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Abstract A hypersonic shock-tunnel flow around an
axisymmetric model of a planetary entry probe is analyzed.
Planar laser-induced fluorescence is applied to measure
both the velocity and the rotational temperature every-
where in the central plane of the flow field. The experi-
mental test case is compared to simulations using the direct
simulation Monte Carlo (DSMC) method. While the Mach
9.7 flow at a freestream Reynolds number based on the
model diameter of 35,000 is chemically frozen, effects of
thermal non-equilibrium and localized rarefaction cannot
be neglected. DSMC and measurements agree well within
the outer wake, but disagree close to the centerline, where
in particular the measured velocity is higher than values
predicted by the simulations. The experimental results
indicated a shorter recirculation region and increased local
fluctuations in the free shear layer upstream of the wake
recompression shock when compared to the simulation.
These effects are attributed to incipient transition, which is
not observed in the simulations, as the simulations did not
model the effects of freestream fluctuations. Furthermore,
measured and simulated vorticities are compared with
theoretical predictions.

1 Introduction

Modern interplanetary space exploration missions mostly
rely on aerobraking maneuvers at high speeds to slow down
space vehicles upon entry into a planetary atmosphere.
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Therefore, it is important to analyze the hypersonic flow
fields experienced by these probes, shown schematically in
Fig. 1. The design of surface heating protection, payload
distribution, and aerodynamic stability are governed by the
nature of these flows. Simulations are challenged not only by
the complexity of these flows but also by the interaction of
hypersonic real gas effects, like chemical reactions (Dogra
et al. 1995), ionization (Ozawa 2008), radiative coupling
(McIntyre et al. 2009; Sohn et al. 2009), and thermal non-
equilibrium (Zhong et al. 2008). In addition, high-altitude
flows are most likely affected by localized rarefaction effects
(Bird 1994), which cause systematic error in results obtained
using Navier-Stokes (NS)-based numerical simulation
schemes (Lofthouse et al. 2007). In lower-altitude, higher-
density flows, the onset of turbulence occurs first in the wake
far downstream of the body and moves closer to the rear
stagnation point as the vehicle descends and the flow density
increases (Lees1964). The gradual increase in transient non-
linear disturbances with increasing base distance eventually
leads to full transition further downstream in the flow
(Behrens1968). Modeling this phenomenon poses formida-
ble challenges to simulations, as velocity variations in the
freestream and surface imperfections can cause unstable
oscillation modes to be amplified (Hornung and Lemieux
2001). If the wake flow field is investigated in a shock tunnel,
the flow noise produced by such a facility can influence the
location of transition from laminar to turbulent behavior
(Schneider 2001). Prediction of this transition is very diffi-
cult to achieve accurately with NS-based flow computations,
and most of these computations tend to assume either fully
laminar or fully turbulent flow. Hypersonic near-wake flows
are problematic in this regard due to the tendency of these
flows to undergo transition in the shear layer. While Liou
et al. (1993) have shown that direct simulation Monte Carlo
(DSMC) (Bird 1994) methods are capable of simulating the

@ Springer



408

Exp Fluids (2011) 51:407-421

Fig. 1 Schematic of a
hypersonic wake flow and
dimensions of the used model in
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formation of the three-dimensional structures that are
thought to precede transition, the technique’s ability to pre-
dict transition phenomena has not been demonstrated.

DSMC has considerably advanced numerical work on
low-density entry flows, as current computational resour-
ces allow the method to be used to validate scaled mea-
surements conducted in hypersonic facilities at global
Knudsen numbers (Kn;) less than 1073 (Moss and Bird
2005). The agreement of DSMC simulations of repre-
sentative planetary entry flows in wind tunnels with
measured data is generally better than the agreement of
NS-based simulations (Moss and Price 1997; Zhong et al.
2008), as the DSMC method is unaffected by the break-
down of continuum assumptions (Boyd 1995). Unlike
NS-based simulations, DSMC simulates internal shock
structures directly (Schwarzentruber et al. 2008) and does
not require additional imposed boundary conditions to
model surface velocity slip and temperature jump (Inger
and Moss 2007).

Despite these advances in simulation capability, the
complexity of hypersonic flows warrants experimental
validation of simulations. Accurate measurements of flow
field parameters in model planetary entry flows, however,
are comparatively rare. Murman (1969), for example,
measured the pitot pressure field behind a magnetically
suspended slender cone in a Mach 16 tunnel flow and
inferred local flow velocities from these measurements.
The pitot probe used, however, was not sensitive enough to
map the velocity field within the recirculation region,
which is easily disturbed by such an intrusion, as described
by Zakkay and Cresci (1966). Zhong et al. (2008) simu-
lated Murman’s flow field and found that the velocity

@ Springer

deficit in the far wake three base diameters downstream of
the model was about 50% higher than the measured deficit.
The measurements and simulations of number flux behind
a wire-mounted blunted cone at Mach 16 by Danckert and
Legge (1996) were different by only 20% two model
diameters downstream of the base, however at a global
Knudsen number about an order of magnitude larger than
the current Kn, which supports the assumption of fully
laminar flow made in ref. (Danckert and Legge (1996).
Using electron beam fluorescence to measure the temper-
ature at the centerline behind wire-mounted, slightly
blunted cones in Mach 12.6 to 17.9 flows, Muntz and
Softley (1996) found distinct peak temperatures in the
vicinity of the rear stagnation point, with the effect being
most emphasized at the lowest Re, of 5 x 10*, which is of
the same order as Re, in the current investigation. Todisco
and Pallone (1965) used hot-wire probes to measure the
stagnation temperature along the centerline of a sharp cone
wake flow at Mach 16, which agreed well with the simu-
lations of (Zhong et al. 2008) in the far wake, but showed
discrepancies of up to 30% in the recirculation region. Due
to the use of different techniques, some of which could
have caused flow disturbance, and also different tendencies
to show first signs of turbulence in the flow fields investi-
gated, it is difficult to obtain a general picture of the rel-
evant processes in the inner wake close to the base from
existing studies. Hence, the current study was conducted to
obtain a complete data set of velocity (Hruschka et al.2010)
and temperature for a hypersonic wake flow that can be
directly compared to simulations. This was achieved by
using a non-intrusive optical technique and minimizing the
influence of mounting structures (Hruschka et al. 2009).
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2 Hypersonic flow properties and model dimensions

