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Hypersonic wake velocity measurements
using acetone molecular tagging velocimetry
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A non-intrusive laser diagnostic known as molecular tagging velocimetry was used to find
quantitative off-body velocity measurements in the wake of a sphere in the Mach 7 Ludwieg
Tube Wind Tunnel located at The University of Texas at San Antonio. Acetone gas seeded in
the flow was excited using the 4™ harmonic of a pulse-burst Nd:YAG laser. The experimental
results were used to validate and compare to simulations using a continuous Galerkin flow
solver. Both the experimental and simulated results agreed on negative velocities in the viscous
shear layer. Near the centerline of the sphere, average velocities of -200 m/s were observed
due to reverse flow in the recirculation region. Outside of the shear layer, velocities of 800 m/s
were observed in both the experimental and simulated results. The overall average
uncertainty for the strut-mounted and free-flight case was estimated to be 127 m/s. The flow
features of the wake were visualized using schlieren imaging, and the experimental results
agreed well with the simulated results.

I. Nomenclature

M = Mach number

Re = unit Reynolds number, m™!

Rey = Reynolds number based on diameter
d = diameter, m

At = time delay, ns

P, = stagnation pressure, MPa

T, = stagnation temperature, K

! Graduate Research Assistant, Department of Mechanical Engineering, AIAA Student Member.

2 Dee Howard Endowed Associate Professor, Department of Mechanical Engineering, AIAA Senior Member.
* Scientific Software Engineer, AIAA Member.

4 Research Scientist, AIAA Member.

5 Computational Scientist, AIAA Member.

6 Senior Research Scientist, AITAA Senior Member.

This manuscript has been authored by UT-Battelle, LLC, under contract DE-AC05-000R22725 with the US
Department of Energy (DOE). The US government retains and the publisher, by accepting the article for publication,
acknowledges that the US government retains a nonexclusive, paid-up, irrevocable, worldwide license to publish or
reproduce the published form of this manuscript, or allow others to do so, for US government purposes. DOE will
provide public access to these results of federally sponsored research in accordance with the DOE Public Access Plan
(http://energy.gov/downloads/doe-public-access-plan).



http://energy.gov/downloads/doe-public-access-plan).

AIAA Aviation Forum, Las Vegas, NV, 2024

o = stagnation viscosity, kg/m - s

P = static pressure in test section, kPa
Ug = freestream velocity, m/s

Ao = freestream speed of sound, m/s
T, = freestream temperature, K

Heo = freestream viscosity, kg/m - s

Poo = freestream density, kg/m3

C = Sutherland’s constant for air

Upms = velocity root mean square, m/s
Urms = turbulence root mean square, m/s

II. Introduction

The wake behind bodies has always been of interest in the aerodynamics community, more specifically in the re-
entry of hypervelocity bodies, and has been extensively studied in previous literature [1,2]. Understanding the near
wake and far wake flow structures behind a body has been critical in the design of aerodynamically stable planetary
entry vehicles [3]. Wakes are generated by the distortion of the flow around a body as it moves through the fluid. As
a body moves through a supersonic or hypersonic flow, the boundary layer of the body generates a viscous shear layer
separating the inner flow and outer flow of the wake [4,5,6]. The inner flow consists of recirculating flow with strong
velocity gradients, and the formation of a separation or “lip” shock is created by the separation of the boundary layer
from the body [4]. The viscous shear layer then begins to decelerate and heat the flow as it converges to the “neck” of
the wake and recompression waves begin to form a recompression shock downstream of the “neck” of the wake [1,4].
Accurate measurements of the flow field properties in hypersonic flow can be challenging due to pressure,
temperature, and short test time environments associated with ground-testing facilities. Intrusive instrumentation such
as hot-wire anemometers and Pitot probes have been used to characterize hypersonic flow properties, but they can
physically disturb the flow [7].

