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ABSTRACT

Single- and two-point hot-wire measurements have
been acquired in the near-wake of a linear compressor
cascade at a chord Reynolds number of 7.5 x 105, A
measurement technique based on a rotated pair of single
straight-wire sensors has been developed in order to exam-
ine Reynolds stresses, energy spectra and space-time corre-
lations downstream of the stationary blade row. The current
results imply the existence of large-scale, organised struc-
tures in the near-wake region and highlight their potential to
transport momentum and energy through compressor blade
passages. This work represents an initial step towards a de-
tailed characterisation of turbulence structure in compres-
sor annuli and provides a data set that will prove useful
for future measurement campaigns, as well as the set up
of scaled-resolved computations.

INTRODUCTION

The characterisation of turbulence is possible using a
variety of hot-wire anemometry (HWA) techniques. For ex-
ample, turbulence statistics can be computed directly from
the instantaneous response of a triple-wire sensor (Paulsen,
1983) but, relative to double and single-wires, introduce a
larger disturbance in to the flow, and require complex cali-
bration and maintenance procedures. If the details of instan-
taneous velocity components are not imperative, a statistical
description of the flow can be obtained using single-wire
techniques, provided that the sensor’s angular response is
known.

By invoking Reynolds’ decomposition and applying
standard laws of averaging, statistical moments of the in-
stantaneous sensor response equations can be obtained. In
addition, by taking single-sensor measurements at two sep-
arated points in the flow, the spatio-temporal turbulence
structure can be examined by evaluating the correlation
function (Townsend, 1976). Furthermore, single- and two-
point statistics can be mapped to an inertial frame of refer-
ence by solving a system of equations based on measure-
ments acquired at several known sensor orientations.

Rotated single-wire techniques

In the past, rotated single-wire techniques have char-
acterised turbulence in a number of flow configurations.
For example, single-sensors have measured the produc-
tion of mean streamwise vorticity in the corners of non-
circular ducts (Brundrett & Baines, 1964) and the distri-
bution of Reynolds shear stress in fully-developed turbu-
lent pipe flow (Fujita & Kovasznay, 1968). Previous ex-
periments have also characterised turbulence in boundary
layers with circumferential strain (Bissonnette & Mellor,
1974), strong transverse pressure gradients (De Grande &
Kool, 1981), and downstream of a bi-plane grid (Russ & Si-
mon, 1991). Relative to double-component two-wire mea-
surements, single-wire results often show good agreement
— provided that turbulence intensities remain less than ten
percent.

For flows with turbulence intensities greater than ten
percent, it is customary to retain higher order velocity corre-
lations in the response equations. For example, by retaining
third-order terms in a power series expansion of the instan-
taneous effective cooling velocity, Champagne & Sleicher
(1967) derived response equations capable of characterising
flow with a turbulence intensity of twenty percent. High lev-
els of turbulence intensity are common feature of turboma-
chinery flow configurations. In the trailing edge region of
a highly loaded compressor rotor blade, for example, axial
turbulence intensities in excess of fifty percent have been re-
ported (Ravindranath & Lakshminarayana, 1981) and war-
rant a detailed investigation of turbulence in turbomachin-
ery flow configurations.

Turbulence in compressor configurations
Turbulence is a fundamental factor in the transport of
momentum and energy within the annulus of axial com-
pressors and its significance with respect to large scale, or-
ganised motion is key to being able to predict performance
and stability limits (Evans, 1975). The turbulence structure
in compressors was first examined in detail by Lakshmi-
narayana and his co-workers. For example, turbulence in-
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tensities, decay rates and energy spectra were obtained in
both the near wake (Lakshminarayana & Reynolds, 1980)
and far wake (Ravindranath & Lakshminarayana, 1981) of a
compressor rotor blade using triple-sensor hot-wire probes.

The significance of three-dimensionality was demon-
strated by Adkins & Smith (1982), and later by Gal-
limore & Cumpsty (1986), who highlighted the interplay
between secondary motion and relatively small-scale tur-
bulence in multi-stage turbomachines. Turbulence autocor-
relation functions were measured by Camp & Shin (1995)
and, after invoking Taylor’s hypothesis, inferred the pres-
ence of structures with integral length scales of up to forty
percent blade chord at off-design, near-stall conditions.