The measurements were conducted in the T-ADFA free-
piston shock tunnel facility (Gai 1992; Hruschka
et al.2010). To determine the nozzle inlet conditions at the
time of the measurement, the shock-heated reservoir gas
conditions were measured and are listed in Table 1. A time
history of the measured reservoir pressure is shown in
Fig. 2. The reservoir temperature was determined from this
pressure and the measured shock speed using the one-
dimensional shock tube code ESTC (MclIntosh 1968). The
reservoir feeds a conically diverging nozzle with a throat
diameter of 12.7 mm, a length of 1,110 mm, and an exit
diameter of 305 mm. This results in a diverging test flow,
and the flow parameters depend on the distance down-
stream of the nozzle exit. A one-dimensional non-equilib-
rium nozzle code (O’Byrne et al. 2006) was used to
calculate the freestream parameters, which are listed in
Table 2. The calculated pitot pressure was matched to the
measured value, also shown in Fig. 2, by changing the
effective nozzle angle in the code, in order to account for
the displacement thickness of the nozzle boundary layer.
This semi-empirical method of calculating freestream
parameters generally agrees with measurements to within
5% (O’Byrne 2002). The calculated freestream parameters
and their gradients in the flow direction due to the flow
divergence are listed in Table 2. Within the steady flow
period, indicated in Fig. 2, the pitot pressure changes by

Table 1 Nozzle reservoir conditions with standard deviations (STD),
indicating the variations between facility runs

Parameter Unit Value STD (%)
Initial fill pressure [Pa] 66 x 10° 0.2)
Incident shock speed [m/s] 1,935 (0.6)
Reservoir temperature [K] 3,051 (1.0)
Reservoir pressure [Pa] 11.5 x 10° (2.6)
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Fig. 2 Measured pressure histories of the T-ADFA shock tunnel.
Start and end of steady flow period and the time of the measurement
(Exp.) are marked

Table 2 Freestream conditions at the model tip (15 mm downstream
of nozzle exit) with gradients in flow direction

Parameter Unit Value Gradient (m™")
Trans./rot. temp. [K] 165 —108

Vib. temp. (N,) [K] 2,390 0

Vib. temp. (O,) [K] 1,270 0

Vib. temp. (NO) [K] 340 0

Density [kg/m] 0.006 —0.0097

Axial (x) velocity [m/s] 2,503 43

Radial (y) velocity [m/s] 2,058 —1,596
Reynolds No. (Re,) [-] 35,000 —43,000
Mach No. (M) [-] 9.7 3.5

Calculated species mole fractions within the flow: 77% N,, 18%
03, 5% NO. The radial velocity component increases proportionally
with the radial coordinate y and is given at y = 1 m

less than 8%. The Reynolds number Re; and the Mach
number M are based on the transrotational temperature.

The model used in this work features a 1:12.32 scaled
version of the forebody of the Mars Microprobe (Gnoffo
1999; Mitcheltree et al. 1999) with a diameter d of
28.4 mm and a flat base. The model dimensions are given
in Fig. 1. Four 0.2-mm-diameter steel wires were used to
hold the model in place. Time-resolved visualizations have
shown that these wires cause only localized and insignifi-
cant flow disturbances in the wake when compared to a
free-flying model (Hruschka et al. 2009). A large aspect
ratio of about seven between the nozzle inviscid core flow
and the model diameter was chosen to avoid interferences
by the expansion fan originating from the nozzle exit on the
near-wake flow.

3 Simulations of the flow field

The DSMC method simulates collisions between individual
molecules in a probabilistic manner. Typically, a single
simulated molecule represents a much larger number of
real molecules in the flow. Collisions and particle motion
are temporally decoupled and are simulated alternately, at
numerical time steps smaller than the mean time between
collisions. The macroscopic flow properties of interest are
sampled from a usually small number of microscopic
particles, which leads to statistical scatter larger than in the
real flow.

The axisymmetric tunnel flow field around the planetary
entry probe model has been simulated with the DSMC code
DS2V (Bird 2007), developed by Bird (1994). Similar to
previous numerical studies on planetary entry type flows
(Dogra et al.1995; Moss 2007; Zhong et al. 2008), the
variable hard sphere (VHS) model was used. This implies
that the dynamic viscosity 4 has a dependence on
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temperature 7 of the form p = , AT/T,.p)”. The molecular
diameter d of each species is a function of the relative
velocity ¢, in the collision and can be determined from
reference values (Bird 1994):

0.5
2kBTref »—0.5 1
d=d, ) y 1
f[( m) G52 - 0) o

where kg is the Boltzmann constant and m, the reduced
mass of the collision pair. Values for the molecular refer-
ence diameter d,,; at reference temperature 7,,, = 273K,
the molecular mass m and the viscosity-temperature
exponent w are listed in Table 3. DS2V models a transla-
tional, rotational, and a vibrational temperature for each
species. The code uses a quantum-based Larsen—Borg-
nakke model (1975), to simulate the exchange of internal
energy between these modes. While the rotational relaxa-
tion number Z.,, was modeled independently of tempera-
ture, temperature-dependent vibrational collision numbers
Z.in, were calculated using Eq. 6.53 in Ref. (Bird 1994).
Reference values for Z,;, at the characteristic vibrational
temperature ©,;, are given in Table 3.

Dissociation was also modeled, based on the charac-
teristic dissociation temperature ®p (Bird 1994). At a
stagnation enthalpy of 3.8 MJ/kg, however, atomic oxygen
was found at the concentrations of less than 0.1%, and
therefore, the flow field can be considered as chemically
frozen. Diffuse molecular reflection from the model surface
at 300 K was assumed. The modeling of vibrational
relaxation during surface collisions can influence surface
heat flux. Simulating thermal accommodation of both
rotational and vibrational energy to surface values, Moss
and Bird (2005) found that the surface heat flux on a cone

Table 3 Molecular parameter values for the species occurring in the
current flow field

Parameter Unit N, O, NO

Mol. mass (m) [kg] 4.65 x 1072° 5.312 x 10726 4.98 x 1072

Mol. ref. ¢ [m] 4.17 x 1079 4.07 x 107'° 420 x 107'°
(dref)

i — T exponent [-] 0.74 0.77 0.79
()

