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ABSTRACT

Flow oscillations in the near-wake of a 2D circular cylin-
der at Mach 6 are experimentally investigated. Time-resolved
schlieren and wall-pressure measurements are analyzed to in-
fer a coherent spatial structure and frequency (Strouhal num-
ber) for the oscillations. The findings presented here lend sup-
port to a universal scaling of Strouhal number proposed in re-
cent literature for high-speed cylinder wakes.

INTRODUCTION

Blunt-body wake flows are a class of fluid dynamics
problems that have received close research attention over the
past several decades. A large proportion of the research ef-
fort has been in the low-speed (incompressible) flow regime,
with the canonical 2D cylinder wake being a classic exam-
ple (see for instance Williamson, 1996). Whereas the number
of high-speed (compressible) wake flow studies is somewhat
limited. Early efforts to understand the near-wake region in
high-speed flows employed experimental wall-pressure mea-
surements and hot wire anemometry (McCarthy Jr & Kubota,
1964; Dewey Jr, 1965), and were accompanied by develop-
ment of low-order models (Chapman er al., 1958; Reeves &
Lees, 1965).

A primary understanding of the flow structure in the
base and near-wake regions of a circular cylinder at hyper-
sonic Mach numbers emerged from the experimental studies
of McCarthy Jr & Kubota (1964) and Dewey Jr (1965). The
schematic in figure 1 illustrates the key flow features in the
wake of a 2D circular cylinder in a high-speed flow, and also
shows a time-averaged schlieren intensity map obtained from
the present experiments at Mach number M., = 6 (detailed in
the next section). The flow downstream of the leading bow
shock wave, in the vicinity of the fore stagnation point, is
subsonic. The fluid from this region accelerates as it moves
around the cylinder, and attains supersonic Mach numbers
downstream of the sonic line. A set of expansion fans in the aft
region result in a further increase in Mach number as the flow
curves around the cylinder. Unlike in an incompressible flow
scenario where an adverse pressure gradient gets established in
the aft region, the expanding flow yields a favourable pressure

gradient, and hence it is natural to expect that the boundary
layer would not be prone to separation. However, the down-
stream reattachment shock wave, which turns the flow paral-
lel to the free-stream direction, causes a pressure jump. The
elevated pressure is communicated upstream through the sub-
sonic region and the boundary layer, thereby causing flow sep-
aration and the formation of a free shear layer. According to
Dewey Jr (1965) the static pressure along the surface just up-
stream of the separation point is below the base pressure level,
and then subsequently rises to the base pressure value through
the self-induced pressure gradient that accompanies separa-
tion. Since the pressure rise required to separate the boundary
layer is modest, the separation shock wave generated in the
process is weak.

The dependence of near-wake features on the governing
flow parameters, i.e. Mach and Reynolds numbers, was in-
vestigated in more recent studies and empirical correlations
for the same were obtained (Park et al., 2016; Hinman & Jo-
hansen, 2017; Grasso & Pettinelli, 1995; Lamb & Oberkampf,
1995). While the mean (temporal) flow structure of the near-
wake region of a circular cylinder has been characterized in
detail (McCarthy Jr & Kubota, 1964; Bashkin er al., 2002;
Park er al., 2016), the unsteady character of the wake has re-
ceived surprisingly little attention, with the work of Schmidt
& Shepherd (2015) seemingly being the only exception. Ex-
periments by Schmidt & Shepherd (2015) in a Mach 4 flow re-
vealed periodic oscillations in the wake, with a Strouhal num-
ber behaviour over a decade range in the Reynolds numbers
that suggests the free shear layer length to be the governing
length scale for the oscillations. The present work aims to
build on these observations and obtain a more detailed under-
standing of the unsteady flow dynamics in the near-wake of a
circular cylinder at high speeds.

EXPERIMENTAL SET-UP

Experiments with a 2D circular cylinder in a Mach 6 flow
were performed in the Roddam Narasimha Hypersonic Wind
Tunnel (RNHWT) at IISc. RNHWT is a pressure-vacuum
type 0.5 m diameter enclosed free-jet facility (see Sasidharan
& Duvvuri, 2021, for further details on the wind tunnel). In
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Figure 1: Key features of hypersonic flow past a 2D circular cylinder. The time-averaged schlieren intensity map, which
was experimentally obtained, indicates density gradients in the direction normal to the free-stream flow.

these experiments the flow stagnation pressure and tempera-
ture were set to Py = 9.7 bar and Ty = 460 K respectively. A
test model of diameter D = 50 mm and span L = 120 mm was
used in this study with provisions to install miniature pressure
transducers on the span-wise mid-plane at the top and bottom
separation points and the centerline base point; these locations
are marked in figure 1. The Reynolds number with respect to
the diameter of the cylinder (D) is defined as

oD
Rep = —, (€))

oo

where U and N, are free-stream velocity and kinematic vis-
cosity respectively. Rep for the present study is 4.29 107,