In the current work, a compressor blade row is mod-
elled as a linear cascade of airfoils. Relative to a compres-
sor blade row, cascade configurations facilitate rapid de-
velopment of experimental procedures, measurement tech-
niques and related post-processing routines, in exchange for
some slight discrepancies in flow physics (Cumpsty, 1989,
p-334). A number of previous experimental campaigns have
reported turbulence statistics in cascade configurations us-
ing, for example, single-wire sensors (Muthanna & Deven-
port, 2004), cross-wire sensors (Wenger et al., 2004) and
three-component laser Doppler anemometry (Tian et al.,
2007) techniques. In general, however, a detailed descrip-
tion of the spatio-temporal structure of turbulence in turbo-
machinery remains largely unavailable in the literature.

Motivation and objectives

In axial-flow compressor configurations, fully-resolved
whole-annulus simulations remain too costly for general
use (Denton, 2010). Alternatively, simplified compressor
geometries, such as a linear cascade, are amenable to scale-
resolving computations that include large-eddy simulation
(LES). However, LES often requires the synthesis of turbu-
lent inflow conditions based on single- and two-point statis-
tics which are typically acquired in the laboratory (di Mare
et al., 2006). Therefore, suitable experimental techniques
must be established before hi-fidelity simulations can be
performed.

This study examines the structure and energetics of tur-
bulence downstream of a linear compressor cascade at a
chord Reynolds number of 7.5 x 103. The details of tur-
bulence structure in the near-wake region are vital since
the unsteady fluid motions impact the aeroacoustic, aero-
dynamic and structural properties of the successive blade
rows (Lakshminarayana & Reynolds, 1980). Based on a
measurement procedure that utilises a pair of rotated single
straight-wire sensors, a number of single- and two-point tur-
bulence statistics have been calculated in order to examine
the large-scale, orderly motions downstream of the station-
ary blade row.

METHODOLOGY

This section reports the methodology adopted over the
course of the measurement campaign and is divided into
three parts. First, a derivation of the hot-wire response
equations is provided. Second, descriptions of the wind-
tunnel facility and of the linear compressor cascade are
given. Finally, details of data acquisition and typical sam-
pling parameters are reported, as well as some additional
information regarding data post-processing.
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Figure 1. Schematic of straight single-wire sensor. The
rotating wire-fixed and inertial coordinate systems are de-
noted by y; and x;, respectively. The angle formed by the
wire with the x; axis is denoted 6.

Hot-wire response equations

With reference to figure 1, let u; be the velocity com-
ponent along the x; axis. Let the probe be a single straight-
wire probe with its stem aligned along the x3 axis and let 6
be the angle formed by the plane containing the prongs and
the sensor with the x| axis. Then the velocity components
v; in the rotating wire-fixed coordinate system y; are related
by the following

Vi cos® sinf 0 u;
vo| = | —sin® cos@ O up
V3 0 0 1 u3

which can be written compactly as
vi = Mjju; (€Y

where M;; is the rotation matrix.
The instantaneous effective cooling velocity, g., is de-
scribed by Jgrgensen’s equation (Jgrgensen, 1971)

qe = €2 + A3V + d3v3 )

where d; represent the wire sensitivity coefficients. Typical
values for d, and d3 are 1.0 and 1.05, respectively (Bruun,
1995). The small parameter, €, in Jgrgensen’s equation 2 is
introduced in order to represent the sensitivity of the wire to
the v component (Webster, 1962).

By assuming that the turbulent fluctuations are small,
relative to the mean, Reynolds’ decomposition for the in-
stantaneous velocity components u; can written as

Ui = u;j+ suﬁ 3)

where #; and u; denote time-averaged and stochastic veloc-
ity components, respectively.