Rot. coll. No. [K] 5 5 5
(Zrot)

Vib. temp. [K] 3371 2,256 2,719
(Byiv)

Vib. coll. No.  [K] 52,500 17,900 1,400
(Zvib)

Diss. temp. [K] 11,3500 59,500 75,500
(©p)

Reference temperature for d..; = 273 K. Reference temperature for
Zyip = Oyip. The data has been adopted from (Bird 1994), also
implemented in DS2V (Bird 2007)
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in hypersonic flow was 5-10% high with respect to a
simulation where only the rotational energy was accom-
modated. The full surface accommodation, however,
showed better agreement with measurements. As the cur-
rent tunnel freestream is similar to one of the conditions
investigated by Moss and Bird (2005), full surface
accommodation was also assumed in the current work. The
modeling of vibrational surface relaxation, however, has
less influence on flow field velocity and temperature than it
has on surface heat flux: simulating only rotational
accommodation at the surface of the current model led to
changes in these values of less than 3% in the wake.

The quality of a DSMC simulation is primarily deter-
mined by the value of the ratio of the simulated mean
collision separation to the physical mean free path (MCS/
MFP), which should be smaller than unity everywhere in
the flow field (Bird 1994). For the current simulation, this
parameter was smaller than 0.1 for most of the flow field,
with a peak value of 0.4 in the forebody flow. Starting with
a low number of simulated molecules, the simulation was
run until the flow field had reached steady state. Then, the
number of molecules was approximately doubled, both
collisional and sampling grids were refined and the sam-
pling of flow field parameters restarted. This procedure was
repeated until none of the parameters changed by more
than 2%. The dependence of selected parameters on the
number of simulated molecules is illustrated in Fig. 3.
Numerical independence of forebody heat flux required
approximately 4 x 10’ molecules to be simulated; how-
ever, other parameters required fewer simulated molecules.
Including the effect of statistical scatter inherent to the
DSMC method, the simulation results using 9.7 x 107
particles discussed in the following sections are numeri-
cally accurate to within 2%, based on the observed changes
relative to a simulation using only 6.5 x 107 particles.

The calculated tunnel freestream parameters listed in
Table 2 were used for the DSMC simulation, including
the flow divergence and the individual species-specific

-*Position of rear stagnation point
& Peak velocity in recirculation region
<*Minimal temperature in recirculation region
¢-Heat flux at model nose

Heat flux at base

o
e e
‘—0

Relative quantity
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Fig. 3 Dependence of selected parameters on the number of simu-
lated particles, relative to the final result using 9.7 x 107 particles
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temperature modes. Flow imperfections in the freestream,
however, were not modeled, as these fluctuations could not
be quantified. Slight unsteadiness of the shock waves, i.e.
fluctuation magnitudes with a standard deviation equiva-
lent to about 2% of the model diameter were observed in
time-resolved visualizations of the flow field (Hruschka
et al. 2009), which indicate the presence of such
imperfections.

4 Thermal non-equilibrium and rarefaction effects

The simulations allow the effect of thermal non-equilib-
rium between vibrational (7;,) and translational tempera-
tures (7)) on the wake to be analyzed. The top half of
Fig. 4 shows a non-equilibrium parameter, defined as T.;,/
T, where T,;, is an averaged value weighted by the con-
centrations of the individual species, as listed in Table 2.
The vibrationally excited freestream, typical for shock
tunnel flows of air (Ruffin 1993; O’Byrne et al. 2006),
comes to equilibrium when passing through the bow shock
close to the centerline. Further away from the centerline,
however, this vibrational relaxation occurs only partially,
as the shock becomes weaker. When the boundary layer
separates from the model, T\, drops rapidly, whereas T,
freezes in the strong corner expansion, which is typical for
hypersonic blunt-body flows (Zhong et al. 2008). In the
inner wake, only a small degree of non-equilibrium is
observed. To further investigate the impact of thermal non-
equilibrium on the chemically frozen wake flow, a second
“equilibrium” simulation modeling instantaneous relaxa-
tion (Zyjp = 1) is performed, and the results are compared
with experiments in Sect. 6.

This wake flow also experiences some effects of flow
rarefaction. For example, a small shock in the recirculation

y [mm]

-10 0

10 20 30 40 50 60 70 80
X [mm]

Fig. 4 Simulated local degree of vibrational non-equilibrium (fop)
and degree of flow rarefaction (bottom)

region, where the upstream-directed flow at the centerline
decelerates from slightly supersonic Mach numbers, can be
clearly observed as a density discontinuity in Navier-
Stokes (NS)-based simulations of the flow (Hruschka
2010), but is not apparent in the DSMC simulations or the
experiments. This indicates that this flow feature is most
likely an artifact created in the NS-based simulations and
probably caused by localized continuum breakdown. To
characterize the degree of this continuum breakdown,
which also renders the NS no-slip boundary condition
locally invalid (Bird 1994; Shen 2005) and can therefore
cause simulation errors in hypersonic wakes (Lofthouse
et al. 2008), Boyd et al. (1995) have introduced the local
gradient-length Knudsen number, Kng,;, defined as:

Kngr = %(%—?) 3 (2)
where 4,, is the molecular mean free path, Q a flow
parameter, and / a length coordinate in the direction of the
strongest gradient of Q. The Kng;-field, using the static
pressure p for Q, is plotted in the bottom half of Fig. 4,
where the regions of large values are highlighted. Rota-
tional and translational temperatures for each species were
found to be in equilibrium, except in regions where Kng;r
exceeds 0.02. In those regions, differences were typically
in the order of 5%. Furthermore, surface velocity slip
(Lofthouse et al. 2008) of the order of 8% of the freestream
velocity occurs locally at the separation location. This
suggests that the DSMC method is more suitable to model
this particular flow field than NS-based simulations, as
otherwise some systematic error due to continuum break-
down could occur, as also emphasized by Moss and Price
(1997) or Lofthouse et al. (2007) for flows at similar or
slightly higher global Knudsen numbers.

