272 KSME International Journal, Vol 18 No. 2, pp. 272~ 285, 2004
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The losses at off-design points from a compressor cascade occur due to the deviation from a
design incidence angle at the inlet of the cascade. The self-noise from the blade cascade at
off-design points comes from a separated boundary layer and vortex sheddings. If the incidence
angle to the cascade increases, stalling in blades may occur and the noise level increases
significantly. This study applied Large-Eddy Simulations (LES) using deductive and deductive
dynamic SGS models to low Mach~number, turbulent flow with each incidence angle to the
cascade ranging from —40° to +20°, and compared numerical predictions with measured data.
It was observed that the oscillating separation bubbles attached to the suction surface do not
modify wake flows dynamically for cases of negative incidence angles. However, an incidence
angle greater than 8° caused a separated vortex near the leading edge to be shed downstream and
created stalling. The computed performance parameters such as drag coefficient and total
pressure loss coefficient showed good agreement with experimental results. Noise from the
cascade of the compressor is summarized as sound generated by a structure interacting with
unsteady, turbulent flows. The hybrid method using acoustic analogy was observed to closely
predict the measured overall sound powers and directivity patterns at design and off-design
points of blade cascade.
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Nomenclature

Re ! Reynolds number

C ! Chord length S : Domain of surface integration
Co . Speed of sound s : Blade pitch
Co : Drag coefficient Sw : Resolved scale strain rate tensor
Cv. | Lift coefficient T . Stress tensor
Cpt . Pressure loss coefficient U. . Free stream velocity
Cs . Smagorinsky constant V . Volume of cell
Cy . Blade chord-in x~axis direction W  Relative velocity to blade

. Gaussian filter function ¥ Velocity vector of (vi, vz, va) components

p . Static pressure
pt - Total pressure Greeks
B Blade angle
*  Blade flow angle
*
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f= . Blade mean flow angle
A ! Filter size

J ' Blade deviation angle

€ . Blade deflection angle
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7 . Kolmogorov scale

©0 . Density

yr . Subgrid-scale eddy viscosity
. Solidity

- Filtered viscous stress tensor

Tia . Subgrid-scale stress tensor

2 . Integration domain

@ . Total pressure loss coefficient

¢ ! Stagger angle

Subscripts

1 I Conditions at an upstream location of the
cascade

2 [ Conditions at a downstream location of the
cascade

s . Maximum of blade deflection angle
oo | Free stream or blade averaged conditions

Superscripts
* : Nominal condition
. Acoustic field

I

1. Introduction

In axial compressor study, the two-dimension-
al cascade model has been often used to increase
the accuracy of the prediction and design cal-
culations. Cascade tests and analyses provide
the blade-to-blade performance as a function of
blade profile, cascade geometry, and operating
parameters, finally correcting the differences be-
tween the flow in the actual machine and flow
through the cascade.

Following the earlier work of Howell (1942)
and many others (Johnsen et al., 1965), Lieblien
(1965) developed an experimental correlation of
extensive cascade data, which can be used as a
solid guideline to stall points. The study of fully
stalled flow in a two-dimensional cascade has
been proven to be of practical engineering si-
gnificance when one predicts post-stall behavior
of a compressor and off-design performance of
pumps. The cascade performances at off-design
points of large incidence angles have been sought
to predict windmilling cranking phase of turbo-
engine. Sovran (1959) reported that for condi-
tions when rotating stall occurred, the phenomena
closely resemble a Karman vortex street. Yocum

and O’Brien (1993) presented flow visualization
and time~mean velocity characteristics of stalled
flow in a cascade. They suggested that the flow of
a larger stagger cascade is more easily diverted
around the separation region, resulting in the
separated region extending further into the blade
passage.

Cornell (1954) calculated the losses and deflec-
tion from complete mixing of the jet and the
wake by analytically solving for the potential
flow through a flat plate cascade. A finite volume
approach was attempted by Hah (1985) to solve
turbulent flow-fields through a cascade of airfoils
at stall conditions. However, changes in perform-
ance beyond initial stall and unsteady charac-
teristics were not reported. Although significant
progress has been made recently in the turbulent
flow solution of the problem, no attempts have
been made to predict the unsteady flows within
the blade passage and their effects upon mixing of
the jet and the wake.

