbulence, which could stem from transient shock motion which is not captured by the RANS solutions. The same
is true for the @ = 16° case where the profiles from the reflected shock foot to the inviscid impingement point show
higher peaks in the PIV. These are more closely followed by the VULCAN solution, but that trend reverses as the flow
progresses downstream and the measured TKE decays to resemble the level predicted by FUN3D. For deeper analysis of
code-to-code variations, see Ref. 12. Overall, it is clear that the SST-V turbulence model is performing much better in
simulating the behavior of the TKE. The discrepancy between computational and experimental result seen in the axial
turbulence is driven by the underlying Boussinesq approximation and its tendency toward equipartition of turbulent
energy between the 3 components. This is a well-known shortcoming of the use of an isotropic eddy viscosity approach
[42].

Finally, the primary shear stress, u’v’, is plotted in Fig. 23. SA solutions are included in this figure since the shear
stress rendered therein is physically relevant. In the more benign interaction at & = 10°, the difference between CFD
solutions is subtle, with SA predicting slightly stronger peak shear. All of the computational results show shear which
exceeds that of the measurement, which is likely a result of the magnitude falling below the level which the PIV system
can accurately quantify near the wall. At @ = 16°, the peak shear is much stronger. The VULCAN SST-V solution
predicts the furthest upstream influence, as evidenced by the deviation in the furthest upstream profile while all other
simulations results match the PIV in showing a relatively undisturbed linear shear profile. In the next several profiles,
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Fig. 22 Turbulent Kinetic energy from PIV, CFD, and estimates based on hot-wire measurements in (a) the
a = 10° and (b) the a = 16° interactions. Superscripts indicate CFD solver: "F" is FUN3D and "V" is VULCAN.

little can be gleaned from comparisons between the measurements and CFD due to strong effects of transient shock
motion and variations in interaction scale. Additionally, it has been previously shown [9] that the PIV data exhibits a
region near the reflected shock foot where the shear magnitude is significantly reduced and even reverses sign which has

been observed in other [16]. This behavior is not observed in any of the CFD solutions (see contour plots in Ref. 12).

By the inviscid impingement station, the profiles have settled to a similar behavior. The peak shear is initially higher in
the simulations than experimental data, but relaxes to match more closely downstream. The FUN3D SST-V solution
matches the PIV most closely in peak magnitude, while the SA solutions (which do not differ much between solvers)
exhibit a peak location further from the wall which more closely matches the experimental result.
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Fig. 23 In-plane shear turbulence from PIV, CFD, and estimates based on hot-wire measurements in (a) the
a = 10° and (b) the a = 16° interactions. Superscripts indicate CFD solver: "F" is FUN3D and "V" is VULCAN.

3. Recovery Region

The data downstream of the primary interaction region is broken out in this section to allow for more detailed
plotting of the data within each domain. Additionally, this region is delimited by having only Pitot probe data available to
compare the PIV against, as hot-wire surveys were performed only in a tight spatial region near the shock impingement.
Thus, the comparisons in this section are limited to comparisons between Pitot probe surveys, PIV data, and CFD
solutions. As in Section III.B.2, data obtained by various RANS methods will be utilized to bridge between the distinct
measured quantities.

Pitot pressures derived using the pressure-from-PIV method and CFD simulations are compared with probe
measurements in Fig. 24. As in the interaction region, there is general concurrence in the profiles with a tendency for the
PIV-derived data to exceed the probe values at the boundary layer edge in the unseparated case and do just the opposite
in the separated interaction. This generally implies that the PIV-based values suggest lower and higher streamwise losses
through the shock crossing which occurs near the boundary layer edge, respectively. This is a region where transient
motion of the shock waves are significant and could be affecting the mean values extracted with both the probe- and
laser-based methods. Still, the agreement is quite good considering the integrated nature of the pressure-from-PIV
solution and the assumptions incurred. This region of the flowfield downstream of the interaction is especially sensitive
to the integration problem as it is evaluated last by the spatial marching scheme and is thus subject to any error in the
data upstream. The near-wall behavior of the @ = 16° interaction is evidence of the error induced by applying the
inviscid equations through the separation bubble.