5 Experimental measurements

The velocities in both axial and radial directions and the
rotational temperatures were measured everywhere in a
central plane through the flow axis. Multiple measurements
of pulsed planar laser-induced fluorescence (PLIF) of nitric
oxide (NO) (McMillin 1993; Eckbreth 1996) were obtained
over several shock tunnel runs, each measurement requir-
ing a separate tunnel run. The measured velocities and
temperatures were averaged over the facility runs, and the
uncertainty in these parameters depends mainly on the
local steadiness of the flow. Locally unsteady flow can
therefore be identified by increased uncertainty, with
unsteady flow regions characterized by greater variability
in fluorescence signal from one facility run to the next. A
completely established wake flow was assured by analyz-
ing the time-dependent behavior of the velocity-sensitive
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fluorescence distribution at the flow centerline (Hruschka
et al. 2010).

5.1 Velocity measurements

The velocity field was obtained by measuring Doppler shifts
in the center plane in directions parallel and perpendicular to
the flow. Similar to the concept demonstrated by Danehy
et al. (2001), a UV laser was scanned in discrete steps over an
isolated spectral line within the 9(0,0) band of nitric oxide,
which is formed during the reflection of the shock wave in the
nozzle reservoir. The velocity field measurement and the
diagnostic system arrangement used is described in detail in
Ref. (Hruschka et al. 2010). Fitting the line shape function to
the individual fluorescence measurements allowed both line
shape and center to be determined. In the low-density
hypersonic wake flow field, spectral lines experience pri-
marily Doppler shifts proportional to the local bulk velocity
of the flow. If these shifts are in the direction of the fluo-
rescence-exciting laser sheet, the spectral line appears dis-
placed from its vacuum center location. These Doppler shifts
were used to infer the local flow velocity and its vector field.
About 60 tunnel runs were required to determine the shifted
line center everywhere in the flow. The resulting time- and
run-averaged velocity measurement is shown in the top half
of Fig. 5 for the radial and Fig. 6 for the axial velocity
component.

As mentioned above, the magnitude of the averaged
velocity uncertainty serves as an indicator of both vari-
ability in the technique and local flow steadiness and
repeatability. The contribution to the variability from the
measurement system is nearly the same everywhere in the
flow, while larger localized signal variations can be
attributed to variability in the flow. The background

x/d
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-30 - 1-1
PLIF T 1000
-20 "‘_/,»ﬂ"’"—’r’
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DSMC e ) -1000
30
-10 0 10 20 30 40 50 60 70 [m/s]
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Fig. 5 Comparison of measured (fop) and simulated (bottom) radial
velocity component. Regions where the radial velocity component is
zero are marked black. The dividing streamline is indicated as a black,
dashed line
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Fig. 6 Comparison of measured (fop) and simulated (bottom) axial
velocity component. Regions of zero axial velocity are marked black.
The dividing streamline is indicated as a black, dashed line

velocity uncertainties were typically within 95% confi-
dence intervals of 50 m/s, except in a region at the outer
radius of the slipstream at y/d =~ (.2, where the uncertainty
could be as high as 150 m/s due to the presence of local
velocity variability (Hruschka et al. 2010).

Pressure shifts, laser attenuation, and motion blur due to
the finite camera gating time can cause systematic error in
the velocity measurement. Motion blur is only significant
immediately behind the bow shock, where the effects could
extend as far as 1.7% of the model diameter downstream of
the shock. Elsewhere in the flow, both velocities and their
gradients are too small to cause significant error. The
systematic error due to laser-wavelength-dependent laser-
sheet attenuation, as described in (Hruschka et al. 2010),
was found to be well below random uncertainties by
comparison of different measurements, and hence unmea-
surable. The calculated systematic error caused by the
pressure shift is below 10 m/s nearly everywhere in the
flow field, but can exceed the random error of =50 m/s at
the bow shock and up to 2 mm immediately downstream of
it (Hruschka et al. 2010).

5.2 Temperature measurements

Rotational PLIF two-line thermometry (McMillin 1993)
takes advantage of the temperature dependence of the
population distribution of different rotational ground states.
Two NO lines within the same vibrational band with a
large rotational energy separation are each probed succes-
sively with the PLIF laser. If the rotational state popula-
tions follow a Boltzmann distribution, the ratio of the two
fluorescence signals can be used to determine the rotational
temperature:
Egry — ER1

Tror = knl Bi22(2h+1)Fy (3)
B\ B, 2 1),
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where Eg, and Eg; are the ground-state (rotational)
energies, J, and J; the rotational quantum numbers, and
Bi», and Bi,; the Einstein coefficients for stimulated
absorption of the two probed lines, respectively. The terms
F, and F; are the recorded fluorescence intensities, aver-
aged over multiple tunnel runs, and corrected for energy
fluctuations of the exciting laser and camera dark noise
(Hruschka et al. 2010).

The ®R,>(14) and the “P,;(26) lines within the NO
7(0,0) band probed in this work were found to be a good
compromise between low laser-sheet attenuation, accept-
able signal-to-noise ratio, and large energy separation.
Both lines share the same electronic and vibrational states,
and thus, the Einstein B coefficients can be substituted by
purely rotational line strength factors, known as Honl-
London factors (H;). Expressions for calculating H; values
are given in Ref. (Earls 1935), and their values for the two
lines used here are listed in Table 4.

Both lines were probed several times to obtain the time-
averaged temperature field. To reduce the influence of
pixel noise, which could otherwise lead to systematic error
due to the non-linear relationship between the ratio of the
two fluorescence signals and the temperature (Houwing
et al. 1996), the top and bottom halves of several fluores-
cence images were combined as an average and smoothed
within 5 x 5 pixels, which corresponds to 3% of the body
diameter. The temperatures determined using Eq. 3 have
95% confidence intervals of £70-150 K for most of the
flow field, except in the region of the slipstream down-
stream of reattachment and immediately behind the bow
shock, where uncertainties were found to be about twice as
high. The increased uncertainty within the slipstream is
attributed to unsteady flow in this region, causing larger
run-to-run variations in the averaged fluorescence signals
and hence increased temperature uncertainty. Immediately
behind the bow shock, where the temperatures are
approximately 1,600 K, the temperature is particularly
sensitive to changes in the ratio of the two fluorescence
signals; hence, the susceptibility to random uncertainty
becomes larger (Seitzman and Hanson 1993).

