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Although low-disturbance (‘“‘quiet”) hypersonic wind tunnels are believed to provide more reliable extrapolation of
boundary-layer transition behavior from ground to flight, the presently available quiet facilities are limited to Mach 6,
moderate Reynolds numbers, low freestream enthalpy, and subscale models. As a result, only conventional (“noisy’’)
wind tunnels can reproduce both Reynolds numbers and enthalpies of hypersonic flight configurations and must
therefore be used for flight vehicle test and evaluation involving high Mach number, high enthalpy, and larger models.
This paper outlines the recent progress and achievements in the characterization of tunnel noise that have resulted from
the coordinated effort within the AVT-240 specialists group on hypersonic boundary-layer transition prediction. The
new experimental measurements cover a range of conventional wind tunnels with different sizes and Mach numbers
from 6 to 14 and extend the database of freestream fluctuations within the spectral range of boundary-layer instability
waves over commonly tested models. New direct numerical simulation datasets elucidate the physics of noise generation
inside the turbulent nozzle wall boundary layer, characterize the spatiotemporal structure of the freestream noise, and
account for the propagation and transfer of the freestream disturbances to a Pitot-mounted sensor.
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X, = axial distance from throat, m

y = spanwise direction of the right-hand Cartesian
coordinate, m

z = wall-normal direction of the right-hand Cartesian
coordinate, m

Zn = normal distance from the wall, m

a = frequency-specific wave number in the streamwise

direction in Eq. (1), @ cos /(i cos @ + ¢), m™"

p = frequency-specific wave number in the vertical direction
in Eq. (1), wsin8/(iicos @ + ¢), m™!

y = specific heat ratio

6 = boundary-layer thickness, m

o* = displacement thickness, m

¢ = coefficient in hot-wire modal analysis

0 coefficient in hot-wire modal analysis

u = dynamic viscosity, kg/(m - s)

p density, kg/m?

¢ = randomly-selected phase in Eq. (1)

@ = angular frequency, rad/s

- = averaged or mean variables

Subscripts

ac = acoustic

en = entropy

k = frequency-specific values

rms = root mean square

t = transducer-measured quantities in Eq. (3)

vo = vortical

w = wall variables

o0 = freestream variables

0 = stagnation quantities

1 = preshock quantities of a pitot probe

2 = postshock quantities of a pitot probe

Superscripts

+ = inner wall units

/ = perturbation from averaged variables

I. Introduction

REDICTION of boundary-layer transition is a critical part of the

design of hypersonic vehicles because of the large increase in
skin-friction drag and surface heating associated with the onset of
transition. Testing in conventional (noisy) wind tunnels has been an
important means of characterizing and understanding the boundary-
layer transition behavior of hypersonic vehicles. Because the existing
low-disturbance (i.e., quiet) facilities operate only at Mach 6, moderate
Reynolds numbers, fairly small sizes, and low freestream enthalpy,
conventional facilities will continue to be employed for testing and
evaluation of hypersonic vehicles, especially for ground testing
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involving other Mach numbers, higher freestream enthalpies, and
larger models. To enable better use of transition data from conventional
facilities and more accurate extrapolation of wind-tunnel results to
flight, one needs an in-depth knowledge of the broadband disturbance
environment in those facilities as well as of the interaction between the
freestream disturbances with laminar boundary layers.

Freestream disturbances in conventional high-speed wind tunnels
are usually composed of acoustic disturbances, vorticity disturbances,
and fluctuations of flow entropy. The acoustic disturbances are mainly
generated within the high-speed, turbulent boundary layers along the
nozzle walls and radiated into the wind-tunnel test section [1]. The
intensity of the acoustic disturbances increases rapidly with flow Mach
number, and hence these disturbances are likely to dominate the overall
disturbance environment at Mach numbers of 2.5 or above [2-5] and
can strongly affect the transition processes. Theoretical models for
acoustic radiation from a supersonic boundary layer were developed
by Phillips [6] and Ffowcs-Williams and Maidanik [7], who attributed
a major cause of the acoustic radiation to eddy Mach waves from
boundary-layer turbulence convecting supersonically with respect to
the freestream. A lack of adequate knowledge concerning the
boundary-layer turbulence restricted the theoretical predictions to just
the intensity of the freestream acoustic fluctuations. Fluctuations of
freestream vorticity and entropy stem from the flow state in the tunnel
settling chamber and the subsequent changes imposed by the wind-
tunnel nozzle. Figure 1 [8] gives a schematic of the origin of freestream
disturbances in a supersonic/hypersonic wind tunnel.

The freestream disturbances in conventional tunnels can impact
not only the transition location but possibly the transition mechanism
as well, and their effect on transition cannot be quantified in terms of a
single metric corresponding to the rms amplitude, as indicated by the
measurements at Purdue University [9] and Arnold Engineering
Development Complex (AEDC) Tunnel 9 [10]. Unfortunately,
existing measurements mostly provide data in terms of rms values
alone (i.e., without an evaluation of the disturbance spectra up to the
high frequencies observed in transitional hypersonic boundary
layers). Although a number of investigators have reported measure-
ments of freestream disturbance intensity in high-speed facilities
at both supersonic and hypersonic Mach numbers (see for example
[11-15]), these measurements are largely limited to single-point
information (e.g., freestream pitot pressure fluctuations), and the
measurements by Laufer [3,16] still reflect one of the few datasets
that are detailed enough to be suitable for comparison or model
development.

