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Behavior of Turbulence Flowing Through a Compressor Cascade
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The behavior of grid turbulence flowing through a compressor cascade has been measured and compared
with basic predictions using rapid distortion theory (RDT). The cascade, operated at a chord Reynolds number
of 3.8 x 10°, produces a turning of 11.8 deg. The inflow turbulence had an intensity of 3.1%, a longitudinal
integral scale equivalent to 26 % of the upstream projected blade spacing, and spectral and correlation properties
consistent with the expectations of homogeneous isotropic turbulence. Near the passage center, the freestream
decay of turbulence stresses and spectra is substantially modified by the deceleration and turning of the flow. Near
the blades, the turbulence is additionally modified by the blocking of normal velocity fluctuations. Overall, we
find the evolution of turbulence through the cascade, including its spectrum and space time correlations, to be
quantitatively consistent with RDT effects superimposed over a background of viscous decay. This suggests that,
at least in circumstances similar to those modeled here, RDT may offer a viable approach for the calculation of the
modification of turbulence passing through a blade row.

Introduction

ONSIDER turbulence encountering a row of blades, such as

the rotor or stator of a turbomachine. The turbulence flows past
the blades that distort it and add their own wakes. The combined
flow then impinges on a second set of blades. The interaction of the
turbulence with both blade rows will generate noise and vibration.
To predict these, it is necessary to have an estimate of the intensity,
spectrum, and two-point space—time correlation of the turbulence
as it enters each blade row.

In many situations, such as when the turbulence forms part of
an unmodified thick vehicle boundary layer or the circumferential
average of a series of wake flows, existing approximate techniques
may be used to estimate the spectral character of the turbulence
entering the first blade row.'™> At least, they should capture the
main features of the turbulence. However, this is not the case for
the second blade row because the turbulence it sees is likely to have
been heavily modified by its distortion in the first blade row. This
is particularly true when the initial turbulence is slowly evolving
and of large scale, such as when it is ambient or associated with
boundary-layer growth along the entire length of a vehicle.

Because spectra and correlations are required, conventional com-
putational fluid dynamics, (CFD) is of limited use in this problem.
Although such quantities could be obtained from large-eddy simu-
lation (LES) or direct numerical simulation (DNS), most realistic
configurations are far too complex and of too high a Reynolds num-
ber to be modeled in this way. An alternative approach is to use rapid
distortion theory (RDT), in which the linearized equations of motion
are solved. RDT can, in principle, provide predictions of spectral
and correlation functions provided certain requirements are met.
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Much of RDT stems from the pioneering work of Batchelor and
Proudman.* They showed how Cauchy’s equation, expressing the
transport of vorticity by a mean flow field, can be used to predict
the velocity wave number spectrum of homogeneous turbulence un-
dergoing homogeneous distortion, given the assumptions of RDT.
Later, Hunt’ extended this theory to include mean-flow inhomogene-
ity and the effects of the nonpenetration condition at solid surface
boundaries. In RDT, the nonpenetration condition does not alter the
vorticity transport, but it sets up an additional irrotational velocity
field that cancels the wall-normal component of the rotational ve-
locity at the surface. The irrotational field has a large influence on
turbulence intensities and correlations measured in the vicinity of
the surface (effects sometimes referred to as blade blocking). Fur-
thermore, it is associated with the unsteady surface pressure field.
For this second reason, RDT has been heavily developed as a tool for
hydro/aeroacoustic predictions of rotor- or stator-generated noise.
For example, RDT prediction methods for sound generation and
propagation have been developed for isolated airfoils, linear cas-
cades, and annular cascades for both irrotational and swirling mean
flowfields.®~ 14

Much less attention has been paid to the use of RDT as a means
for explicit prediction of the evolution of the turbulence space—time
correlations through a blade row. Graham,'® following Hunt and
Graham'® and Kullar and Graham,!” developed explicit expressions
for the effects of an unswept cascade of flat plates at zero angle of
attack and small separation on a homogeneous turbulent field. In
this situation there is no mean flow distortion, and so all effects are
generated by blade surface blocking. Graham found that RDT pre-
dicted quite well the suppression of fluctuations in the wall-normal
component of velocity, but that there were significant differences
in tangential velocity fluctuations and spectra, which were found
to be very sensitive to plate separation. Some of the differences
were attributed to the nonuniform strains experienced by the tur-
bulence near the plate leading edges (which were not modeled)
and some nonlinear evolution of the turbulence in the experiment.
Graham also considered the situation where the turbulence passed
over a single flat plate, and he observed similar results. Outside the
boundary layer, this situation is analogous to that produced by the
interaction of initially homogeneous turbulence with a suddenly in-
troduced plane wall, or free surface, which has been modeled both
numerically and experimentally by a number of researchers.'$8-22
Of particular interest here is the insight of Perot and Moin?® who,
following Hunt,?® show that RDT can only model the initial influ-
ence of the new boundary condition on the turbulence and not its
subsequent evolution. In the turbomachinery problem, this implies
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that RDT may only simulate the effects of the blade blocking in
the leading-edge regions, or when the turbulence scale is very large.
However, several of these studies show that RDT actually provides
reasonable predictions, particularly of the wall-normal velocity fluc-
tuations, over a significantly greater period than this. This can be
thought of as coincidental®®?? because it appears that the influence
of the nonlinear terms in the equations of motion should be signif-
icant over such an extended period. Alternatively, as discussed by
Kevlahan and Hunt,?* it may be that the nonlinear terms are inhib-
ited, particularly in the presence of weak straining. This may explain
why some classic experimental measurements of distorting turbu-
lence, for example, that in Ref. 25, are fairly accurately described
by RDT, even though the period of distortion is much longer than
that over which RDT should be valid.?*

This, coupled with the fact that RDT appears to be the only choice
for prediction in the turbomachinery situation, suggest that exper-
imental data detailing the actual distortion and blade blocking ef-
fects produced by a realistic blade row are needed. However, little
or no two-point experimental data are available for such situations,
and those single-point measurements that are available are not well
suited for detailed comparison with the predictions or hypotheses
of RDT. (Perhaps the most useful are those presented by Graham,'3
which include only single-point profiles measured downstream of
an unstaggered cascade of flat plates.)