Systematic error in temperature measurements results if
the ratio of the two required fluorescence intensities, F'; and
F>, becomes biased. This can occur if one of the two lines
a), causes stronger absorption of the laser or b), experi-
ences a higher level of saturation compared to the other

Table 4 Parameters of the two probed lines within NO A2X* «—
XTI (v = 0)

Line Index Er J H;
RRy(14) 1 394.9 cm™! 13.5 0.314
£p.1(26) 2 1156.2 cm™! 26.5 0.402

probed line. Saturation, or depletion of the lower laser-
coupled quantum state (Demtroder 1999), can be avoided
by choosing lines with similar Honl-London factors, or
reducing the laser intensity well below the saturation
intensity (Seitzman and Hanson 1993). Both strategies
were followed in the current work, ensuring that systematic
error due to saturation stays below 3% throughout the flow
field.

The symmetry of the flow field was exploited to deter-
mine the degree of laser-sheet absorption, specifically by
monitoring the laser intensity before and after the laser had
propagated through the absorbing parts of the flow. The
freestream itself absorbs only weakly, so the spatially
homogeneous fluorescence signal in this region can be used
as an intensity reference. Probing the RR22(14) line, the
freestream fluorescence was 14.8% low in the bottom-half
freestream region, compared to the corresponding signal in
the top half. This indicated that the laser sheet, entering
from the top, had been attenuated by the same amount. The
average attenuation in the averaged half-image hence
becomes 7.4%, for which the intensity F; was corrected
before calculating the temperatures. The lower absorption
cross-sections of the ©P,;(26) line due to smaller thermal
populations caused negligible absorption of the F,-signal.
If the attenuation of the F-signal was not considered, the
temperatures would have been typically ~5% high, with
peak values of systematic error reaching =~ 13% in the hot
regions immediately behind the bow shock (Hruschka
2010). The only region where the temperature was low
enough to cause significant uncertainty in the F,-signal was
the freestream. For this reason, the measured freestream
temperature of 220 + 100 K has higher relative uncer-
tainty than other flow regions.

6 Comparison of measurement and simulation

Measurements and simulations agreed exceptionally well
in the outer wake, at radii larger than approximately 0.25
model diameters, where the flow can be considered inviscid
(Lees 1964). Discrepancies in the temperature and velocity
distributions were found, however, at smaller radial dis-
tances. These discrepancies could not be explained by
either measurement or simulation uncertainty. The mea-
sured freestream velocity of 2,410 £ 50 m/s is 3.5% low
compared to the value calculated using the 1-D nozzle
code, listed in Table 2. This is similar to the findings of
Beck (1999), Danehy et al. (2003), and O’Byrne (2002)
and suggests that the commonly used semi-empirical
method to calculate hypersonic shock tunnel freestream
conditions tends to overpredict the nozzle-exit velocity.
Considering the large uncertainty of the measured trans-
rotational freestream temperature, a comparison is difficult.
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The influence of a freestream temperature systematically
high by 55 K has, however, only a minor influence on
stagnation enthalpy (& 1%), which governs most of the
properties of the hypersonic wake of blunt bodies (Dewey
1965; Reeves 1965).

6.1 Velocity

Comparisons between measured and simulated radial
(y) and axial (x) velocity components are shown in Fig. 5
and Fig. 6, respectively. The radial velocity component
agrees well with simulations everywhere in the wake,
except close to the base at x &~ 2 mm, where the radially
outwards directed flow is about 30% slower than simulated,
indicating a lower rotation speed of the vortices within the
recirculation zone. More detail can be observed in Fig. 7a,
b, which show the radial velocity distribution in the near
wake at x/d = 0.25 and in the far wake at x/d = 2,
respectively. Some discrepancy is observed at x/d = 0.25
and y/d ~ 0.9, where the simulated velocity jump across
the bow shock occurs more suddenly than in the experi-
mental case. The primary reasons for this discrepancy are
the uncertainty due to motion blur of the camera system
(Hruschka et al. 2010) and local unsteadiness of the bow
shock of about 2% of the model diameter (Hruschka et al.
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Fig. 7 Comparison of radial velocities in the near and far wake,
DSMC and PLIF
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2009). The effect of these uncertainties on the velocity is
indicated by a horizontal error bar. At x/d = 2 and y/d =~
0.4 (Fig. 7b), the measured velocity jump across the re-
compression shock occurs at a slightly smaller radial dis-
tance than simulated. The discrepancy can be reduced by
adjusting the freestream velocity of the simulation to the
measured value.

The axial velocity comparison (Fig. 6) also shows
agreement in the outer wake, but measurements and sim-
ulations do not agree in the inner wake, at y/d < 0.2. The
discrepancy becomes particularly obvious at the location of
the indicated zero velocity line, and the far wake down-
stream of it. Within the recirculation region, lower veloc-
ities are observed in the experimental data compared with
the simulated velocity. These differences are most likely
linked to the larger discrepancies evident further down-
stream. The simulations indicate gradual velocity recovery
with distance from the base at the centerline, as shown in
Fig. 8, whereas the experiments indicate that the velocity at
the centerline regains the velocity of the outer inviscid
stream much more rapidly. Figure 9a, b show the axial
velocity distribution in the near and far wake measured at
x/d = 0.25 and x/d = 2.0 and along radial distance (y/d).
Below each plot, the uncertainty of the measured velocity
magnitude is shown. Both plots show the measured
velocity about 5% lower than simulated in the outer wake.
This discrepancy is caused by the systematically high
freestream velocity calculated by the nozzle code and did
not occur in another simulation where the inlet velocity of
the simulation was adjusted to the lower measured value.
The axial location of the peak reverse flow velocity is
x/d = 0.25, and its measured value of 492 + 50 m/s is
approximately 20% lower than the simulated value of
612 m/s. This difference cannot be removed by adjusting
the simulated freestream velocity, but is reduced to
approximately 15%. The discrepancy between measured
and simulated axial velocities, however, is much larger
further downstream at x/d = 2. Whereas the simulations
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Fig. 8 Axial velocity distribution along the flow centerline. The
freestream velocity has been measured at 2,410 m/s
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Fig. 9 Comparison of axial velocity component in the near and far
wake. Jv in the lower graph shows the 95% confidence bounds of the
measured absolute velocity

indicate a distinctive velocity minimum at the flow cen-
terline with large gradients in the radial direction, the
measurements show a comparatively constant velocity
distribution within the inner wake for radii y/d < 0.2. The
largest uncertainties of the velocity measurement also
occur at this radial location. Increased uncertainty occurs
where the flow field shows local unsteadiness (Hruschka
et al. 2010).