Substituting Reynolds’ decomposition 3 into the right-
hand side of Jgrgensen’s equation 2 yields

ge = Gpp (ﬁhuk + SEhM;( + Sﬁkuz + szu;lu;(> 4)

where Gy = Szdlelleh +d%M2kM2h + d§M3kM3h. By



time-averaging equation 4, an expression for the mean ef-
fective cooling velocity is obtained

9. = Gk (ﬁhﬁk +82M§1u§€) 6)

where u},u) denotes the Reynolds stress tensor. An equa-
tion for the stochastic effective cooling velocity, ¢,, can be
obtained by subtracting equation 5 from equation 4

!

qs—e = Gk (ﬁhuz + Ty, + Eupul, — 8“;;“2) 6)

Squaring and averaging equation 6 yields

2
& = GG (uﬁu;(u;( S+ + ZEhEku;(uZ) FR(T)

[

where R is a term that contains moments of the velocity
fluctuations of third order or higher. Furthermore, if mea-
surements are taken simultaneously with two probes, at two
different locations, their signals are related to the velocity
statistics by the relation
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where subscripts a and b denote two separated points in
space.

If m measurements are taken for different values of
0, then a set of simultaneous equations based on the time-
averaged sensor response can be formed. For example, de-
tails of the mean flow field (to leading order) can be recov-
ered by arranging equation 5 as a system of the form

G11(61) Gn(61) G2 (61)] _ 4. (61)
G11(62) G2 (6) Gi2(6,) | | 1t 7. (62)
. . . Uy | = ()
. . . ) .
G11(8m) G22(8m) G12(8m) | ~~—~—" |G (6m)
X ———
A b

Following the QR-factorisation of the coefficient matrix, A,
the linear system of equations 9 is solved using a least-
squares fitting procedure. Relative to matrix inversions of
the normal equations, a least-squares fitting procedure can
give a more precise fitting for data acquired using rotating
wire techniques (Fujita & Kovasznay, 1968).

Experimental configuration

The current measurement campaign was conducted in
a low-speed linear compressor cascade facility. Follow-
ing an upstream 3:1 wind-tunnel contraction, the Reynolds
number, based on inlet velocity, U, and blade chord, c,
was held fixed at 7.5 x 105. The inlet free stream Mach
number and turbulence intensity were measured to be 0.23
and 1.5%, respectively.

The linear compressor cascade is comprised of seven
controlled diffusion airfoils and has no tip gaps. This flow
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Figure 2. Schematic of the cascade central passages and
inertial coordinate system, x;. The position of the fixed (O)
and moving (OJ) probes are denoted x; , and xj 5, respec-
tively. Note that the x3 coordinate is measured in to the

page.

configuration, therefore, is representative of a high-pressure
stator row found in a modern turbofan engine. Each blade
has unit aspect ratio, unit pitch-to-chord and a trailing edge
thickness of d/c = 0.05. The central passages of the cas-
cade are illustrated in Figure 2.

A pair of straight single-wire sensors were used over
the course of the experimental campaign. Each sensor has
a platinum-plated tungsten element aligned perpendicularly
to the probe axis with a wire aspect ratio of 250.

Data acquisition and post-processing

The two probes were inserted through a traverse slot
that lies parallel to the tangential x; axis, located an axial
distance x, /¢ = 0.4 downstream from the blade row trailing
edge (see figure 2). Both sensors were held fixed at the mid-
span position x3/c = 0.5.

The origin of the inertial coordinate system, x;, is de-
fined by the position of the fixed sensor, which is located
on the wake pressure side (PS) of blade 3. The tangential
separation between the position of the fixed probe, x1 4, and
the position of the moving probe, x{ j, is defined here as

Axy =x1p—X14

Each line traverse starts with the two probes positioned at
a minimum separation of Ax;/c = 0.01, followed by con-
secutive measurements with a uniform spacing of Ax;/c =
0.025. The line traverse finishes at a maximum separation
of Axj/c = 1.3, as illustrated in figure 2. For every mea-
surement point, both probes were rotated in phase from 0 to
7 in 10 equal increments.