This is not to say that experimental work in the influence of
freestream turbulence on turbomachinery is lacking. There is a large
body of literature devoted to turbulence effects on heat transfer and
boundary-layer transition in turbines and turbine cascades because
of its relevance to flows downstream of combustors.?6=30 Only few
studies, however, have included turbulence measurements®'~° and
only Bangert et al.** and Ames and Plesniak®® clearly documented
the evolution freestream turbulent field as it convects through the
blade row. The details of these experiments make them of limited
relevance here. (Ames and Plesniak generated nonhomogeneous tur-
bulence using a mock combustor, Bangert et al. examined rapidly
decaying freestream turbulence and made measurements only away
from the blade surfaces.) However, these studies do show evidence
of important RDT-type effects: the reduction in streamwise tur-
bulence intensity and increase in length scale as the flow is ac-
celerated through the cascade’* and the reduction in the inten-
sity of the wall-normal velocity fluctuations in the vicinity of the
blades.®

With the aforementioned backdrop, the objective of our study
is to provide the experimental information needed to evaluate the
suitability of RDT as it currently stands 1) for prediction of the
evolution of space—time structure of turbulence passing through a
propulsor or stator and 2) to provide a basis for improvements in the
theory.

To achieve this goal, we have made detailed measurements doc-
umenting the evolution of grid turbulence as it convects through a
linear cascade that contains many of the features (blade thickness,
flow curvature and deceleration, tip leakage) found in an actual
rotor. These measurements have been compared with basic RDT
predictions of the effects of the flow distortion and blade blocking
on the turbulence. Comparison with these predictions enables blade
blocking and nonlinear effects to be more easily identified in the
data. More details of this study are described by de la Riva®*® and
Muthanna.’’

Apparatus and Instrumentation

Measurements were made in the Virginia Polytechnic and State
University Fan Cascade Wind Tunnel (Fig. 1). The facility contains
an eight-blade, seven-passage linear cascade with 4.3%-thick Gen-
eral Electric (GE) rotor B compressor blades, each with a 254-mm
chord, and an aspect ratio of 1 (Fig. 2). The blades are mounted with
the tip gap to the lower endwall set at 4.2 mm, a stagger angle of
56.9 deg, aninlet angle of 65.1 deg, and a blade spacing of 236 mm in
a section 254 mm in height. Blade coordinates are given by Wang.
Boundary layers on both sides of the blades were tripped by the use
of distributed roughness strips placed 25.4 mm downstream of the
blade leading edges.
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Fig. 1 Plan view schematic of the cascade wind tunnel; dimensions in
millimeters.
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Fig. 2 Detail showing the central blade passage: , integrated from
the measured mean velocity field and ®, anchor points for two-point
spanwise measurements presented in Figs. 4 and 15.

The facility is powered by a 15-hp centrifugal blower that supplies
air to a settling chamber terminated by a 6.43:1 two-dimensional
contraction. A rectangular duct, 305 mm high x 762 mm wide,
guides flow from the contraction exit onto the cascade, the distance
between the two being 1600 mm at the tunnel centerline. Bound-
ary layers on the 762-mm-wide upper and lower walls are removed
before reaching the cascade by the use of 25.4-mm-high boundary-
layer scoops. New pitchwise-uniform endwall boundary layers grow
from the scoops over a streamwise distance of some 443 mm before
reaching the leading-edge line of the cascade, that is, an axial dis-
tance of 186.7 mm. Boundary-layer thickness just upstream of the
cascade entrance is about 13 mm (Ref. 37).

This facility is the same as that used for the earlier studies of
Muthanna and Devenport,®® Wang and Devenport,*® and Wenger
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et al.,*! except that the distance between the boundary-layer scoops
and cascade was increased for the present study, by movement of the
latter 200 mm downstream. In addition, a lateral strip of the lower
wind-tunnel wall, 483 mm downstream of the cascade exit, was re-
placed with a porous plate. The plate was designed to bleed some
8% of the test-section mass flow, reducing the size of the boundary
layer that needed to be removed by the lower endwall boundary-
layer scoop. Once reconfigured, the facility was recalibrated: The
boundary-layer scoops and tailboard angles were readjusted to elim-
inate streamwise pressure gradient across the scoops and net pitch-
wise pressure gradient upstream and downstream of the cascade.
After calibration, the turning angle of the facility was found to be
11.8 deg, this being slightly less than the 12.5 deg measured for the
earlier configuration.

For most of the measurements in this paper, a turbulence-
generating grid was placed in the flow approaching the cascade.
The grid consists of 10 vertical and 4 horizontal round steel rods,
each of diameter 15.9 mm, welded together in a biplanar mesh of
cell size 74.9 mm with the horizontal rods downstream of the verti-
cal rods. The open-area ratio of the grid is 62%. The grid was placed
at the contraction exit with its center at a distance of 1600 mm (20
grid cells) upstream of the center of the leading-edge line of the
cascade (Fig. 1). The grid was mounted perpendicular to the flow,
instead of being staggered with the cascade, because a staggered
grid would turn the flow approaching the cascade, upsetting the fa-
cility calibration. Turbulence generated by the grid passed over the
porous bleed plate and between the boundary-layer scoops before
reaching the cascade.

Single- and two-point velocity and turbulence measurements
were made with miniature four-sensor hot-wire probes manufac-
tured by Auspex Corp. (Type AVOP 4 100). These probes have two
orthogonal X wire arrays of sensors within a total measurement
volume of approximately 0.5 mm?®. Each sensor was operated sep-
arately by the use of a Dantec 56C17/56C01 constant temperature
anemometer unit. Hot-wire signals were buffered by four buck and
gain amplifiers containing calibrated resistance—capacitance (RC)
filters to limit their frequency response to 50 kHz. Signals were sam-
pled via a 16-bit Hewlett—Packard E1406A digitizer and recorded
on an IBM compatible computer.