In the past, intrusive instrumentation has been used to map the velocity of the flow structures associated with the
wake behind a body [8,9]. Hot-wire anemometers have been used to collect measurements in the near wake by Todisco
and Pallone [10] and in the far wake by Beherns [11]. In the far wake study, the wake of a circular cylinder
demonstrated the decrease of the static temperature for a Mach 6 flow [11]. The near wake study concluded that the
stagnation temperature in a Mach 16 flow for a 10° half-angle cone and a 10° half-angle wedge is highly influenced
by the Reynolds number and the ratio between the wall and stagnation temperature [10]. Pitot probes have also been
used as an intrusive technique to collect measurements in near wakes. Dewey investigates the near wake of a blunt
body with the use of a Pitot probe, which resulted in a maximum pressure at the “neck” of the wake where the viscous
shear layer converges [12]. Pitot probes have also been used to observe the near wake of 10° cones, where Murman
found that the maximum static pressure is significantly greater than the freestream pressure of the flow [13]. The “lip”
shock of a 6° half-angle wedge has also been investigated using a Pitot probe which resulted in an increase of the lip-
shock strength as the Mach number increased [14]. As mentioned before, these types of intrusive techniques tend to
alter the characteristics of the flow properties as seen in the measurements obtained in the recirculation region studied
by Zakkay and Cresci [15]. Therefore, non-intrusive laser techniques have grown in popularity as they do not
inherently disturb the flow structures in the wake of a body.

Laser doppler velocimetry (LDV) is one of the first laser techniques used to investigate wakes by Herrin and
Dutton [16,17]. Since Pitot probes changed the fluid properties when measuring the recirculation region, Herrin and
Dutton obtained mean and turbulent velocity profiles using LDV, of the recirculating region and the shear layer of the
wake behind a circular cylinder at Mach 2.5 [16,17]. The most common laser diagnostic used in measuring the flow
properties in a wake is planar laser induced fluorescence (PLIF) [18,19,20]. Lachney and Clemens measured the
temperature and pressure fields of the wake of a flat plate at Mach 3 using nitric oxide as the seed gas and found lower
pressures and temperatures (compared to the freestream temperature) in the expansion region [21]. The shear layer
region of a wake has also been investigated by Combs et al. using PLIF at various angles of attack and surface
roughness caused by ablation on the NASA’s Orion Multi-Purpose Crew Vehicle at Mach 5 [22]. Particle image
velocimetry (PIV) is another laser-based technique that has been used by Humble et al. and Scarano and Oudheusden
at Mach 2 and described and unsteady behavior associated with the recompression shock leading to an increase of
velocity fluctuations [23,24]. Bathel et al. found velocity measurements in the wake of cylinder trip on a flat plate
using nitric oxide molecular tagging velocimetry (MTV) and witnessed lower velocity values in the wake of the trip
relative to the pre-trip velocities [25]. Most recently, femtosecond laser electronic excitation tagging (FLEET)
velocimetry was used to measure the velocity flow fields of a hypersonic wake behind a 7° half-angle cone [26].
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This paper presents non-intrusive quantitative off-body velocity measurements in a hypersonic wake of a
representative body in free-flight using acetone MTV to compare to and validate computational fluid dynamics (CFD)
simulations. The velocity measurements obtained from free-flight tests are also compared to models strut-mounted to
the facility’s test section floor used in this study. Previous freestream and boundary layer measurements using acetone
MTYV by Andrade et al., have successfully been collected in a hypersonic facility [27]. Schlieren visualization of a
sphere in free-flight versus strut-mounted has been used to observe the flow structures associated with a hypersonic
wake. The fluid flow structures, and velocity measurements obtained in the experimental campaign were compared to
simulations using an adaptive mesh CFD approach.