Data was acquired for a sampling period of t;Ue/c =
4 x 10* at a sampling frequency of fyc/Us. = 100, for both
sensors at their respective measurement stations. Tempera-
ture variations were monitored by logging the output from
a digital thermocouple, where a maximum drift of no more
than +£1°C was observed. At the beginning and end of each
traverse, both sensors were calibrated in-sifu against a Pitot
tube in a region of low turbulence intensity flow. The square
of the mean wire voltage, Fz, was correlated to the mean ef-
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Figure 3. PSD estimation via Bartlett’s method using
n/N={1(—),8(—),64(—)} ensemble-averaged sub-
series. The —5/3 law (---) is also plotted. All data has
been normalised using the blade trailing edge thickness d
and the inlet velocity Us.

fective cooling velocity using King’s Law
—2 _n
E” = A+Bq, (10)

where the exponent n was prescribed a constant value of
0.45 and the coefficients A and B were determined using
simple linear regression.

Over the course of the measurement campaign, a sig-
nificant volume of binary data was accumulated. In order to
post-process the raw data efficiently, certain CPU intensive
tasks were executed on general purpose graphics process-
ing units (GPGPU). For example, the Fourier decomposi-
tion of the stochastic effective cooling velocity required to
estimate the power spectral density (PSD) was computed
using GPGPU Fast Fourier Transform libraries!.

The turbulence energy spectra can be computed by first
noting that the PSD, Ej;, and the autocorrelation function,
R;i, form a Fourier transform pair

Ei(f) = / Rii (Ar) e 728 g A (11)

where f denotes frequency, Ar denotes temporal separation
and j denotes the unit complex number. By ensemble-
averaging the PSD computed from non-overlapping sub-
series of the total time series, the variance of the spectra
can be reduced by a factor of /(n/N), where n is a sub-
multiple of the total number of samples N = fit; (Bartlett,
1948). Prior to computing the mean-squared amplitude of
the Fourier coefficients, each sub-series of data was win-
dowed using a Hann function. The PSD computed using
n/N ={1,8,64} ensemble-averaged sub-series is shown in
Figure 3 and implies that the current measurements resolve
eddies in both the energy-containing range and inertial sub-
range.

RESULTS

This section reports turbulence statistics in the near-
wake region of the cascade acquired using the methodol-
ogy discussed in the previous section. The turbulent fluid

INVIDIA CUDA Fast Fourier Transform library (cuFFT).

motions are characterised using both single- and two-point
statistics and include details of Reynolds stresses, energy
spectra, and space-time correlations.

Single-point measurements

In order to emphasise the relative positions of the suc-
tion side (SS) of blade 3 and pressure side (PS) of blade
4 to the centre of the wake (see figure 2), single-point
measurements are plotted against the translated coordinate
%1 = x1 — h, where h denotes the position of the maximum
mean axial velocity deficit. This convention is illustrated in
figure 4, where the mean axial velocity profile normalised
by the inlet velocity U.. is plotted.
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Figure 4. Profile of mean axial velocity, #,. All data has
been normalised using the blade chord ¢ and the inlet veloc-
ity Uso.

Profiles of tangential and axial Reynolds stress nor-
malised by the inlet velocity are plotted in Figure 5. On
the wake SS (£, < 0), the axial Reynolds stress dominates
whereas, on the wake PS (£ > 0), the two components
have a similar magnitude. Comparable asymmetry between
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Figure 5. Reynolds stress profiles including tangential

uyu} (—) and axial w,uy, (—) components. All data has
been normalised by blade chord ¢ and the inlet velocity U...

turbulent stresses has also been observed in the near-wake
region of compressor rotor blades (Ravindranath & Laksh-
minarayana, 1981) and originates from the differing turbu-
lence properties on the blade SS and PS. Next, frequency-
domain statistics are examined in order to clarify the dispar-
ity in Reynolds stresses on the wake SS.
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Figure 6. Contours of PSD including the (a) tangential
E1y and (b) axial E>» components. All data has been nor-
malised using the blade trailing edge thickness d and inlet
velocity Uw.