The differences become particularly obvious when
simulated and measured streamlines are compared, as in
Fig. 10. In the experiments, the recirculation region is only
about half as long as in the simulations, leading to a
truncated shape of the recirculation region in the measured
case. Despite this discrepancy, the location of the experi-
mental vortex center is well predicted by the simulation.

y [mm]

-0 0 10 20
X [mm]

30 40 50 60 70

Fig. 10 Streamline plot (PLIF measurement, top and DSMC simu-
lation, bottom). The observed bow and recompression shocks and the
dividing streamline are rendered red for the measurement and green
for the simulation. The spacing between streamlines has been
optimized to illustrate all flow features clearly

Some disagreements near the wall are caused by the dif-
ficulty in measuring near the wall.

As Figs. 7 and 9 indicate, the simulated velocities do not
change drastically if the flow is modeled in thermal equi-
librium. The magnitude of the peak velocity in the recir-
culation region is about 8% higher in this case.

6.2 Temperature

Measured and simulated rotational temperatures are com-
pared in Fig. 11. In general, simulation and measurement
agree well in the inviscid outer wake, where the complexity
of the flow field is limited. In this region, the velocity
measurement also has shown good agreement with simu-
lations. The temperature jump across the bow shock is also
influenced by vibrational relaxation processes, as indicated
in Fig. 4. Vibrational relaxation further away from the

x/d
0.5 0 0.5 1 15 2 25

2000
1800
1600
1400
1200
1000
800
600
400

200
-10 0 10 20 30 40 50 60 70 K]

X [mm]

y [mm]

Fig. 11 PLIF rotational temperature measurement (fop) and DSMC
simulation with thermal non-equilibrium (botfom). The dividing
streamlines are indicated by the dashed lines
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Fig. 12 Comparison of DSMC and PLIF temperatures at different
distances from the base

centerline only occurs to a small extent, as the shock loses
strength with distance from the centerline and becomes
more oblique. The overall good agreement between simu-
lation and measurement, however, indicates that these
relaxation processes are simulated correctly.

Figure 12a, b show the radial temperature distribution in
the near and far wake, respectively. At both axial distances,
the measured temperatures in the outer wake, where
yld > 0.35, agree with the non-equilibrium simulation,
while the equilibrium simulation is outside the 95% con-
fidence intervals. In hypersonic flows around blunt bodies,
values of T,;,/T, larger than unity typically occur within
the expansion after flow separation from the model
shoulder (Zhong et al. 2008). This is supported by the
current measurements, but as seen in Fig. 4, Ty;/T, is also
large in the outer wake and the tunnel free steam, which is
not the case for typical atmospheric planetary entry flows,
which are in vibrational equilibrium in the freestream
(Zhluktov et al. 1996).

Similar to the velocity measurement, the temperature
jump across the bow shock (at y/d ~ 0.9 in Fig. 12a) is not
as sudden as the simulations indicate. Motion blur, local
shock unsteadiness, and some additional secondary fluo-
rescence in the F, signal, which occurs in the freestream
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Fig. 13 Temperature along the flow centerline

immediately before the flow passes through the bow shock,
are responsible for the inaccuracy of the measurement in
this region.

The measured temperatures in the inner wake, however,
are systematically high when compared with the simula-
tions, a difference that is particularity noticeable at the flow
centerline, shown in Fig. 13. The largest discrepancy
occurs at the measured location of the rear stagnation point,
x/d = 0.85. Random measurement uncertainties at the flow
centerline are larger than elsewhere in the flow, as dis-
cussed in Sect. 5.2. They do not, however, explain the
difference entirely, even though faster vibrational relaxa-
tion at the centerline could reduce the discrepancy, as
indicated by the equilibrium simulation.

7 Transitional effects in the far wake

In the outer wake, simulation results for both velocity and
temperature agree well with experimental data. This region
is expected to be entirely laminar at the current global
Reynolds number Re, of 3.5 x 10*, which is at least two
orders of magnitude lower than typical values necessary for
transition in the outer wake. Turbulence in the inner wake
downstream of the base, however, can occur at Re; as
low as 150 (Lees 1964). The transition from laminar to
turbulent flow itself is a gradual process. From incipient
transition, i.e. the first occurrence of nonlinearities, dis-
turbances grow with distance downstream of the base. The
point where they grow overproportionally is usually quoted
as the point of full transition, which also causes radial
growth of the inner wake, which can be observed in
schlieren visualizations (Slattery and Clay 1962; Pallone
et al. 1964; Wilson 1967). Apart from Mach and Reynolds
number, the influencing factors for the exact location of
incipient and full transition are the level of initial fluctua-
tions in the freestream (Schneider 2001), the bluntness of
the body, and to a small extent the body shape and whether
the flow is two-dimensional or axisymmetric (Liou et al.
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Fig. 14 Some visualizations of the far wake structure, showing
sinusoidal motion as a possible precursor to transition, indicated by
white dashed lines. The pictures look inherently different, as they

1993). Although some theoretical correlations exist (Gold
1963), distances from the base to full transition (x/d),. are
usually estimated using empirical correlations, such as that
of Lees (1964). The experimental data used by Lees sug-
gest a linear relation between (Ref,d)fl and (x/d) (derived
from Lees (1964)):

(x/d),, = 5.57 x 10*/Res 4 (4)

where Rey,; is the local wake edge Reynolds number (Webb
et al. 1963) at the inviscid outer radius of the inner wake,
where temperature, velocity and density, and hence Rey,
are comparatively constant. The simulations, which agree
with the measurements at this location, provide a value for
Res, of approximately 4,500. Using this value in Eq. 4
allows one to estimate (x/d), ~ 12 for the current flow
field. This lies outside the field of view of the current
measurements, so full transition should not be observed in
either the current PLIF measurements or in time-resolved
resonantly enhanced shearing interferometry visualizations
(Hruschka et al. 2008) conducted at a similar flow condi-
tion (Hruschka et al. 2009). Precursors to full transition,
however, occur further upstream and are most likely not
only responsible for the discrepancies between simulation
and measurements but also for the typical radial distribu-
tion of measurement uncertainty caused by local flow
unsteadiness in the far wake, shown earlier in Fig. 9b. A
characteristic feature of these velocity fluctuations within
wakes prior to full transition is that they have a local
minimum at the centerline, as reported by Behrens (1968)
for a cylinder, Behrens and Ko for a flat plate (Behrens
et al. 1971), and Demetriades for a wedge (1964) and for an
axisymmetric wake (Demetriades 1967). These fluctuations
originate close to the location of the recompression shock
and usually grow with downstream distance and were also
observed in some shadowgraph visualizations (Venkata-
pathy et al. 1991). The localized disturbances cause
increased mixing and fluid entrainment from the recircu-
lation region into the free shear layer. The resulting loss of
momentum shortens the recirculation region when com-
pared with simulations, which is responsible for its trun-
cated appearance in Fig. 10. The velocity distribution for