The CFD solutions also match the probe data quite closely. They tend to follow the values beyond the boundary
layer nearly identically with only small departures within. For both the unseparated and separated cases, the SST-V
turbulence model yields a higher Pitot pressure in the outer part of the boundary layer and a lower value in the inner.
In the @ = 10° case, both models exhibit values higher than the measurements, tending toward the trend seen in the
pressure-from-PIV profiles. Near the wall, the trend reverses and the CFD values fall below the probe data. For the
a = 16° case, both models match the data quite well throughout, with a small advantage noted for the SST-V model at
the upstream-most station which reverses to an advantage for SA as we progress downstream.

For further validation of the PIV measurements, velocity turbulence intensity data is extracted as wall-normal
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Fig. 24 Pitot pressure measurements in the recovery region for the (a) « = 10° and (b) @ = 16° cases.

profiles at flow stations corresponding to the Pitot measurements. Here, the only comparison is with CFD solutions. The
turbulent kinetic energy, k, is an instructive comparison since it is the primary element of the normal Reynolds stresses
in this region of minimal normal strain. Inspection of the TKE instead of a particular normal stress component will also
remove the differences between measurements and CFD solutions observed in Fig. 22 which stems from anisotropic
behavior which is not accurately captured by the CFD. Figure 25 shows the PIV data and CFD result at the same probe
stations as in Fig. 24. Generally, the RANS solutions are observed to match qualitatively with the behavior of the PIV
profiles.

The @ = 10° profiles show that the SA solution matches very closely with the PIV throughout this region. Within
each profile, the SA solution tends to show the same peak intensity, peak location, and decay with wall distance as
the measurements. Only in the aft-most profile does the PIV data show a nearly constant offset to higher turbulence
intensity which happens to peak at a value which matches more closely with the SST-V solutions. The near-match in
profile shape even at this station is still noteworthy. The SST-V solutions show a distinctly lower level of turbulence
through the outer region of the boundary layer and only begin to approach the measurement value for y/6] < 1.5. This
agreement is much better in the SST-V solution generated using the VULCAN-CFD package than FUN3D in the more
upstream profiles. As the flow progresses downstream, the two converge to be nearly identical except for the more
abrupt decrease in turbulence exhibited by the VULCAN solution as the freestream is approached.

In the @ = 16° case, peak £ is higher than the measurement for all 3 CFD examples at the upstream-most station, but
the SA solution rapidly evolves to match closely with the PIV data after a few stations. The wall-normal distance at
which peak TKE occurs is also closely matched for the SA model, with the SST-V solution featuring a peak closer to the
wall. As in the unseparated case, the SA profiles tend to exhibit a larger wall-normal extent with significant energy.

As in the turbulence plotted in Section I11.B.2, the PIV displays elevated levels of turbulence away from the wall
relative to the CFD prediction. Here, however, the turbulent energy outside the boundary layer are expected to be
elevated due to turbulence production by the shock waves and it is likely that the CFD is under-predicting the turbulence
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at large distances from the wall in at least the first few stations.
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Fig. 25 Turbulent kinetic energy from PIV and CFD in the recovery region of (a) the @ = 10° and (b) the
a = 16° interactions. Superscripts indicate flow solver package: "F" is FUN3D and "V" is VULCAN.

Similarly, the turbulent shear stress in this region agrees quite well between the PIV and RANS CFD. As shown in
Fig. 26, the peak magnitude is universally higher in the CFD than the measurement at the most upstream station, which
follows from what was observed at the downstream end of Fig. 23. In the @ = 10° case, the profiles collapse to quite
similar behavior just a few stations further downstream. The @ = 16° case exhibits a bit more variation among the CFD
solutions with the SST-V model generating stronger peak shear, which occurs closer to the wall than the peak of the SA
profile. It is also notable that the peak dissipates more rapidly with downstream distance in the RANS solutions than in
the PIV data. The tendency for measured shear stress to exceed solutions using the SST model in this type of flow has
been attributed to the shear stress limiter value [34].
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Fig. 26 In-plane shear turbulence from PIV compared with CFD in the recovery region of (a) the = 10° and
(b) the a = 16° interactions. Superscripts indicate flow solver package: "F" is FUN3D and "V" is VULCAN.