Probes were calibrated for velocity before and after each measure-
ment run by their placement in the uniform jet of a TSI calibrator
and the use of King’s law to correlate the wire output voltages with
the cooling velocities. Velocity components were determined from
the cooling velocities by means of a direct angle calibration (see
Wittmer et al.*?). Hot-wire signals were corrected for ambient tem-
perature drift via the method of Bearman.** The frequency response
of each sensor/anemometer bridge combination was calibrated by
direct measurement of its impulse response, simulated by the di-
rection of a pulsed YAG laser at the sensor. Phase and amplitude
characteristics for all of the sensor channels were to frequencies in
excess of 30 kHz. The accuracy of this system for mean velocity
and turbulence measurements has been established through mea-
surements taken in a fully developed turbulent pipe flow.*?

A computer-controlled three-axis traverse system was used to
position the probes. Each axis was driven by a stepper motor (Com-
pumotor Model S75-83-MO) and controlled by a PDX13 single-axis
packaged ministep drive. The resolution of the programmable tra-
verse movement was 0.025 mm. Probes were supported by the use of
a9.5-mm-diam stem held by the traverse and introduced to the flow
in the spanwise direction through the upper endwall. Probes were
held aligned approximately with the local flow direction, the stem
attaching at least 100 mm downstream of the measurement volume.

Experimental Results and Discussion

Results are presented by the use of a two-coordinate systems.
Blade-row aligned coordinates (X, Y, Z), defined in the axial, span-
wise, and pitchwise directions (Fig. 2), are used to reference po-
sitions from an origin on the lower endwall at the center of the
leading-edge plane of the cascade. The streamline aligned coordi-
nate system (xj, X», x3), and corresponding mean and fluctuating
velocity components (U, U,, U3) and (uy, ua, u3), are also used in

the presentation and analysis of data. In this system, x; is tangent
to the streamlines, whereas x3 is perpendicular to the streamlines
in an X—Z plane. Most distances are normalized on the axial blade
chord ¢, of 139 mm, and most velocities on the inlet velocity Uq,
of 24 + 1.2 m/s, corresponding to a Reynolds number (based on the
total chord ¢ of 254 mm) of 3.8 x 10° +2 x 10*.

Three-component velocity measurements were made upstream
of the central cascade passage at X /c, = —0.80 and —0.23; within
the passage at X /¢, =0,0.27,0.48,0.77, and 0.98; and downstream
at X /c, =1.26 (Fig. 2). Single-point measurements were made in
cross-sectional grids of about 200 points extending pitchwise across
the passage (or its extension) and spanwise from the endwall to the
midspan of the blades at Y /c, =0.92. At each point, 50 records of
1024 samples were recorded at a rate of 51.2 kHz and processed
to yield mean velocities, Reynolds stresses, and spectra with a low-
frequency limit of 50 Hz. These data reveal much about the structure
of the flow near the endwall where the endwall boundary layer and
tip-leakage vortex dominate. (See Ref. 37 for results and discussion.)
They also reveal a closely two-dimensional region at all stations
begining at or below Y /c, =0.55 and extending up through the
midspan station. It is this two-dimensional region that is the focus
of the present paper.

Two point measurements were also made in this region with the
fixed probe placed at selected locations in the midspan plane and
the moving probe traversed spanwise from it (in the negative Y di-
rection). The fixed probe locations, shown in Fig. 2, lie along two
streamlines obtained by integration of the mean-velocity measure-
ments (shown later), one passing through the center of the passage
and the other along its pressure side. Measurements were made for
19 exponentially distributed probe separations at each location. The
minimum separation was 3.8 mm (0.027¢,). At each separation, 100
records of 4096 samples were recorded simultaneously from both
probes at a sampling rate of 51.2 kHz, and processed to yield all
nine components of the two-point spanwise space—time correlation
and estimates of single- and two-point spectra with a low-frequency
limit of 12.5 Hz. Uncertainties of measured quantities calculated at
20:1 odds are given in Table 1.

Turbulent Inflow

The turbulent inflow generated by the grid is shown in Fig. 3, in
terms of pitchwise (Z) profiles of the Reynolds stress components

Table 1 Uncertainty estimates

Quantity Uncertainty (20:1 odds)
U; +1%U

u? +4%u?

uiu; :|:3%\/fu3

k +3.5%k

2
©
= BN N
N (o)) S

Turbulence stress x 10*/ U,

S AN o

Z/c

a

Fig. 3 Pitchwise turbulence distribution at X/c, = —0.80: O, u_f; 0, u_i;
A, u§; W, ujuz; A, uuz; &, uuz; and X, k; , curve fit of Eq. (1);
all quantities multiplied by 10 and normalized on Uio.
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and turbulence kinetic energy at X/c, = —0.80. The mean flow
here is essentially uniform and equal to the inflow velocity Ux..
Like all single-point measurements presented in this paper, these
data have been spanwise averaged (to minimize uncertainties) over
the measured portion in the two-dimensional region, that is, from
Y /c, =0.55t0 0.92. Note that the center-passage streamline shown
in Fig. 2 crosses this inflow plane at Z /¢, = 1.69.

These measurements show the inflow turbulence to have a near-
isotropic Reynolds stress tensor, even though the grid was not situ-
ated in the contraction,** and the turbulence was subjected to an 8%
diffusion over the porous bleed slot. The shear stresses are all zero
to within their uncertainty, and the normal stresses are almost equal.
Averaging in Z shows the cross stream turbulence intensities /u3
and /i u§ to be on average 3.6% less than the streamwise turbulence
intensity y/u?, which compares to the 10% anisotropy normally ex-
pected in grid-generated turbulence. Closest to the center streamline,
the streamwise turbulence intensity was recorded as 3.1%, which
we define as the freestream turbulence level, \/u2 /Us.