were taken at different laser detunings from line center (Hruschka
et al. 2010), printed in each picture in picometers

radial locations y/d < 0.2 is comparatively constant, and
the velocity deficit at the centerline is smaller than simu-
lated, as plotted in Fig. 9b. The comparison shows simi-
larity to the DSMC comparison by Zhong et al. (Zhong
et al. 2008) with the axisymmetric wake velocity profiles of
Murman (1969). Also, the slender body flow at Mach 16
and Rey = 1.2 x 10° investigated in (Murman 1969) is
expected to show full transition at a similar value for (x/d),,
to the current flow (Waldbusser 1967). The smaller cen-
terline velocity deficit in the experiments compared to the
simulations, which remain laminar, is typically observed in
transitional or turbulent flows, as demonstrated in the wake
pitot pressure maps of both laminar and turbulent flow
around a cylinder, measured by McCarthy and Kubota
(1964). According to Muntz and Softley (1966), the posi-
tion of peak temperature coincides approximately with that
of the rear stagnation point, which in our experiments is
found closer to the base than in the simulations. This
probably accounts for most of the difference of up to 25%
at the centerline between measured and simulated tem-
peratures, shown in Fig. 13. The temperature difference at
the measured and simulated rear stagnation points, how-
ever, is only & 10% and could also be due to random error,
or possibly faster vibrational relaxation than modeled in the
thermal non-equilibrium simulation.

Apart from increased fluctuations in measurement sig-
nals, other observable precursors of transition are sinusoi-
dal instabilities (Gold 1963), which can occur in
axisymmetric wakes. They were observed not only in the
schlieren visualizations of e.g. Wilson (1967) or Pallone
et al. (1964), but also in some of the PLIF flow visual-
izations in the current study, shown in Fig. 14. These
oscillations typically occur at lower frequencies compared
to the characteristic frequencies of the fluctuations
observed at y/d ~ 0.2, which play a key role in the tran-
sition to full turbulence further downstream (Behrens and
Ko 1971).

An overview of measured and simulated inner wake
properties is given in Table 5. Results obtained with a
commercial NS-based equilibrium CFD code (Metacomp
Technologies 2007), described in Hruschka (2010), are also
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Table S Summary of measurement and simulation results: axial
freestream velocity (V. o), radial freestream velocity at y/d = 1
(Voo.1), peak reverse flow velocity (Vg ,.q), position of rear stagna-
tion point ((x/d)gsp), minimum temperature at the centerline (Tx i)
and base pressure (pp)

Line/method Ve=I[ms] Vg [mS] Vgmax [ms]
Measurement 2410 £ 50 53 +£50 492 £+ 50
DSMC 2503" 57" 612
DSMC (EQIL) 2503" 57" 660

CFD (EQL) (Hruschka 2010) 2503" 57" 810
Line/method (x/d)rsp [=] Trmin [K] pg [Pa]
Measurement 0.85 &+ 0.03 656 + 85 500 % 100
DSMC 1.64 600 565
DSMC (EQL.) 1.65 660 807

CFD (EQL) (Hruschka 2010) 1.67 750 983

* Input values from nozzle code

listed. The relatively large uncertainty of the measured
base pressure includes possible errors due to slightly dif-
ferent conditions (Park 2009) for the measurement of pg.
The measured value, however, agrees with the non-equi-
librium simulation within uncertainties but not with the
equilibrium simulation. Enforcing thermal equilibrium
leads to higher relaxation rates in the shoulder expansion,
higher inner wake temperatures, and thus higher base
pressures than in the simulated non-equilibrium case.

8 Vorticity comparison

The vorticity distribution in the near wake is an important
derived quantity, because it describes the motion of the
vortex immediately downstream of the body. The type of
the vorticity distribution has been assumed in a number of
analytical descriptions of the near-wake flow in previous
investigations. The first model was proposed by Chapman
et al. (1965) and treated the recirculating region as a
stagnant gas and assumed that the boundary layer at sep-
aration had zero thickness. Denison and Baum (1963)
extended the model to a finite initial thickness, and this
idea has formed the basis of several popular predictions of
base pressure for these flows. Batchelor (1956) considered
the case of vortices at high Reynolds number, treating them
as a region of solid-body rotation surrounded by the
boundary layer on the body, the separated shear layer, and
the recirculating flow near the axis, and driven by the
viscous stresses in the shear layer. Weiss (1966) investi-
gated the applicability of this model to slender bodies in
hypersonic flow and concluded that even at length-based
freestream Reynolds numbers of 106, the recirculation
should be fully viscous, with the boundary layer on the
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Fig. 15 Near-wake vorticity map. The upper half is obtained from
the measured velocity and the lower half from the simulation. The red
crosses mark the position of the vortex core. Dividing streamlines
(black dashed line) and zero-axial-velocity-locations (black markers)
are superimposed