We propose here to use the LES algorithm to
provide a more fundamental understanding of
separated flow in cascades and to provide per-
formance data for fully stalled flow (Lee and
Meecham, 1996). In large-eddy simulations, one
calculates directly the large-scale turbulent mo-
tions with a relatively coarse time-dependent,
three-dimensional computation using the sub-
grid-scale (SGS) model for the effects of the
small-scale motions upon the large scale ones.
The LES approach contributes to the quantitative
estimation of losses and illumination of funda-
mental physics at stalled conditions.

Noise caused by stalled flow in a cascade may
be considered to be of dipole nature because the
dipole source becomes dominant in the separated
flow over a surface with appreciable curvature
effect. A numerical study of the distant acoustic
fields generated by unsteady fluid motion was
also performed in this study.

2. Computational Procedure
2.1 Governing equations and model

Development of an LES formulation applicable
to a non-orthogonal grid system begins with the
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compressible continuity, Navier-Stokes equation
in integral form.

2 [pde+ [on-ndS=0 (1)
2 [oado+ [pau-nds o
= [T-7dS+ [pba2
Direct filtering of the continuity equation yields
Gy (3)

Direct filtering of the momentum equation yields
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where,

t=—0(Uath;— U:itl;+ Ut + Wl + i)
is called the subgrid-scale stress tensor.

The filtered momentum equation is now solva-
ble if we provide a model for r; The subgrid-
scale stress tensor, 7;;, can be decomposed into
the subgrid-scale Leonard, Cross, and Reynolds
stresses based on spatial filtering. The subgrid-
scale stress tensor can be decomposed into the
following components: z;=L;+ Ci;+ Ry, de-
fined as L;;=u:t;— #:dij, Cy=uiu;+uw;, and
R,-,~=Tu,’-, called the subgrid-scale Leonard,
cross, and Reynolds stresses, respectively.

Smagorinsky (1963) was the first to propose a
model for the subgrid-scale stresses. His model
assumes that they follow a gradient-diffusion pro-
cess, similar to molecular motion. It is still the
most popular algebraic eddy viscosity model,
with z;; given by

fij=2VTS_ij, UT=‘6C§52GI §| (5)

where, vr is the subgrid eddy viscosity, Cs is the
Smagorinsky constant, S;; is the resolved scale
strain-rate tensor and | S |= (25;S5;) V2

To model the Reynolds subgrid-scale stress
tensor, r;;, deductively that is applicable to the
incompressible flow with structured grids, we
must consider the quantity Ui — Uit ;- Using the
Taylor series expansion for Gaussian filtered
quantities, we have

- _ Az _
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2 (6)
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In principle, an exact LES would be found by
keeping all terms in the expansion for the deduc-
tive model. By keeping all terms, all scales down
to the Kolmogorov scale 7 would be accounted
for. Although viscosity may be very large, it is
finite and responsible for the final energy dissi-
pation of the system. But at large Reynolds num-
ber, as a practical matter, we cannot deal with
the dissipation scale directly. So based on the
Kolmogorov hypothesis, we make the reasonable
assumption of a dynamic similarity, in a statistic-
al sense, between the smallest eddy dictated by
viscosity and the smallest eddy allowed by the
filter size A which presumably lies within the
inertial subrange. From experiments we know
that if the Reynolds number is large enough, the
inertial subrange begins at about 1/3rd the large
scale. This is the Smagorinsky model.

Therefore, the truncated deductive model in
Eq. (6) treats the eddies immediately below A,
but not those very small eddies which account for
the dissipations. Thus, it seems fair to conclude
that we need the Smagorinsky model to describe
the dissipation correctly, and the truncated deduc-
tive model to ensure a smooth cascade process. A
linear combination of deductive model and eddy
viscosity model turned out to correlate better with
the exact value than the Smagorinsky model alone
by Lee and Meecham (1996) . But this model may
have difficulties due to its inevitable truncation
when treating a mixed problem of transition to
turbulence, separation, free shear layer, and vor-
tex shedding.