III. Experimental Program

A. Wind Tunnel Facility

The Mach 7.2 Ludwieg Wind Tunnel facility located at the University of Texas at San Antonio, depicted in Figure
1, was used in this experimental campaign. A 304 mm X 304 mm aluminum diaphragm separates the high- and low-
pressure regions of the wind tunnel. In the high-pressure region, an 18-m-long driver tube provides stagnation
pressures and temperatures of up to 14 MPa and 700 K, respectively. For this study, the driver tube was pressurized
with air as the working fluid and operated at ambient temperature conditions to avoid any possibilities of ignition. The
low-pressure region consists of a 6 m* (1600 gallons) vacuum tank coupled with a constant 203 mm X 203 mm (8 in
X 8 in) cross-sectional test section with optical access on the wind tunnel sidewalls, ceiling, and floor. Once the flow
commences from the rupture of the diaphragm, the facility offers test times of up to 500 ms, consisting of multiple
steady-state passes of approximately 50 — 100 ms each. The facility produces Reynolds numbers between Re = 0.5 —
200 x 10° m! and an average freestream velocity of 886 m/s [27]. The hypersonic facility is capable of mounting
models on a strut to the test section floor or releasing models to obtain free-flight conditions. A characterization of the
facility’s flow properties can be found in reference [28].
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Figure 1. Wind Tunnel Facility.

B. Model Geometry

Spheres were chosen to generate wakes in this study as they are a relatively simple geometry that has been
consistently studied and used to validate experimental techniques for decades [29-32]. In this study, two spheres with
different diameters were either strut-mounted or released via a free-flight system. The free-flight models consisted of
Nylon 25.4 mm (1 in) diameter spheres weighing approximately 9.64 grams each. Figure 2 demonstrates the Nylon
sphere used for free-flight experiments. For the strut-mounted experiments, a stainless-steel sphere with a 50.8 mm (2
in) diameter was used.

Figure 2. Free-flight model weight and size.
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C. Experimental Setup
1. Schlieren Imaging

Schlieren imaging was used as a non-intrusive technique to visualize the hypersonic wake structures behind the
sphere in strut-mounted and in free-flight configurations. This qualitative technique provides a visualization of path-
integrated fluid flow structures, such as shock waves, in the proposed flow paths. In this study, a z-type schlieren setup
shown in Figure 3 was used due to the physical space constraints in the facility. Two 60 inch spherical mirrors were
used to collimate the light. This allowed for the density refractive index gradients in the collimated light path region
to be imaged by a Photron FastCam SA-Z high-speed camera operating at a frequency of 30 kHz. A repeatable release
mechanism was employed for the entirety of the test campaign to release the 25.4 mm diameter spheres in free-flight
configuration. The mechanism was made from a 3D printed flap mounted to a hinge, which then collapsed into a
cavity after contact with the normal shock during startup flow of the tunnel, releasing the test article.

Mach 7 Knife edge
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Figure 3: Z-type schlieren setup top view.

In this work, a total of four schlieren tests were performed to visualize the wake structures behind the models at
Mach 7.2. Table 1 provides the facility’s flow conditions for the schlieren tests on the strut-mounted and free-flight
spheres. In all the images present in this study, flow is depicted from left to right.

Table 1: Facility operating conditions for schlieren.

Wind Burst Re Re Acquisition
Tunnel Model Pressure Po[MPa] | P [kPa] 6. —1 4
Test [MPa [x 10°m™1] [X 10%] rate [kHz]
1 Strut- 1.95 1.76 0.29 10.68 54.26 30
mounted
2 Free-flight 1.73 1.55 0.47 17.02 43.23 30
3 Free-flight 1.84 1.65 0.51 18.32 46.54 30
4 Free-flight 2.01 1.81 0.57 20.46 51.97 30