Because of the 65.1 deg between the cascade and grid, differ-
ent points in the inflow plane are at different distances downstream
of the grid. The resulting gradient in turbulence stresses and ki-
netic energy across the inflow plane is clearly visible in Fig. 3.
Although this gradient had no measurable effect on the mean peri-
odicity of flow through the cascade,’*” it does allow those param-
eters controlling the streamwise evolution of the grid turbulence to
be estimated from the pitchwise inflow data. A least-squares lin-
ear fit to the turbulence kinetic energy profile of Fig. 3 gives a
slope dk/3Z =1.82 x 107*U2 /c,. Division by the cosine of the
24.9 deg between the pitchwise Z direction and the flow direction
X1 at this station gives the gradient of turbulence kinetic energy along
the flow direction, and, thus, with Taylor’s hypothesis, the dissipa-
tion rate &,, = Dk/Dt = Usodk/3x; =2.0 x 107*U3 /c,. Including
similar freestream turbulence kinetic energy measurements made
at X/c, =—0.23 (providing a somewhat longer range view) in a
least-squares fit, we find that the evolution of freestream turbulence
levels approaching the cascade is quite accurately described by the
relation,

kJUZ = (891 + 1161Uq/cy)™! 1)

where ¢ is the convection time of the turbulence from a line per-
pendicular to the freestream that passes through the origin of the X,
Z coordinate system. Upstream of the cascade, ¢ is approximated
as [X cos(65.1 deg) — Z sin(65.1 deg)]/Ux. The use of a slightly
higher exponent (around 1.3) might be more consistent with ear-
lier grid turbulence studies* but makes no significant difference
(<2.5%k) to the resulting curve or its extrapolation over the mea-
sured length of this flow.

Measurements of the two-point spanwise space—time correlation
of the inflow turbulence are shown in Fig. 4. The measurements
weremadeinat X /c, =—0.80,Z/c, = 1.71, very close to the center
streamline. The correlation coefficient function is defined as

ui(X,Y,Z, Hu;(X,Y + Axy, Z,t + 1)
|

Vui XY, 2)%u;(X. Y, Z)?

Rij(Axy,T; X, Y, Z) =

@

(no summation implied). The axes of Fig. 4 are normalized by the
longitudinal integral length scale inferred from these measurements.
Streamwise integral scales may, in general, be calculated by the use
of Taylor’s hypothesis as

2

u, ("
=1 R (0, 7)dt 3)

Lj;
2

)

(no summation implied) where, for brevity, we have dropped the ex-
plicit indication if X, Y, Z dependence and where T is the velocity
record length, equal to 0.8s for the two—point measurements. These
calculations give a longitudinal correlation L; of 26.1 mm and lat-
eral correlations L,, and Lj;3 that are 46 and 43% of this value, re-
spectively, quite close to the 50% expected of isotropic turbulence.
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Fig. 4 Spanwise space-time correlations measured upstream of the
cascade at X/c, = —0.80; contours in steps of 0.1; ———, zero level.
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Fig. 5 Spanwise space-time correlations implied by a von Kdrman
turbulence spectrum*®; contours in steps of 0.1; ———, zero level.

We define the freestream integral scale (L) as 26.1 mm, this
distance being 10% of the blade chord and 26% of the blade spac-
ing projected in the upstream direction. Note that the single-point
velocity measurements were used to estimate the pitchwise distri-
bution of streamwise length scales at X /c, = —0.80 (see Ref. 36).
Although the record length of the single-point measurements (0.2s)
was too short to obtain fully resolved integral scale estimates (values
were about 85% of the preceding), these measurements indicated
no significant variation in the integral length scales upstream of the
cascade.

Figure 5 shows, on the same scales as the measurements, the
correlation functions implied by the von Karman interpolation for-
mula for homogeneous turbulence. (See, for example, Hinze.*®) The
comparison shows the form of the measured correlations to be quite
closely described by the von Karméan model, particularly in the Ry,
and R, components. The streamwise extent of Ry, is a little less
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Fig. 6 Velocity spectra on the center streamline at X/c, = —0.80; ©,
E11; O, Ezp; and A, Es3; ----, von Karman®® interpolation and —,
Pope*’ interpolation, evaluated with Lijo, and e (E1; spectra and
interpolations shifted one decade to right and up).

than that implied by the model, an imperfection already reflected in
the smaller than ideal value of Ly, just discussed. A similar effect
is visible in R33 in both the streamwise and spanwise directions.
Turbulence spectra may be obtained by Fourier transforma-
tion of these measured correlation functions. In general, the one-
dimensional wave number spectrum may be estimated as

E, ’ /2 _
J(Kl) _ / R,‘j(o, T)e—yq(/lt dr )

T 2nU,
u,-u? -T2

(no summation implied), where «; is the wave number in the flow
direction. Plots of E,, E», and E33 are compared in Fig. 6 with the
von Karman and Pope® spectral models. These model forms are
most easily written for the three-dimensional wave number spec-
trum:

Dy (11, K2, k03) = [E () /Amic) (85 — rine [ %) (5)

where « is wave number magnitude and Ej;(k,) the integral of
®,; with respect to k; and «3. (See, for example, Pope.**) The von
Kéarmén interpolation function for the energy spectrum function
E(x)is

110kL Li)*
E(k)= 11 (L) where C,=

272 (14 eLi? /2]

Var(d)
r()
(©)

The Pope function, expressed in the same terms, that is, L; and k,
is

5
3+ Do
KL]] i|3

X exp(—ﬂ[ ket + cﬁ — cn]) @)

E (k) :2CL11k(2/<L,1)§|:

where C =15, p,=2, ¢, =6.78, ¢,=0.40, and n is the
Kolmogorov microscale (v®/g)'/4. Figure 6 includes the one-
dimensional spectral curves implied by both functions evaluated
with Lo and &4.