Recently, new probes and new instrumentation have become
available to the research community that greatly help the physical
characterization of freestream disturbance levels [17,18]. The new
experimental data are able to cover a spectral range of disturbances
that were previously not achieved by using hot-wire probes. Progress
in direct numerical simulation (DNS) as well as the rapid deployment
of high-performance computing facilities across the United States
and around the world provide the opportunity to address the problem
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Fig. 1 Schematic of freestream disturbances in supersonic/hypersonic wind tunnels (adapted from Schneider [8]).
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of the generation of acoustic disturbances at the nozzle walls and the
transfer of those disturbances to the location of a pitot-mounted
sensor, making the numerical rebuilding of transition experiments
possible. The progress in both experimental and numerical
techniques holds the potential to bridge the gap between quiet
tunnels, conventional wind tunnels, and flight.

The current paper summarizes the coordinated experimental and
numerical work undertaken by the NATO STO AVT-240 specialists
group to characterize the freestream disturbances in conventional
hypersonic ground facilities. Definitive progress has been made
possible by coordinating international research efforts in this difficult
but important area. Specifically, tunnel noise has now been measured
with freestream pitot probes mounted with new, fast PCB132
pressure transducers that allow single-point noise characterization up
to and above the second-mode frequencies in most tunnels. DNS of
acoustic radiation from the nozzle wall have been conducted to
provide additional multipoint information of the acoustic disturbance
field that would help guide the application of receptivity theories
based on more realistic input concerning the disturbance environ-
ment. The computed freestream acoustic disturbance field including
the acoustic angle has also been used to define inflow conditions for
computations of hypersonic flow around a pitot probe, which yield a
transfer function that relates the transducer-measured (postshock)
spectrum to the (preshock) freestream disturbance spectrum. Such a
transfer function can be used to directly correct for the effect of pitot-
probe geometry on the measurement. The additional multisensor
measurements with both pitot and hot-wire probes can provide
further details related to the modal content of freestream disturbances
in a facility. All in all, the coordinated experimental and numerical
work can be integrated to provide as much information as possible
on tunnel noise, with the purpose of developing a “tunnel-like”
disturbance field for input into transition computations. Although
much work remains to be done to achieve that goal, such international
research efforts will eventually enable improved ground-to-flight
scalability of the laminar—turbulent transition data from conventional
high-speed wind-tunnel facilities.

The paper is structured as follows. Measurements of freestream
disturbances in various high-speed facilities with new probes and
new instrumentation as well as closely related DNS are outlined in
Sec. II. Section III presents DNS studies for synthesizing the
naturally occurring, random acoustic disturbances induced by tunnel
wall turbulence. Section IV is focused on numerical rebuilding of
tunnel freestream disturbances from the measurement of intrusive
probes. Section V outlines a summary of the overall findings and a
general vision for future research.

II. Tunnel Freestream Disturbance Measurement

Measurements of freestream disturbances in multiple high-speed
facilities at hypersonic Mach numbers have been reported with new
probes and new instrumentation. Tunnel noise has now been
measured with new, fast PCB132 pressure sensors that allow noise
characterization up to 1 MHz, which is above the second-mode
frequencies in most tunnels. Enabled by the coordinated international
research effort, a comparison of tunnel noise measurements in
different hypersonic wind tunnels is made that allows for cross-
validation and, more importantly, sheds light on whether tunnel-to-
tunnel noise variation follows a relatively simple pattern as suggested
by Pate’s correlation [19,20].

Figure 2 shows the power spectral density (PSD) of freestream
pitot-pressure  fluctuations measured in multiple high-speed
facilities. The measurement data covers a wide range of tunnel
conditions, including the Hypersonic Ludwieg Tube Braunschweig
(HLB), the Purdue Boeing/U.S. Air Force Office of Scientific
Research Mach-6 Quiet Tunnel (BAM6QT), the NASA 20-Inch
Mach 6, the Sandia Hypersonic Wind Tunnel at Mach 8 (HWT-8),
and the AEDC Tunnel 9; these wind tunnels generate freestream
Mach numbers ranging from Mach 6 to 14. The PSDs are computed
with pressure signals measured by Kulite sensors in the low-
frequency range up to f ~ 20 kHz and by PCB PIEZOTRONICS,
Inc. sensors in the high-frequency range up to f~ 1 MHz. The
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Fig. 2 Power spectral density of freestream pitot-pressure fluctuations
measured in multiple high-speed facilities.