Contours of tangential and axial PSD normalised by
the inlet velocity are shown in figure 6. The dark patches
across the wake SS and PS indicate that the regions of high
turbulence energy are confined to reduced frequencies of
less than 0.2. The most vigorous turbulence activity occurs
at a reduced frequency of approximately 0.1 and coincides
with the tangential position of peak axial Reynolds stress
(see figure 5). This region can be interpreted as the spectral
footprint of an upstream von Karman vortex street shedding
from the blade trailing edge. The integrated effect of this
low-frequency high-energy motion is manifest as a strong
axial turbulence intensity on the wake SS.
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Figure 7. Line spectra of tangential, Ej; (=), and ax-

ial, Epp (=), velocity components on the wake SS £ /c =
—0.12. The —5/3 law (---) is also included. All data has
been normalised using the blade trailing edge thickness d
and the inlet velocity U.

Tangential and axial line spectra acquired on the wake
SS (%1/c = —0.12) are plotted in Figure 7. As previously
mentioned, the majority of turbulence energy on the wake
SS is due to trailing edge vortices shedding at a reduced
frequency of approximately 0.1. At higher frequencies, the
turbulence energy spectrum decays in accordance with Kol-
mogorov’s -5/3 Law and infers that the smaller scales retain
their isotropy.

The autocorrelation coefficient functions for the tan-
gential and axial velocity fluctuations are shown in Figure
8 and respectively resemble ‘longitudinal’ and ‘transver-
sal’ correlations encountered in, for example, the wake of
a circular cylinder (Grant, 1958). The differing correlation
shapes on the wake SS infer that the turbulence in this re-
gion is far from disorganised (i.e. isotropic) and a well-
defined structure is present. By invoking Taylor’s frozen
turbulence hypothesis, and assuming that the axial fluctua-
tions convect at their local mean velocity, an integral length
scale of approximately a quarter chord is obtained.
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Figure 8. Autocorrelation coefficient function for tangen-
tial Ry (=) and axial Ry (—) velocity fluctuations. All
data has been normalised using the blade trailing edge thick-
ness d and inlet velocity Ue.

Two-point measurements

For the double anemometer configuration, the space-
time correlation function for axial fluctuations, Ry, can be
written as

/ !/
Ros (g, ) = — 2000016 (1L HA)

\/”’22 (¥1a0:) \/“’22 (x1,p,1 + A1)

By regarding an eddy as a region of correlated turbulence,
and assuming Ry — 0 as Ax; — oo and At — oo, equation 12
can be used to quantify the largest, most energetic motions
present in the near-wake region (Grant, 1958).

The axial space-time correlation function is plotted in
Figure 9. By assuming that temporal separation, AtUs/c,
represents axial spatial separation, a two-dimensional pic-
ture of turbulence structure in the near-wake region is ob-
tained. The axial velocity fluctuations remain correlated for
up to twenty percent chord in both the tangential and ax-
ial directions, indicating that the eddies in this region have
an isotropic structure on the xj5 plane. In addition, verti-
cal sections of Ry, for Axj/c < 0.25 bear resemblance to
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Figure 9. Space-time axial velocity correlation function,
Ry5 (Axp,Ar). Note that the correlation coefficient has been
to clipped Ry, € [—0.2,+0.5]. All data has been scaled us-
ing the blade chord ¢ and inlet velocity Ue.

the ‘transversal double velocity correlation’ in the turbulent
wake of a cylinder (Townsend, 1976) and hint at a simi-
lar quasiperiodic structure in the near-wake region. Finally,
the turbulent fluid motions remain correlated at tangential
separations up to Axj/c &~ 0.8 which infer that structures
approaching the size of the blade passage exist in the near-
wake region.

SUMMARY AND FUTURE WORK

Single- and two-point hot-wire measurements were ac-
quired in the wake of a linear compressor cascade at a chord
Reynolds number of 7.5 x 103 using an experimental proce-
dure based on a pair of rotated single straight-wire sensors.
The current results infer an orderly turbulence structure in
the near-wake region and, in particular, underline the exis-
tence of large-scale, energy-bearing eddies in compressor
blade passages.

Future work will include a full area traverse on the x;3
plane in order to clarify changes in turbulence structure as
the end-wall region is approached. In addition, generalised
hot-wire response equations will be derived in order to re-
solve all components of the Reynolds stress tensor. Finally,
a detailed evaluation of the two-point correlation function
could help develop a reduced-order model of turbulence
structure in compressor blade passages that would prove
useful to the modelling community.
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