base making up approximately one-third of the base
diameter, which questions the validity of Batchelor’s thin-
layer model for high-Reynolds-number wake flows. More
recently, Grasso and Pettinelli (1995) have performed
Navier-Stokes-based simulations on wake flows, consid-
ering the effects of Mach number, Reynolds number, and
forebody shape on the character of the wake. This study
characterized the vorticity behavior in the near wake as a
function of the Reynolds number along the dividing
streamline, Re,; 4. Using the base diameter as a reference,
Grasso and Pettinelli found that for Rey, < 200, the
vorticity increases linearly from the core outwards to the
driving shear layer. They termed this behavior as ‘diffu-
sive’. For 200 < Re,, < 1,000, the behavior changes
from diffusive to solid-body rotation. The latter is referred
to as ‘convective behavior’ by Grasso and Pettinelli and
purely convective behavior at higher values of Re, 4, with
Re;sq > 2,000 generating a secondary vortex below the
separation point. Based upon the simulated flow conditions,
the dividing streamline Reynolds number is Rey, =
1,000, so according to the findings of Grasso and Pettinelli,
the vortex in these experiments should be convective.
Figure 15 shows a map of the vorticity for the simulated
and measured velocity fields, with the measured field in the
upper half of the image and the simulated field in the lower
half. The vorticity reaches a maximum in the shear layer in
both cases and thus shows the extent of the shear layer very
clearly. It is also clear from Fig. 15 that the measured
recirculation region is much smaller in size than the sim-
ulated region, while the peak vorticity region within the
shear layer is about twice as thick for the experiment as it is
for the simulation. The peak vorticity value is similar for
both the measured and simulated cases; however, experi-
mental values at x/d ~ 1 and y/d ~ 0.2 are higher. In the
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Fig. 16 Vorticity along a horizontal line through the vortex core,
marked as a red dashed line in Fig. 15. The position of the vortex core
is marked by a blue circle

far wake, regions of high vorticity at y/d ~ 0.2 coincide
with regions of high flow unsteadiness and hence velocity
error, as shown previously in Fig. 9b.

Figure 16 is a plot of the vorticity along a horizontal line
through the core of the vortex for each of the two fields in
Fig. 15. The plot begins at x/d = 0.05, because the PLIF
measurement is affected by laser scatter at locations nearer to
the base. Because the vorticity is derived from the measured
velocity, uncertainty propagation causes the experimental
vorticity to vary by approximately +5 s~' about the
mean value. The vortex core is located at x/d = 0.16 and
y/d = 0.28 for the simulations, while for the experimental
data, the core is located at x/d = 0.15 and y/d = 0.31. As the
plot shows, the simulated vorticity is relatively constant
between 0.05 and 0.35 base diameters downstream of the
model base, indicating a convectively driven vortex. This is
consistent with the behavior predicted by Grasso and Petti-
nelli for Re,; ; = 1000. There is, however, a significantly
different behavior in the experimental vorticity plot. In this
case, the vorticity is near zero between 0.05 < x/d < 0.2, but
then linearly increases to 50 s~ in the middle of the shear
layer at x/d = 0.35. The two plots show qualitatively similar
reductions in vorticity downstream of the peak value,
although this occurs further downstream for the simulated
flow.

The fact that the measured vorticity is nearly zero in the
vicinity of the vortex core indicates that the central part of
the vortex is close to Chapman’s assumption of a ‘dead air’
region. The linear increase in vorticity between 0.02 <
x/d < 0.35 indicates a more Stokes-like diffusive flow. One
possible reason for this discrepancy relates to the incipient
transition in the shear layer discussed previously. Transi-
tion from laminar to turbulent flow is not predicted in our
DSMC simulations, and Grasso and Pettinelli’s Navier-
Stokes-based computations assume laminar flow. If tran-
sition is occurring in the free shear layer, the mixing in the
shear layer will be stronger than in the laminar case, and

the velocity profile in the shear layer will be fuller than for
the laminar shear layers predicted in the simulations. This
uncertainty would have the effect of reducing both the
driving force on the vortex and the Reynolds number of the
vortex flow, producing behavior consistent with that of
the measured vorticity plot in Fig. 16.

9 Conclusions

A non-reacting, hypersonic wake flow generated by a
shock tunnel has been investigated by means of experiment
and simulation. Velocity was measured within uncertain-
ties of approximately +50 m/s whereas temperature could
be measured within £70-150 K. To the authors’ knowl-
edge, this is the first global measurement of velocity and
temperature in a wake flow without the compromise of
stings or sensor intrusions and provides the first experi-
mental vorticity map in one of these flows.

Good agreement with simulation in the outer wake was
found, as in this region, the flow can be considered invis-
cid. The exclusive agreement of the rotational temperature
with a simulation modeling realistic thermal relaxation
highlights the importance of modeling thermal non-equi-
librium in these flows. If the vibrational freezing in the
expansion at separation was not accounted for, the results
for temperature and to a smaller extent velocity would be
compromised, and in addition those for surface properties
at the base, as Table 5 shows.

The largest discrepancy between simulation and mea-
surement was found in the inner far wake. Distributions
of fluctuations in the measurement signal typical for
wake flows upstream of full transition to turbulence were
observed, amongst other indicators such as sinusoidal
instabilities. Empirical correlations from the literature
indicate that full transition of the flow occurs downstream
of the field of view, but the measurements point to the
effect of incipient transition on the wake. This is particu-
larly obvious for the shape of the recirculation region,
which is only half as long in the experimental case as it is
for the simulation. Similarly to earlier investigations, the
experimentally determined velocity deficit at the centerline
is smaller than in the simulation. Analysis of the sensitive
and non-intrusive PLIF technique assures that the dis-
crepancy cannot be explained by random uncertainty or
bias error. The velocity measurements also show that the
effects of incipient transition are much more obvious in the
far wake behind recompression, whereas velocity and
temperature in the near wake are still comparatively similar
to the perfectly laminar simulation. The effect of incipient
transition on base pressure is also small, compared to the
influence of the modeling of thermal relaxation.
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The higher measured temperature when compared with
simulations approximately one model diameter down-
stream of the base could be an important consideration for
the design of planetary entry vehicles, particularly when
heat-sensitive payloads are present in this region.

Comparison between the computed vorticity field and that
derived from the measured velocity also shows a qualitative
difference in the vortex behavior, with the experiments
indicating a diffusive vorticity distribution where computa-
tions indicate that the vortex should undergo solid-body
rotation. This discrepancy is most likely caused by the bet-
ter mixing caused by the velocity fluctuations in the shear
layer in the experiment, which provides less of a driving
force to the vortex than would be expected for a purely
laminar flow.

The freestream fluctuations produced by a shock tunnel
facility can promote transition in the shear layer (Schneider
2001). At the current stage, the noise level of the T-ADFA
shock tunnel cannot yet be fully quantified; hence, it has
not been included in the simulations. Our results suggest,
however, that fluctuating parameters in inlet conditions
should be modeled as well to produce better fidelity in
computational simulations of these flows.
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