2. Molecular Tagging Velocimetry

In the acetone molecular tagging velocimetry non-intrusive laser technique, the 4" harmonic of a Spectral Energies
QuasiModo Nd:YAG pulse-burst laser was operated at 10 kHz with a 10 ms burst mode, resulting in 100 pulses and
~80 mJ/pulse. Acetone gas was used as the seeded tracer molecule in air owing to acetone’s broadband UV wavelength
absorbance of light between 220 nm — 320 nm [33]. A similar seeding method described in the work by Andrade et
al. was used in this study to seed the flow with acetone as the tracer gas [27]. The incident laser beam was guided
through the ceiling of the test section using three 266 nm wavelength mirrors. Two 25.4 mm diameter focusing lenses
with a 100 mm and a 150 mm focal point were used for the strut-mounted and the free-flight model, respectively. To
capture the signal, a Photron FastCam SA-Z high speed camera coupled with a LaVision high-speed intensifier, and
a AF Micro Nikkor 60 mm /2.8 lens was used. The camera operated at 10 kHz with an exposure time of 40 ps, while
the intensifier had an exposure time of 1us. Figure 4 demonstrates the timing sequence of the laser, camera, and
intensifier for a single pulse for test #1 in Table 2 where At is the time delay from the initial tagged line and varied
between all of the runs in this test campaign. The 266 nm laser beam was filtered out by placing a Schott N-WG 295
glass filter in front of the camera lens.
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Figure 4: Timing Sequence.

Figure 5 demonstrates the MTV experimental setup for the strut-mounted stainless-steel model. For the strut-
mounted setup, a pressure increase in the plenum initiates an output signal to trigger the laser, high-speed camera, and
intensifier. The signal was delayed by 40 ms, to ensure the laser and imaging system initiate during the first steady-
state pass. The incident beam was roughly 47.5 mm (0.94 2) from the center of the sphere.
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Figure 5: MTV experimental setup: strut-mounted model.

The MTV setup for the free-flight model is shown in Figure 6a. A 532 nm continuous laser was implemented in
the spanwise direction in the free-flight system, where four lines, slightly less than 25.4 mm apart, were created by
reflecting the incident beam as seen in Figure 6b. The end of the fourth 532 nm line was placed on a photodetector
sensor to detect when the free-flight model crossed the beam path. This beam-break system provided a signal to trigger
the laser, camera, and intensifier as opposed to the pressure transducer and there was no signal delay applied to the
system. The 266 nm incident beam was 50.8 mm from the 532 nm continuous laser. The free-flight release mechanism
used for MTV was the same one that was used for schlieren.
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Figure 6: MTV experimental setup: free-flight model.

Quantitative off-body velocity measurements were performed on four strut-mounted cases and one free-flight case
using MTV. Table 2 presents the flow conditions for each test case along with other experimental settings.

Table 2: Facility operating conditions for MTV.

Wind Burst ee Average
Po P Re [Xx Acquisition .
Tunnel Model Pressure 6., -1 At (ns) | Uncertainty
— ivtpa) | MPal | [kPa] | 10°m™| | rate [kHz] i
1 Strut- 1.66 149 | 045 1621 10 650 L1l
mounted
2 Strut- 1.77 159 | 041 14.63 10 1730 127
mounted
3 Strut- 1.80 162 | 045 16.23 10 2230 130
mounted
4 Strut- 1.68 151 | 040 14.55 10 2730 13
mounted
5 Free-flight 1.76 159 | 032 11.64 10 1000 + 66

IV. Numerical Program

A. Initial and Boundary Conditions

Initial and boundary conditions were known prior to the simulations for comparisons to each wind tunnel test.
Beginning with the average freestream velocity reported by Andrade et al. and the Mach number of the wind tunnel
facility used in this study, a freestream temperature was approximated using Equation 1 to obtain a freestream density
based on known static pressure readings recorded by the facility’s acquisition system [27,28]. Then, Sutherland’s law
shown in Equation 2 determined the freestream viscosity, assuming air as the working fluid. Reynolds number was
also computed after freestream conditions were found. The initial and boundary conditions used to simulate the flow

features are listed in Error! Reference source not found..
Uoo Uoo
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Table 3: Facility conditions for simulation.