Figure 6 shows that all three components of the measured spectra
are quite closely consistent with both von Karman and Pope forms
at low wave numbers and in the inertial subrange, which is seen
to extend over about one and one-half decades. At higher wave
numbers, the von Kdrmén interpolation makes no allowance for
dissipation. Pope’s interpolation does, however, and there is some
agreement between the shape of these curves and the experimental
data in this range. The experimental spectra fall off somewhat faster
than Pope’s model, however. Although this could be a limitation of
the model, it is as likely due to the finite measurement volume size.
A disturbance with a wavelength equal to the measurement volume
diameter would have a nondimensional wave number «L; = 160,
comparable to the wave number range of the roll off.

Flow Through the Cascade

The mean flowfield through the cascade between X /¢, = —0.23
and 1.26 is shown in Figs. 7 and 8 in terms of contours of mean
velocity magnitude U, /U, and mean velocity vectors. Note that
the vectors are drawn at the actual midspan measurement locations.

These plots reveal the mean velocity field that convects and dis-
torts the incident turbulence passing through the central passage.
Flow passing near the suction side of the passage experiences an
acceleration of a few percent over the first half of blade 4, followed
by a much steeper deceleration to the cascade exit velocity of close
to 71%U . On the pressure side of the passage, this deceleration
occurs over the first half chord of blade 5 with the result that many of
the mean velocity contours cross the passage almost perpendicular
to the local flow direction. That direction, of course, changes in the
cascade, as evidenced by the mean velocity vectors, the measured
exit angle being 11.8 deg from the inlet angle near midpassage. Both
vectors and contours show evidence of the viscous boundary layers
formed on the blade surfaces, particularly at the more downstream
stations. The only significant thickening of the boundary layers oc-
curs on the suction side of the trailing edge of blade 4, possibly
indicating a small region of separation here.

Included for comparison in Figs. 7 and 8 are results from the
Reynolds-averaged Navier—Stokes (RANS) solution of Shin.*’ He

T T ] T T

Fig. 7 Contours of mean velocity magnitude Uy /U : a) measured and
b) computed.*’
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reports two-dimensional RANS calculations for the present cas-
cade geometry and inflow conditions (but without grid turbulence)
using an unstructured grid and Spallart—Almaras turbulence model.
Shin*’ describes fairly extensive tests to validate the code and estab-
lish convergence. There are some points of disagreement between
the experimental results and those of the RANS solution. The ac-
celeration over the suction side of blade 4 produces velocities some
2% greater than those measured, and the details of the shapes of the
measured velocity contours in the downstream half of the passage

25 ¥ b % i
1 A
0/
7y
| 77
Z/c ? %
-1+ T %/.

\‘N

X,

Fig. 8 Mean velocity vectors: [, are of length U, : a) measured and
b) computed.*’

are not accurately reproduced in the RANS. Otherwise, however,
measurement and computation appear in close agreement, both in
terms of global parameters such as outlet velocity and direction
(0.708U and 11.7 deg in the RANS results) and in many of the
smaller flow details, such as the extent of the viscous regions and
the kinks in the velocity contours near the cascade leading-edge
line. This agreement provides some independent verification of the
experimental results, of the two dimensionality of the measured
flow near the cascade midspan, and of the proper operation of the
cascade.

Figure 9 shows contours of the three Reynolds normal stresses in
the blade passage. These distributions are perhaps most remarkable
for what they do not show. Based on the rate of decay of the tur-
bulence measured at the inflow [Eq. (1)], one would expect about a
25% reduction in the normal stresses over the length of flow repre-
sented in the Figs. 9. Outside the thin viscous regions adjacent to the
blade surfaces, the streamwise turbulence normal stress u7 is almost
constant at around 0.0008U2 . Consequently, the contour positions
are quite uncertain. The spanwise normal stress u3 behaves simi-
larly, except near the cascade exit where it falls slightly. The only
substantial variations are seen in u3, this being the in-plane compo-
nent perpendicular to the mean flow direction. Near the center of
the passage, u3 drops by about 40% as the flow passes through the
cascade. Levels of this stress are further suppressed over a region
that extends about 0.2¢, from the blade surfaces, possibly because
of the blocking effects of those surfaces. The suppression appears
slightly greater on the suction side of the passage.

For the purpose of further analysis and discussion, we focus on
two regions visible in the u? distribution, the midpassage region
where the influence of the blades is felt only indirectly through the
changes in flow direction and velocity they produce and the region
adjacent to the pressure side of the passage where the direct effect
of the blades, through surface blocking, is likely to dominate.

Midpassage Region

Batchelor and Proudman* showed that homogeneous distortion
of homogeneous turbulence reduces turbulence levels in directions
along which the fluid elements are stretched and increases them
in directions along which the fluid elements are compressed. The
observed drop of u? and increase (compared to its expected decay)

Xe
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Fig. 9 Contours of measured turbulence normal stresses: a) u_%/ U%_ x10%,b) u_i/ U%_ x10%, and c) u_g/ U%_ x10°.
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of uf in the midpassage region appear qualitatively consistent with
these effects superimposed over a background of viscous decay. The
important issues here are whether these superimposed variations
are quantitatively consistent with RDT and whether such predictive
ability would extend to more detailed turbulence information such
as velocity spectra.

To address this issue we have performed calculations of the mid-
passage flow using Goldstein’s*® method. This method accounts for
the transport of turbulent vorticity by the mean flowfield but does not
model surface blocking effects. It is a high-frequency approxima-
tion to RDT that applies to inhomogeneous flows when the distortion
produced by the mean flow occurs on a scale that is large compared
to that of the turbulence. This is the case near midpassage where
distortion occurs on a scale of the order of the blade chord, which
is an order of magnitude greater than the turbulence scale L.