frequency range measured by the PCB sensors covers that of second-
mode waves. The pressure transducer models and the freestream
locations for each measurement point are listed as follows: HLB
Mach 6 (Kulite and PCB: x, =2.69 m, r = 0.1 m); Purdue
BAMG6QT noisy (Kulite: x, =2.3368 m, »r =0 m and PCB:
x;, = 2.2098 m, r =0 m); NASA 20-Inch Mach 6 (Kulite and
PCB := x, = 2.25 m, r = 0.09042 m); Sandia HWT-8 (Kulite and
PCB: x; = 2.3368 m, r = 0 m); AEDC Tunnel 9 Mach 14 (Kulite
and PCB: x, =13.97 m, r =0.38 m). For all the cases, the
freestream pitot-pressure spectrum has a similar rate of spectral
rolloff at high frequencies. A spectral slope of f~3- provides a good
fit to the data over the second-mode frequency range. The data
suggest that the freestream disturbance spectrum relevant to second-
mode-dominated boundary-layer transition may be modeled with a
constant-slope model of @ ~ f~. Such a model has been used by
Marineau [21], who proposed a new amplitude method for predicting
second-mode-dominated boundary-layer transition in hypersonic
wind tunnels. Marineau’s amplitude method was found to reduce
the error between the measured and predicted start of transition,
compared with predictions based on a constant transition N factor
[21]. Because of measurement difficulties at high frequencies and the
nontrivial transfer function associated with measurement probes,
physics-based transition models of this type cannot rely solely upon
the measurement database and synergistic numerical simulations are
also important in developing more accurate and reliable models for
the tunnel disturbance environment. Direct computations of acoustic
freestream disturbances are discussed in Sec. III, whereas the
recovery of actual freestream disturbances from probe measurements
is addressed in Sec. IV.

III. Direct Simulation of Tunnel Acoustic Disturbances

An important component of the recent progress in tunnel-noise
characterization is to use DNS for synthesizing the naturally
occurring, random acoustic disturbances created within the tunnel
wall turbulence. Given that, in unheated conventional hypersonic
tunnels with adequate flow conditioning, the freestream disturbance
environment is dominated by acoustic radiation from tunnel-wall
turbulent boundary layers (TBLs) [2-5] (Fig. 3 [22]), DNS can be
used to resolve both the tunnel-wall boundary layer and the near field
of acoustic fluctuations radiated by the boundary layer, thus allowing
access to tunnel-noise quantities that are difficult to obtain otherwise
and for clarifying the physics of noise generation in conventional
hypersonic facilities.

The research teams of Missouri University of Science and
Technology and NASA Langley developed a systematic strategy that
first established the feasibility of DNS in the context of a canonical,
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Fig.3 Radiated noise from the tunnel-wall turbulent boundary layer in a Mach 3.5 wind tunnel. a) Schematic of test core [22]; b) experimental image of a

shadowgraph (courtesy of NASA Langley).

single-wall boundary layer (Fig. 4) across a range of Mach numbers
[23-27]. The DNS of acoustic radiation from a single-wall boundary
layer circumvented the difficulties associated with the reflection/
reverberation of acoustic waves from all sides of a wind-tunnel nozzle
and thus helped clarify the physical process of acoustic noise
generation. The physical realism and accuracy of the DNS flowfields
have been established by comparison with existing experimental
results at similar flow conditions. In particular, the coordinated
experimental and numerical work undertaken by the international
specialists group has led to the first successful comparison between
numerical predictions and wind-tunnel measurements of surface
pressure fluctuations underneath a hypersonic TBL, with the
experimental data measured on the nozzle walls of the Purdue
BAM6QT, Sandia HWT-8, and AEDC Tunnel 9 (Fig. 5). The
pressure transducer models and the axial locations for each surface-
pressure measurement are listed as follows: Purdue BAM6QT (PCB:
X, = 2.679 m; Re = 9.69 x 10/m); Sandia HWT-8 (Kulite: x, =
2.2024 m and PCB: x, = 2.679 m; Re = 9.69 x 10°/m); AEDC
Tunnel 9 Mach 14 (PCB: x, = 11.83 m; Re = 7.2 x 10°/m). Very
good agreement of wall-pressure PSD between the DNS and the
nozzle-wall measurements has been achieved at Mach 6 and 8. The
DNS-predicted PSD deviates from the measured PSD at low
frequencies for the Mach 14 case. The large disparity in von Kdrman
Reynolds numbers during the experiment and the DNS may have
contributed to the discrepancy in wall pressure PSD; however, further
work is necessary to identify the precise reasons and to resolve the
differences at low frequencies. The cause of the spurious peak at
f~40 kHz in the wall-pressure PSD measured at Mach 14 is
unknown and is currently under investigation.