U, P Po[X e [X Re [X Re, [X
Model | Mo | s | T %1 | [kpa) | 102 kg/m?] | 1076 kg/m*s] | 106 m~1] 10%]
E?ee' ‘ 7.2 ‘ 886 ‘ 37.7 ‘ 0.57 ‘ 5.26 ‘ 2.3 ‘ 20.4 ‘ 51.9
ight

B. Flow Solver

The CFD approach used for this validation study is based on a continuous Galerkin spatial discretization with a
Singly Diagonal Implicit Runge-Kutta (SDIRK) [35] two stage second order time stepping scheme. This numerical
approach has shown well validated results for these types of flow fields in past studies [34-44]. The CFD solver used
the Trilinos collection of packages [45-48]. Linear P1 tetrahedrons with a 2" order Gaussian quadrature numerical
integration scheme were used to discretize the domain. Implicit time integration used the SDIRK 2 stage 2™ order
scheme with a slowly increasing global time step that was kept below a global Courant-Friedrichs-Lewy number of
10. Per stage of the SDIRK scheme a strict Newton solver was used drive the two-norm of the non-linear residual
down three orders of magnitude. Per Newton step the resulting linear system was converged 5 orders of magnitude
with a preconditioned Generalized Minimum Residual (GMRES) scheme accelerated by the Pardiso preconditioner
[49,50]. The ParMetis KWAY spatial subdomain partitioning scheme was shown to appropriately spatially subdivide
the mesh in such a way that the local linear systems were well conditioned and global linear convergence was obtained
with minimal linear solver computational cost [51].

C. Grid Topology

To reduce manual meshing effort and maximize computational efficiency, an automated error driven anisotropic
Adaptive Mesh Refinement (AMR) process was used to efficiently reduce spatial discretization error with minimal
CFD analyst interaction. For example, a slice of the final adapted mesh is shown in Figure 7 and the corresponding
grid size is the last row in Table 4. To automate the process, the pyCAPS framework from Engineering Sketch Pad
was used to manage the AMR cycle [52]. PyCAPS seamlessly connects the adaptive mesher output to the solver inputs
as well as the conformity of the surface mesh through the use of constructive solid modeling (CSM). The CSM file
provided to pyCAPS consisted of a sphere of radius 0.0127 m positioned in a rectangular farfield where -X, £Y, and
+Z boundaries were constricted to 50 radii from the sphere. The +X boundary was positioned 75 radii behind the
sphere to allow for the fluid structures in the wake to develop. The farfield was set to a Riemann invariant boundary
condition [53]. The sphere surface was an isothermal, no-slip wall with a wall temperature of 385 K.

With respect to the CFD problem statement, the AMR process was initiated with an initial grid generated with
AFLR 3 & 4. NASA’s Refine tool was used to adapt the new grids from an internally computed error field based on
the scalar Mach number field generated from the CFD solver [54-58]. The adaptation schedule for the AMR process
is shown in Table 4. Refine uses a metric referred to as ‘complexity’ for managing the number of points distributed
throughout the adapted field [55]. Between each increase in complexity, 3 adaptation iterations were performed giving
Refine opportunity to improve point distribution with a constant complexity target. Simply put, the complexity value
will drive Refine to create roughly double that number of points. An adaptation iteration consists of both a solution
from the flow solver and Refine producing a mesh adapted to that generated solution. The adaptation schedule below
was created in two phases. The first phase started with a complexity value of 50,000 and was increased by 20% after
the 3 adaptation iterations mentioned earlier. This growth rate was applied 13 times to a complexity of 445.8 thousand
at which point the startup transients had passed and the solution had reached steady state. The final 6 complexity
iterations started with a complexity value of 600 thousand and with a growth rate of 1.5. Table 4 shows the full history
of the grid size through the AMR process.

Table 4: Complexity Schedule and Grid Specifics.

Initial
Complexity Vertices Tetrahedra
(thousand)
AFLR 34,951 204,567
Phase 1 50 102,191 590,349
60 121,276 695,988
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72 146,463 838,006
86.4 177,733 1,006,803
103.6 209,577 1,208,771
124.4 251,401 1,457,839
149 3 300,652 1,744,878
179.2 360,353 2,089,147
215 430,434 2,485,199
258 515,980 2,980,414
309.6 616,226 3,589,259
371.5 745,447 4,289,398
445.8 887,023 5,155,746
600 1,159,448 6,717,898
900 1,751,351 10,158,543
1350 2,682,678 15,615,313