In the case of incompressible flow, Goldstein’s equation for the
wave number spectrum of turbulence ®;;(ki, k2, k3), suffering a
mean flow distortion, reduces to a form originally derived by Batch-
elor and Proudman®:

‘b;,-()(l,Xz,Xz»)

—4
= EiklEmnp€ jabEuvw X1 Xb X KnKvSkm Sau quw(Kl > Ko, KS) (8)

Here, ®;; (1, k2, k3) and ; are the wave number spectrum and com-
ponents before the distortion and &’ ; (X1, X2, x3) and yx; are the spec-
trum and components distortion. Note that k; = x;S ;. The symbol
X 1is used to represent the magnitude of the wave number vector
after distortion. The distortion tensor S;; is defined as
Sij = % ©))
da j

where x; represents the mean-flow aligned coordinates already de-
fined, and a; are the Lagrangian coordinates of the fluid material,
defined as equal to x; in the undistorted free stream ahead of the
cascade (Fig. 2). To the degree that the flow is two-dimensional, the
cascade produces no distortion in the x, direction, and so

8X2 a)Cz 3x2 B.X] 8X3
— =1, — a7 =0 (10
das da; dasz da, 0ar

Because a; and x; both lie along a mean streamline, dx,/9da; rep-
resents the total extension of a streamwise fluid line between the
freestream and the midpassage flow, which is simply given by the
relative mean velocity magnitude U, /U,. Because both a3 and x3
are perpendicular to the streamlines, d.x3/das represents the change
in mean streamline spacing, which is equal to Uy, /U,. Of the re-
maining derivatives, dx3/da; is zero because the fluid line defined
by a, always remains along a streamline, and d.x,/da; represents
the tilting of the fluid line defined by a5 relative to the streamline
perpendicular (Fig. 2). As shown in the Appendix, this term can be
calculated as a line integral:

9 U (U~ JU?

oY% M dx, (11)
aa3 UOC streamline 8.)(3
where the integration begins in the freestream and ends at the point
where the distortion is desired. Thus, in summary,

U _ﬂfa(Ui/U?) o
N

Uoo Uoo 8X3
Sij = 0 1 0 (12)
Us
0 0 A
1

The measured mean velocity field was interpolated by the use of
cubic splines, numerically differentiated (using central differences)
and integrated (using the predictor corrector method) to obtain S;;
and the streamline paths. This calculation was validated by its repe-
tition with the much smoother, more finely detailed, mean velocity

field provided by Shin’s*’ CFD solution, which produced very sim-
ilar results. (Differences were no larger than those that would be
expected from the comparison of the mean velocity fields in Figs. 7
and 8.) The undistorted spectrum tensor was specified based on
measured turbulence inflow data, that is, using Egs. (5) and (7)
with the longitudinal integral scale L;; set to its freestream value
of 0.26¢,. The turbulence kinetic energy required in Eq. (7), how-
ever, was not taken as the freestream value but calculated by the
use of the measured decay profile expressed in Eq. (1). Thus, the
RDT calculations were performed relative to the background of
viscous decay inferred from the variation of freestream turbulence
levels. Distorted wave number spectra, calculated with Eq. (8), were
then integrated over a 64° grid of exponentially spaced wave num-
bers from «x L1, = —300 to 300 to yield the single-point turbulence
statistics, integral scales, and the one-dimensional turbulence spec-
tra throughout the midpassage region. Results were found to be un-
altered by an increase in the range or resolution of the wave number
grid.

Turbulence stresses in the cascade calculated using this method
are shown in Fig. 10. Overall, the RDT method appears to predict
quite well the arrested decay that characterizes the streamwise (u%)
and spanwise (#3) normal stresses near midpassage. The predicted
stresses are about 0.00005U fo less than those measured (6—7%), but
this difference appears to be almost constant, which suggests that it
may be associated with implicit differences in the initial condition.
Indeed, this difference may partly result from the slight anisotropy
of the incident turbulence normal stresses that was not modeled in
the RDT calculation. _

The calculations also reproduce the rapid drop in the u? stress
experienced in the midpassage region. The accuracy of the calcula-
tions in this region is similar to that seen in the other components,
but the difference (seen in the upstream half of the passage) is in the
opposite direction; at most stations, predicted values of u? lie about
5 x 107U 2 above those measured.

Measured and calculated one-dimensional velocity spectra at var-
ious locations along the passage center streamline are compared in
Fig. 11. These plots show how the spectral distribution of energy
making up the normal stresses varies through the cascade, and the
extent to which that variation is consistent with the RDT model. The
measured streamwise fluctuation spectra £, show only a slight re-
duction in level and no significant change in shape through the
cascade. E,, are similarly invariant, except for a small reduction
in spectral levels at low frequencies as the flow enters the cascade.
By far the largest changes occur in the E3; component. As the flow
passes through the cascade, spectral levels fall significantly. The
drop is greatest at low frequencies (about a factor of three) and be-
comes smaller as the frequency is increased. As a result, there is a
noticeable reduction in the slope of the inertial subrange, from 1.45
at the passage entrance to 1.3 at its exit.

Note that the RDT calculated spectra display almost the same
behavior. The lack of variation in the predicted E; spectrum and the
bulk of the E,; spectrum is consistent with the experimental results
and adds weight to the conclusion that it is rapid-distortion effects
that arrest the decay of these components in the passage. The Ex3
spectrum provides a more explicit test of the predictive capability of
the theory. We see here that, except at the very highest frequencies,
the predicted spectra closely follow those measured, matching not
only the reduction in spectral levels at low frequencies but also the
fall in slope of the inertial subrange.

Pressure-Side Region

We define the pressure-side region as within 1-1.5 freestream
integral scales L, (=0.26c¢,) of the pressure-side blade. In this
region, one would expect the turbulence to be modified additionally
by the blocking of normal velocity fluctuations at the blade sur-
face. Indeed, the suppression of normal velocity fluctuations close
to the blade in Fig. 9c strongly suggests the presence of such ef-
fects. What is important here, of course, is whether the details of
these effects (and thus, by implication, the physics behind them) are
quantitatively consistent with the linearized blade-blocking effects
that are modeled by RDT. We choose to focus on the pressure side
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Fig. 10 Contours of turbulence normal stresses computed with RDT: a) u_i/ Ugo %105, b) u_g/ Ugo %105, and c) u_g/U go x 10°.
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Fig. 11 Autospectra of velocity fluctuations along the center stream-
line shown in Fig. 2.