The DNS database has provided access to tunnel-noise quantities
that are difficult to obtain otherwise, including high-frequency PSD

(Fig. 6a), propagation speed (Fig. 6b), the inclination angle of the
prominent acoustic structures (Fig. 7a), spatial and temporal
correlations (Fig. 7b), and acoustic sources (Fig. 8). The low and high
cutoff frequencies of the DNS-computed PSD are determined based
on the temporal sampling size and grid resolution, respectively, and
these frequencies have been monitored by statistical and grid
convergence studies. The bulk propagation speed (Fig. 6b) is
estimated as the ratio between the streamwise spatial distance
between probe pairs and the time lags corresponding to the peak of
the cross-correlation curve. The inclination angle of the prominent
acoustic structures within the freestream region (Fig. 7a) is visualized
by the gray contours of the density gradient. The statistically
significant spatial acoustic structures in the freestream (Fig. 7b) are
illustrated by a two-dimensional slice of line contours of the spatial
correlation coefficient. The acoustic source terms (Fig. 8) are defined
according to the acoustic analogy by Phillips [6]. DNS showed that
tunnel noise consists of a field of broadband, stochastic acoustic
waves that have a finite spatiotemporal coherence and propagate at
oblique angles to the freestream, rather than as a deterministic train of
time harmonic, planar waves as commonly assumed in receptivity
studies. The acoustic sources that give rise to the pressure fluctuations
in the freestream are located mostly in the inner layer of the tunnel-
wall turbulent boundary layer and are strongly influenced by wall
cooling, as seen from the differences in peak source location in Fig. 8
(see Ref. [24] for an explanation of this behavior). The inclination
angle of the prominent structures associated with acoustic
fluctuations within the freestream region, visualized by instanta-
neous contours of the density gradient as shown in Fig. 7a, is similar
to the Mach angle for the relative Mach number M, (between the
sources and freestream). The findings are consistent with the classic
theory of “eddy Mach-wave radiation” and the early measurements

Sampling
Box2DNS P7° \ﬁ/*

Interpolation

Fig.4 Computational domain and simulation setup for DNS of a Mach 14 turbulent boundary layer with flow conditions representative of the nozzle exit

of AEDC Tunnel 9 (from Fig. 1 [23]).
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of freestream noise by Laufer [3] during his unique wind-tunnel
experiments.

After the feasibility of the DNS was established in the context of a
single flat wall, the DNS conditions were extended to those within a
confined enclosure to mimic the typical case of multiple tunnel walls
in an experiment. DNS were carried out in stages corresponding to
increasing complexity and computational cost, progressing from
internal noise within a double-wall (channel) configuration [28] to an
axisymmetric cylinder [29], and finally a full-scale nozzle of a
hypersonic wind tunnel (Fig. 9). These simulations have shed light on
the effect of geometry on the noise field and, in the future, would help
enable practical applications of the simulation data for freestream
disturbances in the context of actual wind-tunnel experiments.
Detailed results of DNS with multiple tunnel walls were reported in
Refs. [28-30].

The most recent outcome of these DNS studies was the simulation
of acoustic disturbances within the nozzle of a Mach 6 Hypersonic
Ludwieg Tube, Braunschweig (HLB), at the Technical University of
Braunschweig. The DNSs are carried out in two stages involving
overlapping streamwise domains as shown in Fig. 9. The selected
DNS domain covers the origin of most of the acoustic sources
responsible for generating freestream noise in the test section because

2
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Fig. 6 Representations of a) power spectral density, and b) bulk propagation speed of the freestream acoustic pressure fluctuations as a function of the

freestream Mach number.

a)
Fig. 7 Freestream acoustic structures radiated from a Mach 5.86 turbulent boundary layer at T, /T, = 0.76 [26]. a) Inclination angle visualized by
instantaneous density gradient; b) streamwise wall-normal correlation coefficient.
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Fig. 9 DNS of acoustic disturbances within the nozzle of Mach 6
Hypersonic Ludwieg Tube at the Technical University of Braunschweig.

it includes the portion of the nozzle with high freestream Mach
numbers and, thus, with large intensity of noise radiation. The DNS
inflow is extracted from a precursor Reynolds-averaged Navier—
Stokes (RANS) calculation that simulates the full-domain HLB
geometry, including the storage tube, fast acting valve, de Laval
nozzle, and test section. The flow conditions of the DNS are
representative of the operational conditions of HLB with P ,, = 7.3
bar, T, ., = 470 K, and the flow conditions are relevant to transition
measurement. As seen at the top of Fig. 9, the HLB configuration
starts from the storage tube ahead of the nozzle throat, which is
located at x~ 1.41 m. The nozzle spans from x=1.41 m to
x =~ 3.8 m, followed by the test section. The DNS domain starts
slightly downstream of the nozzle throat at x = 2.0 m with a local
freestream Mach number of M = 3.85 and ends in the test
section region at x = 4.15 m, with a freestream Mach number of
M., = 5.88. Good comparison was achieved for the freestream
Mach number distribution along the nozzle axis among DNS, RANS,
and theory (Fig. 10). The DNS methodologies, including numerical
methods, boundary conditions, and the grid resolutions, are similar to
those described in Ref. [30].