IV. Conclusions

This paper presents detailed comparisons of the various measurements contained in the Mach 2.5 2D shock-
wave/boundary-layer dataset. Congruence of the measured data in both the incoming boundary layer velocity as
well as various quantities within and beyond the interaction was confirmed. This implies not only accuracy in the
measurands, but also in the spatial registration of the various data despite the significant intervals of time and wind
tunnel disassembly/reassembly required between their acquisition. Inferences as to the relative accuracy of the various
measurement techniques were made to inform users of the dataset as to which may be best-suited to a particular
portion of the flowfield. In this way, the various measurements can be used synergistically to provide the best-possible
experimental survey of the flowfield behavior.

In order to make connections between measurements which did not quantify identical flow properties, several
methods were applied. Mean thermodynamic properties were estimated directly from 3D velocity data using the method
proposed by van Oudheusden [24] which expanded the common "pressure-from-PIV" method to compressible and
shock-containing flows. The data derived therewith exhibited considerable agreement with the probe data, especially
considering the crudeness of the spatial integration technique. RANS CFD solutions were also leveraged as a comparison
point and also a source for thermodynamic properties within the interaction flowfield. The measured flowfield was
found to be best represented by solutions utilizing the Menter SST-V model.

In the region within and downstream of the interaction, the key difference observed between the CFD solutions and
measured data lies in the turbulence behavior. The RANS-based solutions were all found to exhibit peak axial turbulence
intensities below that of the PIV, which exhibited a more anisotropic behavior. In the far field, this discrepancy faded
and the measurements and CFD come into consensus. Within the interaction region, the only turbulent measurements
available for comparison with CFD come from PIV since the turbulence models applied do not compute a mass flux
fluctuation intensity which could be directly contrasted with the hot-wire results. Attempts to bridge between these
measurements using Strong Reynolds Analogy assumptions yielded favorable comparisons for the weaker interaction,
but failed in the separated interaction. This is expected as the presence of static pressure fluctuations invalidates the
SRA. Future scale-resolving simulations and measurements at higher freestream Mach number may further elucidate
the behavior of density-velocity coupling in this region.
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Appendix

Mean turbulent mass flux
By definition, the Reynolds average of a Favre velocity fluctuation is directly related to the density-velocity correlation
by expanding the definition given in Eq. (3) as

When also considering the property that u}" = u; + u_;’, it becomes clear that the density-velocity correlation is identical
whether using Favre or Reynolds versions of the fluctuation. These terms quantify the effect of compressibility and
have been included in alternatives to the linear Boussinesq eddy viscosity model [43]. While not directly measurable,
values can be obtained through combined measurements of velocity, density, and mass flux fluctuation levels or through
assumptions such as the SRA.

Reynolds stress term expansion
The Reynolds stress terms are defined using Favre-averaged fluctuations in CFD solvers for mathematical convenience.
These can be expanded into their Reynolds-averaged components by expanding Eq. (9) to the form

p'u; p’u}

7 ’ = ’ ’. !

= pu; uip’uj +u;p'u; +p’uiuj - T .

Here one can see how Tl.tj /p =~ u;u} in incompressible flows or compressible mean flow where significant density
fluctuations are not present. Turbulent boundary layer flows are a prime example of this type of behavior, where
SRA-based analyses (Eq. (19)) suggest that the magnitude of p’u] remains insignificant for freestream Mach numbers
well above 1.

Hot-wire response to non-axial flow

In a flow of arbitrary direction, the response of the hot-wire probe deviates from the typical one-dimensional analysis
typically applied to interpret the recorded signal of a single-normal wire (U = u + u’, V = 0, W = 0). The inclusion of
additional mean velocity (introduced by misalignment of the local flow direction and the probe axis) and turbulence
intensity components is considered here. This will provide a quantitative estimate of the error in attributing the observed
mean and fluctuating signal all to the axial component.

In wire-oriented coordinates, the response to mass flux in each direction can be taken from the analysis of inclined
hot-wires in incompressible flows,

1/2
E[Sp = (% + 20} +170}) .

where the subscripts, N, T, and B represent the probe normal, tangential, and binormal directions, respectively [44, 45].
In the current context, the Q variable will be treated as a mass flux instead of a velocity, as it is in incompressible flows.
If we apply the "cosine law" and assume that the wire is insensitive to tangential mass flux (k = 0) and also define the
probe axis to be aligned with the tunnel axis, X, and the wire axis with Z, then the voltage signal can be related to flow
variables in test facility coordinates as

ESy0 = {7+ (w42 [+ ooy 1)
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The relation may be linearized using the binomial expansion ((1 + e)l/ 2o+ %e + %ez + ... for € <« 1) in order to
facilitate the separation of the mean and fluctuating components of this signal. This results in the expression
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This can be squared and time-averaged to relate the level of voltage fluctuation to the turbulent stresses as
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which, under closer inspection, aligns with the notion that the hot-wire response to mass flux fluctuations is dominated
by the axial component as long as the local flow angle and binormal turbulence intensity remain small.