(as opposed to the suction side) because more detailed measure-
ments were available here, the pressure side being more accessible
to probes mounted from downstream.

A complete RDT calculation of the surface blocking produced by
the full cascade geometry would be a substantial undertaking, well
beyond the scope of the present work. Instead we have employed
Hunt and Graham’s'® theory to provide approximate predictions
of stress variations, velocity spectra, and two-point correlations for
comparison with the measurements. This approach, of course, treats
the pressure-side cascade blade as though it were a flat plate in an
infinite stream. This may be justifiable given the thinness and only
gradual camber of the blade, its sharp leading edge at near zero
angle of attack, and the small size of the incident turbulence scale

compared to the blade spacing. However, it means that predictions
will not account for changes to the turbulence resulting from mean
flow distortion through the cascade, or viscous decay, changes that
we will incorporate approximately by normalization on local turbu-
lence levels.

For the case of the surface blocking of a homogeneous turbulent
flow in the x; direction encountering a flat plate, perpendicular to
x3, Hunt and Graham'® give an explicit expression for the two-point
one-dimensional wave number spectrum:

o0 [o¢]
Eij(X,x/,Kl) =/ / M;;(-xlﬁ-XZssK/)Mjm(x;a-x;vK/)
—00 —00

x expliks(xa — x3) [Py (k) dica dics (13)

where x and x’ are the position vectors (xy, x», x3) of the two points,
K is the wave number vector (k1, k2, k3), X3 is measured from the
surface, and

M;j(x1, x3, k) = &;; expli (k1x1 + k3x3)]

+34;3 exp(i/clxl — X3 Klz + /czz) (M — 5,-3> (14)
Hunt and Graham'® intended for these equations to apply for dis-
tances from the leading edge x; — x|je > L100 and x; — x| < L,
where L is the eddy turnover distance. Equation (13) was evaluated
with the same 643 logarithmically spaced wave number grid used
earlier, the results again being range and resolution independent. The
undistorted spectrum tensor ®;; was specified based on measured
turbulence inflow data, that is, by the use of Egs. (5) and (7), with
the longitudinal integral scale given its measured freestream value
L1100 =0.26¢,.. The resulting two-point one-dimensional spectral
estimates were then integrated or Fourier transformed as appropriate
to yield turbulent stresses and two-point correlations.

Turbulence normal stress profiles (uzf and u%) measured close to
the blade surface on the pressure side of the passage are compared
with Hunt and Graham’s'® solution in Fig. 12. Profiles were mea-
sured in the pitchwise direction but are shown here as a function of
perpendicular distance from the blade surface x3. One-dimensional
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Fig. 12 Turbulence stress profiles in the pressure-side region adjacent
to blade 5, plotted as a function of perpendicular distance from the blade
and compared with Hunt and Graham’s!® solution; numbers in legend
indicate X/c, location.
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Fig. 13 Autospectra of velocity fluctuations at X/c,=0.27 in the
pressure-side region adjacent to blade 5, plotted as a function of per-
pendicular distance from the blade and compared with Hunt and
Graham’s!% solution.

spectra of normal-to-surface velocity fluctuations £33, measured as
part of the same profiles, are also compared with theory in Figs. 13
and 14. Measured stresses and spectra have been normalized on
midpassage stress levels at the same axial station u?|,. Measure-
ments obviously in the viscous boundary layer (characterized by
much higher stress and high-frequency spectral levels) have been
eliminated from Figs. 13 and 14.

The measured stress profiles show in detail the stress variations
close to the pressure-side blade. They reveal that the proximity of
the blade surface has almost no effect on the intensity of streamwise
velocity fluctuations u?. They also show the extent and form of
the suppression of the turbulence stress normal to the blade u3,
which falls to near half of its midpassage value closest to the blade
surface. In the normalized form of Fig. 12, both sets of profiles
appear approximately invariant with streamwise position. To within
their scatter, they are described well by the curves computed from
Hunt and Graham’s'® theory.

The spectra reveal how the suppression of velocity fluctuations
normal to the blade surface is broken down by frequency and, thus,

0
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Fig. 14 Autospectra of velocity fluctuations at X/c,=0.98 in the
pressure-side region adjacent to blade 5, plotted as a function of per-
pendicular distance from the blade and compared with Hunt and
Graham’s'¢ solution.
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Fig. 15 Spanwise space—time correlations in the pressure-side region
adjacent to blade 5 compared with Hunt and Graham’s'® solution: con-
tours in steps of 0.1; ———, zero level.