Figure 11 shows an instantaneous visualization of the density
gradient associated with the radiated acoustic field. The prominent
structures associated with acoustic fluctuations within the freestream
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Fig.10 Comparison of Mach number distribution along the HLB nozzle
axis among DNS, RANS, and theory.

region exhibit a preferred orientation of @ = 28 + 2 deg withrespect
to the nozzle centerline within the streamwise-radial plane. The
preferred orientation is determined by inspecting instantaneous
planar visualizations of the contours of the density gradient. This
inclination angle in HLB is similar to that for a single flat plate
(Fig. 7), considering that the nozzle wall upstream of the nozzle exit
also forms an angle of approximately 3 deg with respect to the axis.
The density gradients reveal the omnidirectional origin of the
acoustic field within a given cross section of the nozzle, which adds to
the stochastic nature of the wave front pattern at a given axial
location. Because of the limited length of the nozzle and shallow
acoustic propagation angles (with respect to the flow direction), the
number of acoustic reflections from the nozzle wall that contribute to
the acoustic signal at the nozzle exit plane is expected to be small.
Thus, additional simulations are required to establish the relative
contribution from those acoustic reflections (i.e., the reverberation
effect).

Figure 12 shows that the rms pressure fluctuation field is nearly
homogeneous outside the boundary layer, with a value of
approximately 2.1% of the mean freestream pressure near the nozzle
exit (x = 3.8 m). The preceding value of p/./p. outside the
nozzle-wall boundary layer (z, /6 > 1) is significantly higher than
that induced by the turbulent boundary layer over a single flat plate at
asimilar freestream Mach number. This increase in the noise intensity
is believed to be caused by the combined effect of acoustic radiation
arriving from different azimuthal segments of the axisymmetric
nozzle wall. For both the nozzle and the flat plate, the DNS results
show a similar frequency content and bulk propagation speed of
freestream pressure fluctuations (Fig. 13).

The current simulations described in this section have paved the
way for improved simulations including a larger section of the nozzle
and the full test section downstream of the nozzle exit. Additionally,
further analysis is required to establish the dependence of noise
characteristics on the tunnel operating conditions such as the
reservoir conditions and the unit Reynolds number; experimental
measurements of the nozzle boundary-layer profiles are needed to
provide further validation of the DNS and offer important scaling
parameters to extrapolate noise characteristics to a different tunnel
condition.

IV. Recovery of Tunnel Freestream Disturbances

Another area of the internationally coordinated research effort is to
recover tunnel noise spectrum from pitot-probe measurements and
characterize the modal contents of tunnel freestream disturbances by
modal analysis. Freestream disturbances in a hypersonic wind tunnel
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Fig. 11 Numerical schlieren images (i.e., density gradient contours) of radiated acoustic waves within the nozzle of HLB.
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Fig.13 Power spectral density and bulk propagation speed (defined according to Ref. [26]) of pressure fluctuations over the HLB nozzle wall and a single

flat plate at similar freestream conditions.

pass through the bow shock and the stagnation region of a pitot probe
before being measured by the transducer. Therefore, the relationship
between the freestream disturbance spectrum and the transducer-
measured spectrum, defined as the transfer function, was
characterized to recover tunnel freestream spectrum from pitot-
probe measurements. In addition, the pitot-probe transfer function
was combined with hot-wire measurements to decompose freestream
disturbances into the three Kovasznay’s modes (i.e., acoustic,
entropy, and vorticity modes) [31].

A. Recovery of Freestream Disturbance Spectrum from Hypersonic
Pitot-Probe Measurements

Researchers have previously attempted to account for the difference
between a pitot-probe-measured spectrum and a freestream spectrum,

including the so-called quasisteady analysis by Harvey et al. [32] and
the unsteady analysis by Stainback and Wagner [33]. The quasisteady
analysis was found to significantly underpredict the pitot-probe
fluctuations. The unsteady analysis of Stainback and Wagner only
accounts for the sound-wave mode of freestream disturbances and
yields a transfer function that is independent of frequency and probe
geometry; thus, it cannot be used to relate the transducer-measured
spectrum to the freestream spectrum.

To derive a transfer function for recovering the PSD of preshock
static pressure, the research team of the University of Minnesota
constructed a method to compute the transfer function by using DNS
of flow around pitot probes with imposed freestream disturbances.
Pitot-probe geometries corresponding to recent characterizations
of hypersonic facilities were considered at a variety of freestream
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conditions and disturbance types. All disturbance types are para-
meterized by a single fluctuating quantity ¢’, which is pressure p’ for
acoustic disturbances and temperature 7’ for entropy disturbances.
The imposed freestream disturbances were assumed to be homo-
geneous in the spanwise direction and consist of N discrete-
frequency disturbances with the following form:

N

q'(1) = Z i cos(ax + Pz — it + ) ()]
=

The normalized power spectral density is
1(q\?
PSD, = - (ﬂ) @)
2\¢q

In a simulation, the pressure within the transducer radius is first
area-averaged to yield the pressure timetrace measured by the
transducer. The timetrace of area-averaged pressure is then Fourier-
decomposed to yield the transducer-measured PSD. The transfer
function y is defined as the ratio of transducer-measured PSD to
freestream PSD:

_ PSD,,

x(f) = PSD s

3

DNSs of flow around pitot probes were first conducted by the
Minnesota team to characterize transfer functions for flow-parallel
acoustic and entropy disturbances [34]. Flow-parallel acoustic
disturbances are those whose wave-number vector is either aligned
with (0 = 0 deg) or opposite to ( = 180 deg) the bulk flow,
commonly referred to as fast or slow acoustic waves. The transfer
functions for flow-parallel acoustic disturbances were found to
exhibit a geometry-dependent resonance. For the current work, the
Minnesota team conducted subsequent DNS for freestream acoustic
disturbances inclined at € = 120 deg, with probe geometries and
flow conditions corresponding to those in the Purdue BAM6QT
facility. The incident angle of 120 deg is similar to the angle of
acoustic radiation from the nozzle-wall turbulent boundary
layer (Fig. 7).