The dynamic subgrid-scale turbulence model
was proposed by Germano et al.(1991) to simu-
late closely the state of the flow by locally cal-
culating the eddy viscosity coefficient through
double filtering. This model exhibits the proper
asymptotic behavior near boundaries or in la-
minar flow without requiring damping or inter-
mittency. However, these models with a Gaussian
filter are more demanding from the double fil-
tering at each time step in terms of computation
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time.
Applying both grid and test filters, G and T to
the continuity equation yields
du;
ox;
Applying both filters, 7 and G, to the Navier-
Stokes equations yields

auz a(ul)
o5 Teui
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The main issue of present modeling is the use of
two stress tensors for Gaussian—filtered approach
where the SGS stress at the test-filter level is
defined as:

Wilds) 9
Combining the test and grid-filters G7T', the

algebraic eddy viscosity model, Ti; can be as-
sumed as:

Ti,-=—-p(ufu,--—

Tij=2pcA2Tl 3 | 3:’; (10)

The normalized Gaussian filter in three

dimensions is :

Gla-z & =(/-5)

) QBE-Bey (1))

The grid-filtered variable can be expanded in
terms of Taylor series for a Gaussian filter as:

Flo)= [+AGV2+21‘ <A§;4Vz)+...]F(£)(12)

The resolved turbulent stress tensor, L, is de-
fined as:

L= Ti—to=p{ 3~ ticit;) (13)

where the elements of L; are resolved com-
ponents of the stress tensor associated with scales
of the motion between the test-scale and the
grid-scale. We can also define M;; as follows

M;=p(0%|5|5,-A%15]S4) (14)

An attractive property of the explicit Gaussian
filter lies on the fact that the commutative pro-
duct GT (=TG) between the two Gaussian fil-
ters of G and T with characteristics lengths of
A¢ and Ar gives other Gaussian filter with a
characteristic length, Acr, given by Germano
(1992):

=A%(r*+1) (15)
Lilly (1992) suggested that the error in C can be
minimized by applying a least-square approach

to Germano’s dynamic procedure :

Clx, v, 2, t) =+ 1 1{‘4“’%‘: (16)

Er=A% +A2

If we apply the Taylor series expansion to test
Gaussian—filtered quantities, we have :
A} O du; AT Pus 8217,-*___ a7
12 9x ox 24 ox* ox®
My=(A%r—A%)| 51 Sy
| A (A% —AY) (IS! azsus azlsl)
v 24 )
AL, (g‘i )ZéziSl 8252., (18)
ox*  ox
2 or ox
A priori test on a direct numerical simulation of
fully developed pipe flow was done to evaluate
this approach by Brun et al.(2001), and showed
that such a formulation highly increased the cor-
relations between real stress tensors from DNS
and modelled tensors.
The turbulent eddy viscosity using dynamic
Smagorinsky constant is now determined as:

vr=CA?| S| (19)

The dynamic Smagorinsky constant, C, obtained
deductively by using Eqgs. (16)-(18) was tested
and applied to solve the subgrid-scale stress
tensor in Egs. (5). This SGS model does not need
an averaging in a2 homogeneous direction for
smoothing which has usually prevented the dy-
namic model from being applied to the flows of
complex geometry e.g. turbomachinery impeller
(Lee et al., 2003).

Ly

22 Numerical method and boundary condi-
tions

The numerical simulation of an unsteady, tur-
bulent flow through a cascade of blades was
performed with the modified ANSWER code
(Runchal and Batia, 1993), which accommodates
the subgrid-scale model proposed by Lee and
Meecham (1992) for LES computation.
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The collocated arrangement is used with Car-
tesian velocity components of finite volume ap-
proach as shown in Fig. 1. In general, the flux is
computed from Green’s theorem as

a_x, 7‘/¢S-f; (20

For computing fluxes, we also require the gra-
dients at the faces, say, 3p/0x |.. If we determine
0p/0x | as a linear interpolation of dp/dx |, and
9p/3x |, then it can be seen that the direct effect
of nodes P and E will be reduced and effects of
nodes ee and w will enter the formula. This is not
desirable either from the numerical standpoint or
from computational convenience.

There are a number of alternative ways in
which 8p/dx | can be determined. The simplest is
to define a closed surface extending from node
E to node P with other surfaces between these in
the y and z directions. The most general approach
is to define dp/dx |. on both sides of the e surface
as given below and then interpolate.