scale. The measurements at both stations clearly show that it is
the low-frequency, large-scale fluctuations that are attenuated near
the surface and that the degree of attenuation, and upper limit of
frequencies affected, increases as the surface is approached. High-
frequency turbulent fluctuations are almost completely unaffected.
This behavior appears to be in convincing agreement with Hunt and
Graham’s'® theory. The shapes of the theoretical spectra, the range
and magnitude of the suppression they show, and the variation of
that suppression with distance from the surface, all closely track
the measured data. Note that the correlation between measurement
and theory appears almost as good at the blade trailing edge, some
10 integral scales downstream of the leading edge, as it does at the
quarter chord.
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This agreement suggests that, despite its approximate nature and
the compromises made in its comparison with experiment, this the-
ory somehow captures the dominant physics controlling the be-
havior of the turbulence close to the blade. This idea is reinforced
by the behavior of the spanwise two-point correlations. Correla-
tions of u3 velocity fluctuations measured about half of an integral
scale from the blade surface at X /c, =0.27 and 0.98 are compared
with theory in Fig. 15. A two-dimensional comparison is made by
equating time delay between the two probes in the experiment, t
to streamwise separation, by the use of Taylor’s hypthesis, that is
x| —x; =—1Uj. Correlations of u, and u; were also measured but
are not shown here because, in agreement with the theory, they are
not significantly different than the freestream correlations shown in
Fig. 4. The uj correlation, however, is substantially affected. Hunt
and Graham’s'® theory (Fig. 15a) predicts that the proximity of
the surface should reduce the extent of the u3 correlation function
by about one-half compared to its freestream form, this contraction
being isotropic in the streamwise and spanwise directions. The mea-
surements (Figs. 15b and 15¢) show almost exactly this effect, even
to the extent that the measured correlation functions are slightly
more compact than the prediction, just as the measured freestream
u3 correlation function (Fig. 4) is slightly more compact than the
model function provided to the theory as input. As with the spectra,
the RDT model appears just as accurate at the trailing edge as at the
one-quarter chord.

Conclusions

The behavior of turbulence flowing through a compressor cascade
has been measured and compared with predictions using RDT. The
cascade, operated at a chord Reynolds number of 3.8 x 10°, pro-
duces a turning of 11.8 deg. Turbulence was generated with a bipla-
nar grid positioned across the flow some 20 grid-cell sizes upstream
of the cascade. Measurements were made in the two-dimensional
region near the midspan of the cascade by the use of single- and
two-point three-component hot-wire anemometry.

The freestream turbulence approaching the cascade has a near-
isotropic Reynolds stress tensor and a turbulence intensity of 3.1%.
The longitudinal integral scale (L 11) is 26.1 mm, equivalent to 26%
of the blade spacing projected in the upstream direction. Lateral cor-
relation length scales and spanwise two-point space—time correla-
tions are consistent with the expectations of homogeneous isotropic
turbulence. Velocity spectra fit closely to Pope’s* interpolation for-
mula when evaluated with the measured turbulence intensity, length
scale, and dissipation rate.

The decay of this turbulence (which follows an inverse relation-
ship with streamwise distance upstream of the cascade), is substan-
tially modified by the deceleration and turning of the flow in the
cascade. Near the passage center, the decay of the streamwise and
spanwise turbulence normal stresses u7 and u3 is almost completely
halted, the outlet values of these stresses being nearly as large as
those at the inlet. Conversely, the drop in u? is accelerated, this stress
falling by about 40% to the cascade exit. Calculations performed
with Goldstein’s*® method show these variations to be quantitatively
consistent with these RDT effects superimposed over a background
of viscous decay. The quantitative realism of the RDT results extends
to the velocity spectra. On the passage center streamline, stream-
wise velocity autospectra E; are almost invariant, spanwise spectra
E5, show small reductions in low-frequency levels, and E3; spectra
show large reductions at low frequencies and an associated change
in the slope of the inertial subrange, effects all predicted by the
theory.

Near the blades, the turbulence is additionally modified by the
blocking of normal (u3) velocity fluctuations. Profiles measured
close to the pressure-side blade show the extent and form of the
suppression in terms of the u? turbulence stress that falls to near
one-half of its center passage value, close to the blade surface. Nor-
malized on these values, stress profiles measured in this region are
almost invariant with streamwise position and in agreement with
Hunt and Graham’s'® RDT theory for surface blocking produced
by a flat plate. Although this theory does not account for changes
to the turbulence resulting from mean flow distortion through the

cascade, it also provides accurate predictions of u; spectra. Specifi-
cally, the shapes of the theoretical spectra, the range and magnitude
of the suppression they show, and the variation of that suppression
with distance from the surface all closely track the measured data.
The theory also accurately predicts the contraction of the spanwise
space—time correlation function in the vicinity of the blade surface.
Note that the agreements between measurement and theory appear
almost as good at the blade trailing edge as at the quarter chord.

Overall, we find that the measured evolution of turbulence through
the cascade, including its spectrum and space—time correlations,
is quantitatively consistent with RDT effects superimposed over a
background of viscous decay. This suggests that, at least in circum-
stances similar to those modeled here, RDT-based models offer a
viable approach for the calculation of the modification of turbulence
passing through a blade row.

Appendix: Derivation of Equation (11)

Figure A1 shows a streamline connecting a general point in the
flow P to a corresponding point in the freestream O. We wish to de-
termine the derivative d.x,/das, where the x; are streamline aligned
coordinates at P and the g; are Lagrangian coordinates representing
the initial position of the fluid material at O. Consider an element
of a fluid line O O’, initially perpendicular to the flow direction, that
convects to P P’ in time ¢. If the initial length of the line is as, then
(0x1/0a3)das is the streamwise component of the line length at 7. If
the time taken for the flow to convect from O’ to P” is t—8¢, where
P P’ is a streamline normal, then

8x1
—8613 = UI(SZ‘ (Al)
803

where U is the flow velocity. If the stream function of the stream-
line O P is ¥, then that of the streamline O'P” is ¥ 4+ 8y where
8¢ = Uq8az = U;8x3. Thus, we may write

/ 1 op 1
= —dx1=/ (—) RS
streamline O P U, (2] Ulz 14

Fig. A1 Nomenclature for Appendix.
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where ¢ is the velocity potential, and

lf’p” 1 op 1
r— 5t =/ <—2) d¢ = <—2) d¢ (A3)
o’ Ul ¥+ 8y (2%} Ul v +8y

where we make use of the fact that O O" and P P” are both equipo-
tentials. Thus,

P e 9(1/U?
[ (8),-), e [
(29} Ul ¥ Ul ¥ +8y [20) 31[/

a(1/u;
_ —Uoo5a3/ del (A4)
streamline O P 3X3
By substitution into Eq. (A1), we obtain
a U (UL Ju?
ﬂ —_Jt (7/') dx; (A5)
803 UOO streamline O P 3X3
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