Figure 14 shows the DNS predictions for the transfer functions of
angled freestream acoustic disturbances (f = 120 deg) with and
without area averaging and their comparison with flow-parallel slow
acoustic disturbances (0 = 180 deg) computed previously [34]. The
transfer function exhibits a geometry-dependent resonance; the
acoustic disturbance angle has a large effect on the transfer function,
resulting in a smaller resonant frequency and a lower amplification
factor for angled freestream acoustic disturbances than for flow-
parallel freestream disturbances. Because of phase interference on
the face of the pitot probe at high frequencies, the transfer function
for angled acoustic disturbances shows a dependence on the area of
the active sensing element, as indicated by the difference in face-
averaged and stagnation-point transfer functions. Moreover,
destructive interference can occur when the disturbance wavelength
is similar to or smaller than the size of the transducer, causing an
essentially zero transfer function at high frequencies (f 2 200 kHz
for a transducer radius of 0.83 mm as shown in Fig. 14) when the face
average is applied across the entire face of the transducer.

The DNS predictions for transfer functions were compared to
experimental measurements in the Purdue BAMOQT facility. The
pitot-probe geometries used in the experiments include four
geometries; each uses the same sensing element with different flush-
mounted shrouds to investigate the effect of probe geometry
(Table 1). Figure 15 gives a picture of the probes used in the
experiments. The experimental data were collected during two
different weeks, referred to as entry 1 and entry 2. Given that the
freestream disturbance spectra PSD, cannot be directly measured in
an experiment, comparisons between DNS and experiments were
done in terms of the ratio of transfer functions S with two different
probe geometries:

0.8
- - —l— ©0=180°
g - —A—— ©6=120°, Stagnation Point
'.é 0.6 —W¥— 6=120°, Face Average
=]
e
£
[
‘®
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©
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Fig. 14 Transfer function for no-sleeve pitot-probe geometry with
angled freestream acoustic disturbances (flow-parallel slow acoustic
disturbance included for comparison).

PSD
Sup(f)=he = "¢ )
X

» PSD,

The quantity S is defined as the ratio between probes as shown and
is a frequency-dependent function. Figure 16 shows the ratio of each
sleeved geometry to the no-sleeve geometry for both simulation and
experiment. For example, Riype = Siarge-siceve, no-sleeve- 1n€ DNS for
6 = 0 deg corresponds to that reported in Chaudhry and Candler
[34]. At this angle, the ratio of transfer functions shows a peaky
behavior caused by resonance due to an acoustic disturbance
reflecting between the shock and the pitot-probe face, and this
resonance is further amplified by the focusing effect of shock
curvature. Such a peaky behavior in transfer functions at @ = 0 deg
was discussed and justified in the previous publication [34]. For all
the Reynolds numbers and probe geometries in Fig. 16, the angled
acoustic disturbances (6 = 120 deg) produce a much better match to
experimental data than flow-parallel fast acoustic disturbances
(@ = 0 deg) [34]. The results suggest that, with judiciously imposed
freestream disturbances, the method of computing the transfer
function using DNS of flow around pitot probes holds the potential to
ultimately be used to replace the unsteady approach of Stainback and
Wagner [33] for recovering freestream disturbance spectrum from
stagnation pressure spectrum for hypersonic pitot probes. Experi-
ments and DNS also suggest an unexpected dependence of transfer
functions on sleeve geometries and Reynolds numbers. The cause for
such dependence is unknown and is currently under investigation.

B. Kovasznay Modal Decomposition

To better characterize the nature and origin of freestream
disturbances in a high-speed wind tunnel, a new modal
decomposition method was proposed to decompose wind-tunnel
freestream disturbances into three modes of covarying physical
properties: an acoustic or sound-wave mode (isentropic variation of

Table1 Pitot-probe geometries used to characterize
freestream disturbance levels in the Purdue BAM6QT

facility
Probe name Transducer radius, mm Total radius, mm
No sleeve 0.83 0.83
Small sleeve 0.83 1.50
Medium sleeve 0.83 3.00
Large sleeve 0.83 3.60
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Fig. 15 Pictures of pitot-probe geometries used in the experiments.
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pressure, density, and temperature as well as that of the coupled
irrotational velocity field); an entropy mode (isobaric variation of
entropy, density, and temperature, also mentioned as entropy or
temperature spottiness); and a vorticity mode (variation of the
solenoidal component of the velocity field, which is known as simple
“turbulence” at low speeds). The concept and analytics of modal
analysis go back to Kovasznay [31] and Morkovin [1].