Phase 2 2025 4,000,032 23,313,764
3037.5 5,982,225 34,892,222
4556.3 8,953,897 52,375,475

The initial grid is shown in the first row of Figure 7 AFLR produces a traditional extruded grid where the boundary
layer follows a regular growth pattern after which it smoothly transitions to the farfield region. The 50k complexity
grid in Figure 7 shows how Refine has adapted to the error field from the initial solution on the original AFLR grid.
The Mach number distribution shows that the computational grid is resolved enough such that the bow shock and lip
shock are forming in the computed solution. However, the error field in the 50k row of Figure 7 how the flow structures
have not been able to form in the wake region. The 180k complexity grid at the bottom of Figure 7 can support the
formation of the recirculation region as well as the recompression shock. Evidence of the complexity growth rate
sharply increasing can be seen in the wide view of the 600k mesh. However as shown in the bottom row of Figure 7
by the time the complexity has grown to 4 million the mesh resolution has allowed more flow structures to be resolved.
Furthermore, Refine has efficiently adapted as wide-angle view of the mesh does not show similar overcrowding in
the isotropic region. The solution was deemed fully mature at a complexity of 4 million as all the flow structures noted
in the Figure 9 had formed and the transients in the wake region appeared to be fully resolved.
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Figure 7: Grid topologies (complexity value), Mach number, and dominant error fields of various
complexities in the AMR process.

V. Results and Discussion

A. Schlieren Imaging

For the schlieren results presented in this study, an in-house Python code was used to process the run images. The
images were first realigned by using a sub-pixel phase-base cross-correlation function owing to the facility’s slight
recoil during the rupture of the diaphragm. Then, the code consisted of dividing the wind-on images by an average
wind-off image taken prior to the test to remove any background noise present in the path integrated collimated light.
Only images in the first steady-state pass were used and processed for the strut-mounted model. Figure 8 demonstrates
a time-averaged schlieren image, calling out the wake structures observed. The fluid structures that are seen generated
by the sphere include the bow shock, lip shock, and shear layer. It can be seen that as the boundary layer begins to
separate from the sphere, a viscous shear layer with recirculating flow begins to form in the near wake region. Based
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on previous literature, the recirculating region in the viscous shear layer is known to have high temperature and
pressure gradients and low density gradients [1,10].

Bow shock

&+ Shear layer

Mach 7

Jf

Figure 8: Time-averaged schlieren of strut-mounted sphere.

As discussed, schlieren imaging was also implemented on the free-flight spheres with a smaller diameter, and a
similar z-type schlieren configuration was used for the spheres. A time-averaged schlieren image is shown in Figure
9. Similar wake structures in the near wake observed in the strut-mounted case were also seen in the near wake of the
free-flight case. Important fluid flow features that were witnessed in the far wake of the free-flight model were the
recompression shocks. As the fluid begins to transition from the near wake to the far wake, a second stagnation point
occurs in the wake neck where the flow velocity decreases, and the flow temperature increases [16]. Then,
recompression shocks emanate from the stagnation point located in the wake neck and turbulent structures in the inner
wake are known to develop between the two recompression shocks after the wake neck [1].

Mach 7

Recompression shock

Shear layer

Figure 9: Time-averaged schlieren image with wake structures labeled.

B. Molecular Tagging Velocimetry

An initial write line was recorded subsequently from the end of the delayed line for each test listed in Table 2. For
the results presented in this study, the same processing method was used for all cases. The processing method is similar
to the method described in the work done by Andrade et. al and was applied to the first half of the images for every
wind tunnel test [27]. Figure 10 demonstrates a diagram of the processing method used. Turbulent fluctuations were
observed in the wind-on strut-mounted MTV images, and the delayed image in Figure 10 shows a single image in the
wind-on dataset. The delayed images were pre-processed using ImagelJ by applying a median filter with a radius of
70, on an averaged wind-on image and subtracting it from the first half of the wind-on images. As the delay time
increased, the signal intensity began to decrease due to the decay of the acetone’s fluorescence. To mitigate the signal-
to-noise (SNR) ratio, a threshold finding filtering method was used to remove any outliers outside of the MTV signal