=y Ante=Ad
+ﬂ+ [Am¢m Ase¢se+Aw¢ue_Ade¢de]}

where, 8* is the fraction of the total surface
which is contained between the e-E connection.
We have for simplicity assumed that 8* for all
surfaces is constant, though in reality it will
vary. But for all practical purposes, this choice
of constant 8* should suffice since, in any case,
0p/3x |. is being obtained from linear interpola-
tion. Further, consistent with the assumption, we

(21)

O
S SE
Fig. 1 Collocated grid arrangement

shall also assume that
I/e+=,3+ VE, AE=Ae+B+ (Aee"'Ae) (22)
so that Eq. (21) is now written as

a8 |* 9¢
B[ L4

+‘“I7E‘ { (Aee"'Ae) ¢E _Aee¢ee +Ae¢e }

E

(23)

In the same way, we now write d¢/dx |7 as

0| _ Aoy
ax e"‘ I/e_ (¢£ ¢) ax

1
'W { (Ae“Aw) ¢P _Ae¢e+Aw¢w )

(24)

Now 3p/dx | can be obtained by linear inter-
polation as

d
ax le

! +(1—y) aﬁ : (25)

where y=aes/are and « is the distance.
With the same level of interpolation accuracy,
we may write

Ve _ Ve -
r=y lmr=- Ve= V&' Vs (26)
Now we may write
a4 Ve 0%
x e (¢E ér) + Ve ox lp (27)
+ V“’ 99 +
Ve ox e Ve
where,
S =37 e Aw¢w I/e Aee¢ee
Ve Ve N Ve
+< ve Vi Ve VP>A"¢e
Ve
<Ae V+ A5+Aee V Ae ) ¢E
+( A~ Ae +Ae —AwV ) g

The equation of continuity was transformed
into an equation for computation of the density
in this study. This approach of working directly
with the density variable is termed DEFCON
for Density Equation Formulation of Continuity
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equation. The governing Navier-Stokes equa-
tions are integrated by Finite Volume Method
(FVM) for a collocated, structured grid sys-
tem. A major advantage of this method is that
it intrinsically preserves the mass, material fluxes
both on local and global scales. The numerical
integration starts with the assumption of an
integration profile for the ‘state variable. The
CONDIF (Runchal, 1987) scheme, which is sta-
ble and second order accurate, is employed in this
research. In this work, the Alternating Direction
Implicit (ADI) solution was used, which solves
the set of algebraic equations in three sweeping
directions. This temporal discretization of the
ADI method is proven to be unconditionally
stable in a linear sense. But it may not be accurate
in time if the time step is large due to the neg-
lecting of the third-order term that is essential to
the factorization.

2.3 Flow condition and grid test

Simulation of the flow past a cascade was car-
ried out to explore the flow feature in the cascade
both at design and off-design conditions. Physical
dimensions and blade angles of the cascade are
depicted in Fig. 2. In the cascade, the solidity is
1.43 and the blade height is 20 cm. Simulations
were performed at seven incidence angles includ-
ing the design condition in which the incidence
angle is zero. In all cases, the flow coefficient was
kept the same by varying incoming velocity as
shown in Table 1.

Stagger anghe( ) /’
\‘ \
;‘)

\%)\' /

lniet blade saghe(By) N

%

1

50% Cx downstream

Dimenslons in cm

Cxad 2 l

Fig. 2 Schematic of the cascade

1004 Cx upstream

In the simulation, flow and acoustic fields
are calculated simultaneously. The numbers of
the H-type grids in x-, y-, and z-directions are
362X 168X3, 362X334X3, 362X 168X12, 362X
168 X24 for 2-D computation with two blades
(2D2B domain), 2-D computation with four bla-
des (2D4B domain), and 3-D computation with
two blades (3D2B domain) in each computa-
tional domain, respectively. The cases of 2D4B
domain and 3D2B domain are tested to see the
pitch-wise and span-wise variations of shedding
pattern for incidence angles of +5° and +10°.
The inlet boundary is placed at an upstream
location of 8 times Cy, while the outlet boundary
is placed at a downstream location of 10 times Cx.
On the outlet boundary, the convective boundary
conditions of Hayder et al.(1995) were used to
make the boundary non-reflective. The periodic
boundary conditions were used on boundaries in