Early experimental investigations by Kovasznay [31], Morkovin
[1], and Laufer [2], using hot-wire measurements, made use of the
analytics to characterize supersonic wind-tunnel flows. Later,
Stainback and Wagner [33] conducted hot-wire and pitot-probe
measurements and compared resulting pressure fluctuations.
Because hot-wire measurements yield fluctuations of static pressure
and pitot probes measure total pressure, Stainback and Wagner [33]
introduced an ansatz for the transfer function relating preshock static
and postshock total pressure fluctuations. Logan [35] proposed a new
hot-wire modal analysis by considering separate static pressure
fluctuation measurements using nonintrusive laser-induced fluores-
cence. The method of Logan was afterward applied by Masutti et al.
[15], Wu et al. [36], and Schilden et al. [37] among others using pitot
probes and applying the transfer function by Stainback and Wagner
[33]. Static pressure fluctuations due to vorticity and entropy
fluctuations are neglected. They are generated during the interaction
of the aforementioned disturbances with the shock wave upstream of
the pitot probe [38,39].

Another experimental and numerical approach using purely
stagnation point probes (SPPs) was introduced by Schilden et al. [37].
This modal decomposition method was based on total pressure and
stagnation point heat flux fluctuations to decompose freestream
disturbances via a sensitivity matrix containing transfer functions
between the measured quantities and acoustic and entropy mode
computed in DNS. Schilden and Schroder [40] showed that the
proposed method is limited to a very low Strouhal number of the
incident disturbances (i.e., the heat flux probe has to be very small to
perceive essential postshock entropy modes). At this point, the hot
wire is a promising alternative to the rather large SPP because it is
basically a very small heat flux probe. On the other hand, the transfer
functions of Schilden and Schroder [40] or Chaudhry and Candler
[34] relating postshock total pressure to preshock acoustic and
entropy disturbances could be used to replace the transfer function of
Stainback and Wagner [33] in the hot-wire method. Therefore, the
hot-wire and SPP modal decomposition methods can be merged.

The research teams of RWTH Aachen and TU Braunschweig
proposed an improved technique for conducting combined modal
analysis with data provided by hot wire and pitot probe. Instead of
using the transfer function of Stainback and Wagner [33], a sensitivity
matrix containing the transfer functions between freestream
disturbances and hot-wire and pitot data is used. The new combined
modal decomposition method is described as follows.

1. Data Acquisition

The voltage applied to a hot wire E at constant temperature varies
to compensate changes of heat loss due to flow disturbances. The heat
loss is sensitive to mass flow m = pu and total temperature T,. The
corresponding transfer functions k;, and k7, in

dE dr dT,
ks T ke 0
E =y T T,

(5)
are unknown. Voltage data postprocessing yields normalized rms
values (-) (NRMS) of mass flow fluctuations (1), total temperature
(Ty), and their correlation Ry, 7, [31,36]. For the later modal
decomposition, the three quantities are combined to two hot-wire
variables:

(Hp.s)2 = /}Z(m>2 + <T0)2 - zﬁRrh.To (6)

(H,.)? = a?(m)? + (To)* + 2aR; 1, @)

The coefficients a and f are a function of the Mach number M and
the heat capacity ratio y.

A pitot probe measures total pressure p,, which contains acoustic
pressure dp and entropy fluctuations ds:

e A Lt — 8
Ftrag ®

The transfer functions r,. and r,, in Eq. (8) are formulated with
respect to the preshock density fluctuations:

r, = 0P ©)
Po dp;

The ratio of preshock average density and postshock total pressure
normalizes the transfer functions. Introducing NRMS values and
neglecting any correlation between acoustic and entropy waves,
Eq. (8) becomes

Py = (%)ZW sy (10)

(P) = (po) denotes the data of the pitot pressure measurements,
which are plugged into the modal decomposition method.

2. Modal Decomposition

Following the procedure of Logan [35], we start with the mass flow
rate, the equation of state for ideal gas and the energy equation for
inviscid flows, differentiate, and rewrite the system of equations for
NRMS values to gain

(H,.)* = a*(p)* + 60*(u)* + 2a6R,, , (€5))

(H,)* ={p)” +6%(s) (12

under the aforementioned assumption of uncorrelated acoustic and
entropy modes. The coefficients ¢ and 6 again depend on the Mach
number and the heat capacity ratio. The remaining correlation term in
Eq. (11) can be expressed as a perfectly correlated slow acoustic wave
R, = —(p)*/yM. Finally, the velocity fluctuations (1) have to be
split into the acoustic mode and vorticity mode contributions.
Assuming no correlation between these disturbance types, (u)? =
(2c)?> + (uyo)? holds. The velocity fluctuations (u,.) are again
expressed by the pressure fluctuations of a slow acoustic wave. The
complete system of equations of the modal decomposition can be
written as

(H,)* =y (p)? + 6% (uy,)? (13)
(H,)* =(p)* 4 6%(s)? (14)
(P)? = (%)ZW + 12, (s)? (15)