10
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that were present in the images. Then, a gaussian fit was applied to every row for every image in the dataset to find
the signal peak and any points outside the bounds of +2¢ were removed. Figure 10 shows test #1 from Table 2 with
the overlay of the peaks found in red and their respective MTV lines. Once the peaks were obtained, every five rows
were averaged for the initial and delayed image and the pixel shift between the write and delayed line was found.
From the pixel shift, and the given time delay, velocity profiles were calculated.

Imagel:
Median filter
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Figure 10: Data processing method.
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The velocity profiles for every image were then time-averaged to obtain an averaged velocity profile shown in
Figure 11, along with a turbulent root mean square (RMS) profile to demonstrate the turbulent fluctuations observed
on the strut-mounted cases using MTV. According to Lykoudis, turbulence in the shear layer occurs due to high
vorticity that is present in that region [4].
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Figure 11: Strut-mounted test#1 velocity profile.
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To estimate the uncertainty of the velocity profiles, a Student’s t-distribution was executed where the margin of
error in Equation 3 is represented by the uncertainty on the mean velocity profile, » is the number of frames in the
dataset per test, o is the standard deviation based on the turbulent fluctuations, and ¢ is the critical value corresponding
to a 95% confidence level and the degrees of freedom (i.e. n-1). This approach led to an average uncertainty value
listed in Table 2 for each wind tunnel test. Figure 12 demonstrates the RMS velocity for test #1, where the minimum
RMS value seen is 11.5 m/s and the maximum is 48 m/s.
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Figure 12: RMS of velocity.

From Figure 11, reversed flow, denoted by negative velocity values, were present inside the viscous shear layer,
where the flow is known to be recirculating by previous literature [12,59,60]. In the study completed by Hruschka et
al., velocity values of up to -500 m/s were observed in the shear layer of the Mars Microprobe using nitric oxide PLIF
and direct simulation Monte Carlo (DSMC) under Mach 9.7 flow conditions [20]. Similarly, negative velocities in the
shear layer have also been seen under supersonic Mach 2.5 flow conditions of a circular cylinder by Herrin and Dutton
[16]. And detached eddy simulations computed by Brock et.al similarly witnessed negative streamwise velocity values
in the recirculation region of the Orion Exploration Vehicle [61]. All four strut-mounted cases with different time
delays are plotted in Figure 13 along with their respective uncertainties.

12
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Figure 13:Velocity profile for all strut-mounted cases.

To obtain a velocity scan of the shear layer, MTV was performed on the 25.4 mm diameter sphere in free-flight.
To the author’s knowledge, this is the first time any non-intrusive laser diagnostic has been performed on a free-flight
model in hypersonic flow. Since the model was in free-flight, each frame in the dataset contributed to a velocity profile
at different locations in the near wake of the sphere. Consequently, a Student’s t approach was not implemented but
rather an uncertainty propagation approach was used based on At of 1 us between the intensifier exposure and a laser
pulse, a 6 ns manufacturer reported time uncertainty for the intensifier, and a + 2 pixel tracking accuracy of both the
delayed and initial write line. This resulted in an average uncertainty of = 66 m/s for the free-flight case. Similar to
the strut-mounted case, the free-flight case experienced negative velocity throughout the recirculation region in the
shear layer as shown in Figure 14. An overlay of the schlieren image with the fluid structures labeled and the velocity
profile contour in the viscous shear layer is depicted in Figure 15. A comparison of the strut-mounted velocity profiles
to the free-flight velocity profiles at the same location, denoted by the white dashed line in Figure 15, is shown in
Figure 16 at roughly 0.94 %. Overall, both the strut-mounted and free-flight case showed similar negative velocities in

800
'600

the shear layer in the near wake of the sphere.

Figure 14: Free-flight velocity contour.
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Figure 15: Free-flight schlieren overlay with velocity contour.
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Figure 16: Velocity profile comparison of strut-mounted case vs free-flight case.