High-speed schlieren data recorded at 100,000 frames per
second was obtained in the near wake region of the cylinder;
the schlieren set-up is similar to the one used earlier by Sasid-
haran & Duvvuri (2021). The schlieren “knife-edge” was set
in horizontal position to capture density gradients normal to
the free-stream flow direction, ie. fr/fy. A high value
of knife-edge cut off was used to obtain sufficient sensitiv-
ity to density gradients. This brings about a non-linearity in
light intensity that breaks the symmetry between correspond-
ing bright/dark bands in the top/bottom halves of the wake.
This aspect is seen in figure 2a which shows an instantaneous
schlieren snapshot of the flow. The top/bottom symmetry in
the image is missing, with flow features that are clearly visible
in the bright band (top half) not being captured equally well
by the saturated dark bands (bottom half). However, given the
physical symmetry, the flow is statistically similar in the top
and bottom halves, and essential flow elements are contained
in both the halves. It is noted that key flow features — separa-
tion shock wave, free shear layers, re-attachment shock wave
— can be identified in the instantaneous schlieren snapshot of
the flow. In addition to schlieren visualization, time-resolved
pressure measurements were made at the top and bottom sepa-
ration points and the base point using piezo-resistive transduc-
ers (Kulite XCE-093-5A) that were flush-mounted to the sur-
face of the cylinder model. These transducers have a resonance
frequency of 150 kHz, thereby limiting the usable bandwidth
to about 30 kHz. The 30 kHz bandwidth however easily cov-
ers the frequency range of interest in these experiments. The
transducers have a sensing diameter of 2.4 mm, and hence the
pressure output from the transducers are to be interpreted as
spatial averages over the corresponding circular area.

RESULTS AND DISCUSSION

The standard deviation map of temporal fluctuations in
schlieren intensity shown in figure 2b highlights regions of the
flow that have a high level of local unsteadiness. It is seen
that the neck region, i.e., the region where the top and bot-
tom shear layers meet, and reattachment shock waves are un-
steady. A small degree of local unsteadiness is also noted in
the free shear layer close to the separation point. Schmidt &
Shepherd (2015) analyzed the Fourier spectrum of local in-
tensity fluctuations in the neck region and found that a single
frequency can be associated with the unsteadiness. Here we
use the modal analysis technique of spectral proper orthogonal
decomposition (SPOD) to extract a timescale and associated
spatial structure for the flow from the time-resolved schlieren
data. The technique is briefly outlined below and results are
presented.

Spectral proper orthogonal decomposition

SPOD is the frequency domain form of proper orthogonal
decomposition (POD) and is suited for extracting physically-
meaningful spatio-temporal coherent structures in statistically
stationary flows (Towne et al., 2018). SPOD finds an opti-
mal orthogonal basis for the data such that a subset of the ob-
tained modes capture a larger fraction of the total energy (vari-
ance) than any other orthogonal basis. The distinction between
SPOD and standard POD is that SPOD modes are orthogonal
under a space-time inner product, unlike POD modes that are
only spatially orthogonal. Mathematically, SPOD modes are
the eigenvectors of a cross-spectral density tensor at each fre-
quency.

Consider a single time series consisting of N snap-
shots sampled at sampling frequency F; broken into L
(k)
J
be the k™ realization of the vector of observations at discrete
time 7;. The discrete temporal Fourier transform for each real-

ization is written as

blocks/realizations, each consisting of M snapshots. Let ¢

@

M1
(k) _ (k) . i2pjm/M _ M M
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The corresponding power spectral density (PSD) for each re-
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(a) An instantaneous schlieren snapshot with normalized intensity, which indicates density
gradients in the direction normal to the free-stream flow.

(b) Map of the normalized standard deviation of temporal fluctuations in schlieren intensity.

Figure 2: Schlieren of the near-wake region downstream of the cylinder.

alization, denoted by P,ﬁf‘) , then follows from lps,f ) as
1 2
b= e 3

The rest of the analysis is performed at individual fre-

quencies. The data matrix Q(m) of size P L corresponding to
any one frequency is constructed such that each column cor-
responds to the PSD vector along P spatial points. The cross

. . b(m) . .
correlation matrix, , is written as

b(m) _ Q(m)Q(m)T, @)

and the eigenvalue decomposition of the cross-correlation ma-
trix is carried out as

B @ (m) — gm) A(m) )

(m)

Here ® is a size P P matrix whose columns 1)
(p=1,2,...,P) are the SPOD modes at a particular frequency
fn = mF;/M, and A" is the corresponding diagonal matrix

whose elements are the eigen values | ,(,m).

Strouhal number and wall-pressure signature
SPOD was performed with schlieren data with L = 13,
M = 2048, and F; = 100,000. Figure 3 shows the modal en-

Stp = 0.36
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Figure 3: The modal energy spectrum of the first four
modes obtained from SPOD. The dominant frequency
corresponding to the oscillations can be identified as
Stp = 0.36.

ergy spectrum I of the first four modes thus obtained. The fre-
quency f is shown in the form of a non-dimensional Strouhal
number based on the cylinder diameter,

Stp — {TD . ©)

oo

Mode 1 is clearly seen to be more energetic in comparison
with the other modes, and hence any coherent spatial structures
present in the flow are expected to be captured by this mode.
Further, a peak in the spectrum is observed at Stp = 0.36 in
the mode 1 spectrum, and spectra of other modes also reflect
increased energy at the same Strouhal number. This analysis