In Eq. (13), y is a function of Mach number and heat capacity ratio.
The first two equations resemble the original equations of Logan [35].
The vorticity mode definition (i.e., velocity fluctuations (x)? minus the
contribution of the acoustic wave (u,.)?) is incorporated. The last
equation is extracted from the SPP method. The transfer functions 7,
and r,, are computed in DNS and capture the frequency dependence
present in SPP measurements. The consideration of the frequency
dependence is crucial to apply Egs. (13—15) to bandpass-filtered data.
In short, the modal analysis can be written F,, = SF,, by using
Foy = ({Hp) (Hy )2 (PP and Foy = (p)2. (57, (1,0) )7 Sis
the sensitivity matrix containing the transfer functions between
freestream disturbances and hot-wire and pitot data.
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3. Stagnation Point Probe and Combined Hot-Wire
Freestream Disturbances

Experimental data of F, (i.e., SPP data (P) and combined hot-wire
data (H,,) and (H, ,)) were measured at three radial positions in
HLB at varying unit Reynolds numbers from 5 x 10° to 18 x 10° /m.
The measurement locations are on the centerline and 50 and 100 mm
off the centerline. In Fig. 17, the left-hand sides of Egs. (14) and (15)
are shown, where the dashed line represents the hot-wire data, the
solid line is the SPP data, and the symbols indicate the distance to the
centerline of the wind tunnel. According to the final system of
equations of the modal decomposition, only the acoustic and entropy
mode contribute to (H, ) and (P). Bandpass-filtered data at unit
Reynolds number Re = 5 X 10°/m are shown in Fig. 17atoillustrate
the frequency effect. The acoustic and entropy noise in the wind
tunnel leads to different trends in (H, ;) and (P). Whereas the total
pressure decays exponentially with increasing frequency, the
combined hot-wire variable shows a spectral decay of type /" using
alog-log scale (not shown here). The centerline data always contain
the most intense disturbances. The dependence on unit Reynolds
number in Fig. 17b is very small at a frequency of f = 102 kHz. To
apply the previously derived modal decomposition method to the
measured freestream disturbance variables F,,,, we want to determine
all transfer functions in the sensitivity matrix S, thus accounting for
frequency dependence and the inclination of incident acoustic waves.

V. Conclusions

This paper outlines some of the coordinated experimental and
numerical work by the NATO STO AVT-240 specialists group that
yielded freestream disturbance data that are physically relevant for
transition processes in hypersonic flows. New freestream disturbance
measurements with fast-response pressure transducers mounted on a
variety of probes were performed and provided spectral data up to the
high frequencies of relevance to second-mode instabilities. Direct
numerical simulation (DNS) of high-speed turbulent boundary layers
and their acoustic radiation were conducted to allow direct
computation of the stochastic disturbance field within the free stream.
The DNS studies of acoustic radiation have overcome difficulties in
experimental measurements and provided access to both flow and
acoustic quantities that are difficult to obtain otherwise, including the
acoustic disturbance angle, the propagation speed, and the acoustic
sources. DNSs of flow around a pitot probe were performed to cover
the transfer of disturbances to the detailed location of the flow sensor
as mounted in the probe, resulting in the recovery of freestream
disturbance spectrum from the transducer-measured spectrum. In
particular, the DNS study showed that the acoustic angle has a large
effect on the pitot-probe transfer function, and the results for angled
disturbances, with an incident acoustic angle similar to that of acoustic
radiation from the nozzle wall, agreed much more closely with the
experimental measurements. A new modal decomposition method was
proposed to decompose hot-wire and pitot-probe measurements of
freestream disturbances into the three Kovasznay modes (i.e., acoustic,
entropy, and vorticity modes). By replacing the pitot-probe transfer
function by Stainback and Wagner [33] with the DNS-predicted pitot-

probe transfer function by Schilden and Schréder [40], the new
combined modal decomposition method can yield rms values of modal
amplitudes within a selected frequency band. In all, the joint effort
of the specialists group has resulted in a significantly improved
knowledge base pertaining to the nature and spectral contents of wind-
tunnel freestream disturbances, with the purpose of quantifying the
stochastic input to the receptivity process in a broadband disturbance
environment of conventional, cold-flow hypersonic wind tunnels.
Because of the need to employ conventional tunnels for a majority of
ground testing involving large-scale models, such knowledge base is
essential for the reliable extrapolation of wind-tunnel data to in-flight
transition.

It should also be emphasized that the objective of the current
research was to investigate the building block components to facilitate
further progress, and much work remains to be done to achieve the
ultimate goal of developing a disturbance field algorithm as input for
transition computations. Follow-on studies should include boundary-
layer receptivity to a tunnel-like disturbance field (i.e., the response of a
laminar boundary layer to acoustic disturbances radiated from nozzle
wall) that relates the freestream disturbance field to the initial
amplitude of instability waves in the laminar boundary layer. Such
receptivity computations can then be used to calibrate a tunnel noise
model that reflects the observed dependence of transition onset on the
facility disturbance environment. In addition to studying boundary-
layer receptivity, further pitot-probe simulations with more generalized
inflow freestream disturbances are necessary to generate a simplified
model of the transfer function that could ultimately be used to replace
the unsteady approach of Stainback and Wagner [33] for recovering
input disturbance spectrum for transition computations from pitot-
probe measurement.
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