C. Computational Fluid Dynamics

The experimental results were used to validate the above stated CFD solution and mesh adaptation process.
Specifically, the validation was carried out by comparing the CFD fluid structures present in the center plane schlieren
to experimental schlieren images. Also, CFD streamwise velocity profiles were compared to experimental MTV
velocities. A comparison of the experimental and computational schlieren is depicted in Figure 17 where the
experimental is shown on the bottom half while the simulated results are shown on the top half of the image. The CFD
computed bow shock, lip shock, shear layer, and recompression shock features show good agreement with their
counterparts in the experimental schlieren.
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]

Experimental

Figure 17: Schlieren comparison of experimental vs CFD.

Figure 18a and Figure 18b show the simulated results of the wake region. The synthetic schlieren in Figure 18a
shows how the bow shock and recompression shock propagate to the farfield with minimal dissipation. Figure 18b
shows the mesh at the end of the adaptation process. Interesting flow vortices developed in the inner wake after the
wake neck in the simulated results. A total of four vortex-like structures are seen in a clover-like form in Figure 19.
Further experimental work will need to be done in order to verify these quad vortex-like flow features seen in the far

wake.

Figure 18: a) synthetic schlieren of the wake region, b) grid topology of the wake region.
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Vortex structures

Figure 19: Quad vortex-like structures in the inner wake.

From the free-flight case, the experimental velocity contour was compared to a simulated velocity contour at the
same location in the near wake of the sphere and is demonstrated in Figure 20. In both the CFD and experimental
results, reverse flow with negative velocities was witnessed in the recirculation region in the viscous shear layer. The

recirculation region in the simulated results also shows to be in good agreement with the starting location of % as in
the experimental results. A velocity line profile was taken at 0.94 g for both in the experimental and CFD and is shown

in Figure 21. The CFD results showed to be in the bounds of uncertainty of the experimental results, although at 0.1
%, the experimental data presented lower velocities than the CFD data. This phenomenon was also observed in the

work conducted by Hruschka et al. [20]. To conclude the findings in this study, Figure 22 shows an overlay of the
CFD and experimental velocity contours on the schlieren with the flow structures of the wake labeled.
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Figure 20: Velocity contour of experimental vs CFD.

16



AIAA Aviation Forum, Las Vegas, NV, 2024

0.5{ — Free flight
-==- CFD

0.4

0.3

QU<

0.2

0.1

00000 =400 200 0 200 400 600 800 1000
Velocity [4]

Figure 21: Velocity line profile at 0.94 3.
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Figure 22: Overlay of experimental and CFD velocity contours on schlieren.

VI. Conclusion

The schlieren results with the strut-mounted and free-flight sphere test cases capture the fluid structures in the wake
region of a sphere, including the recirculation region and shear layer in the near wake and the wake neck and
recompression shocks further downstream. Quantitative velocity measurements were taken with acetone molecular
tagging velocimetry and showed large velocity values in the reversed flow in the recirculation region, which are
consistent with the existing literature. This non-intrusive technique demonstrated an approach to collect velocity
information without distorting the wake behind a sphere and having a minimal impact on the fluid flow. To the authors
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knowledge, this study also showed the first use of laser diagnostics to collect off-body velocity measurements of a
representative body in free-flight under hypersonic conditions. The computational fluid dynamics results agree with
the experimental results and additionally show how far downstream the bow shock and recompression shocks
influence the wake turbulence without dissipating. The AMR and low dissipation techniques used help to validate the
techniques on a simple geometry. This also shows a strong vorticity content traveling far downstream of the sphere.

Future work will apply the same laser diagnostic technique to obtain velocity measurements in the far wake and
will look at more non-intrusive techniques to study the temperatures, pressures, and species content of the wake.
Additional refinement of computational models will continue to inform these measurements and will be the focus of
ongoing investigations. Together, these joint studies will inform a more comprehensive understanding of how the
turbulent structures in the recompression region develop.
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