Eddy Viscosity Estimates

Eddy viscosity, the modeled variable by which the Navier-Stokes equations are closed in the RANS solutions, can
be inferred from PIV data since it contains both turbulence intensities and mean velocity gradient information. As
discussed, this can only be practically achieved through the shear stress component as

—u'v’
ou , ov
dy + Ax
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where the kinematic stresses are substituted for the Favre-averaged versions which appear in the RANS equations.

However, there are several error sources which must be acknowledged when applying this method. First, the
measured velocity fields contain noise, which becomes especially problematic when taking spatial derivatives of the
mean velocity field, but also pollutes the local turbulent stress. This can be somewhat alleviated by employing image
filtering techniques which remove noise while preserving features, such as the median filter. The second issue is that the
variable by which we are evaluating the result is derived from two essentially independent measurands, so errors in each
combine additively in the final result. Finally, the individual measurements contained within a PIV vector field are not
necessarily constrained to follow either continuity or logical turbulence decay, so they are likely to stray further from the
physical truth. With this in mind, the broad behavior of the eddy viscosity field is examined in comparison with the
RANS turbulence models previously presented.

Figure 27 shows this for PIV datasets from two different test entries in comparison with results from the one-equation
Spalart-Allmaras model as well as Menter’s SST-V method. The region of high eddy viscosity roughly tracing the
reflected shock which appears in both PIV datasets is an artifact of shock motion which will not be captured by any
RANS solution and can be ignored in this comparison. The high values which appear near the wall can also be
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disregarded as they are a non-physical result of the PIV measurement being unable to resolve the velocity gradient
very near the wall. The PIV results show the same qualitative behavior as the CFD solution with nearly constant value
in the incoming boundary layer, a decrease within the interaction region, and then an increase beyond the incoming
boundary layer value in the recovery region with a wall-normal spreading. Generally, the SA model predicts the eddy
viscosity to be more broadly distributed in the wall-normal direction with a similar level of increase in the recovery
region downstream of the interaction. The SST-V solution generally exhibits a lower level of eddy viscosity through the
interaction, exhibiting a sharp decrease where the boundary layer encounters the reflected shock foot. This is due to the
action of the shear stress limiter, as discussed previously.

The measurements from the 2022 dataset exhibit a reduced level of Reynolds shear stress in the incoming boundary
layer which was noted in Ref. 9. The contemporary data appears to match the CFD and canonical flat plate boundary
layer behavior, but exhibits higher values in the recovering boundary layer. The propensity for shock separated flows
to demonstrate turbulent shear stress levels beyond the shear stress limiter used in the Menter SST model has been
noted in previous investigations[34]. It does appear that the dataset which better captures the peak turbulent shear stress
(Fig. 27d) exhibits a bifurcated pattern similar to the behavior of the SST-V solution in Fig. 27b.

Even for a large statistical sample of the velocity field by conventional standards (1000 vector maps) and a 7x7
median filtering of the velocity gradient and turbulent stress fields, both measurement sets feature small-scale variations
which are driven by noise in the turbulent stress value. This can only be resolved with increased sampling which would
take advantage of the ergodicity of the turbulence and mean flow. Additionally, the downward-looking PIV arrangement
necessitated by the test section geometry is not optimized for this type of detailed investigation of near-wall behavior.
An increase in magnification could possibly better resolve both the turbulence and mean velocity fields in this region.
This would require only a change to the imaging arrangement since the minimum interframe time capability of the
system is not yet being approached. However, this would only be possible with a concurrent de-scoping of the spatial
coverage of the measurements, as the reduced axial coverage would necessitate a prohibitive number of imaging stations
to cover the entire extent shown here. This is being considered for a possible follow-on test entry.
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