Table 1 Inlet conditions at each incidence angle

Incidence angle (%) | Velocity (m/s) Rec

20 29.4 1.30 X 10°

10 31.5 1.39x 10°

304 1.34 X 10°

0 27.6 1.20 X 10°

-1 26.1 1.15%10°

—-20 20.1 8.84x 10*

—40 16.7 7.20%10*

I L@, .
: / O S +G)E =0

Perfodic boundries in
Z-direction

5=4.67cm

8Cx C=667em

Cx=42em
Perlodic boundries in

y-direction
25

Fig. 3 Computational domain for flows over cas-
cade
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Table 2 Lift and drag coefficients at each case of
grid numbers

Grid no.(x-y-z) Cp CL
242-112-3 0.056 0.343
242-112-12 0.054 0.343
242-112~-24 0.055 0.344
362-168-3 0.055 0.330
362-168-12 0.053 0.329
362-168-24 0.054 0.331
542-248-3 0.053 0.316

pitch-wise and span-wise directions for each
computational domain as shown in Fig. 3. The
non-dimensional time step (A¢+U./C,) in the
present simulation ranged from 23,000 to 50,000
with the maximum CFL number of 0.27.

The numerical data have been compared
against experimental results (Hong et al, 2002)
which were acquired at 1009 axial chord length
upstream from the leading edge of the blades,
and 50% axial chord length downstream from
the blades’ trailing edge.

To establish the grid-independency of the code,
the cases having different grid numbers as shown
in Table 2 were also tested at an incidence angle
of +5°. The time-mean vaiues of Cp and C,
computed from surface pressures were found to
remain almost constant by increasing the grid
numbers from 3 to 24 in the spanwise direction
as given in Table 2. Doubling the grid numbers
approximately in both x and y directions caus-
ed the time-mean values of Cp and Cp to be
reduced by 5 and 8 percents, respectively. The
time-mean values of Cp and C, are more in-
fluenced by the in-plane grid number than the
spanwise grid number. This test ensures that the
two-dimensional phenomenon is dominant in a
cascade flow. While the time-mean lift coeffi-
cients do not differ from each other for the cases
of 2D and 3D simulation, but their amplitudes
differ very significantly. The time history of fluc-
tuating lift coefficient will be discussed in the
section 4.2.

To assess the feasibility of spanwise grid num-
bers, two cases of 362X 168X 12 and 362X 168 X

0.18

0.$ te
2C

(a) Spanwise grid number of 12

Ta

A o L

018

1.0
2C

(b) Spanwise grid number of 24

as 15 la

Fig. 4 Non-dimensional surface pressure contours
on suction side for the cases of 12 and 24
spanwise grid numbers

24 are tested and compared in Fig. 4. The case
of 24 grids in spanwise direction are found to
resolve the quasi-periodic pattern near T.E. more
clearly, nevertheless the time-mean values of Cp
and C; remain almost constant. The values of Cp
and C. for the cases of 362X 168 X 12 and 362X
168 X24 are 0.053 and 0.329, 0.054 and 0.331,
respectively. The spanwise resolution is consi-
dered to help the unsteady amplitude of dipole
source functions and spanwise coherency near
T.E. to be more physically described.

3. Experimental Facilities

The noise experiments were conducted in an
anechoic wind tunnel with an open test section
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that measures 40 cm wide and 40 cm high, and
the maximum speed at the test section is 30 m/s.
The maximum value of turbulence intensity on
the order of 0.25% and total pressure variations
on the order of 0.2% were measured and consi-
dered adequate to prevent any spurious effects
on aerodynamic coefficients. A more detailed des-
cription of the wind tunnel is in Lee et al.(2000).

A cascade composed of identical blades is
mounted on a turning table and placed down-
stream of the contraction of the tunnel. In this
set-up, the cascade was composed of only four
blades for an exact comparison with numerical
data and had the free-stream to pass through the
mid-span by having the jet efflux height of 14
cm by an contraction to get rid of any effect by
horseshoe vortex near the junction of wall and
blades. The side walls were also removed so as
not to accelerate the flow in the passage near the
side wall, which was believed to create more
discrete sound before.

The turning table is a semicircular disk made of
8mm thick plexiglass. An adapter was placed
between the exit of the wind tunnel test section
and the inlet of the cascade to make all air pass
through the cascade. The stagger angle was kept
at 51° and only the incidence angle was varied
from —40° to 20° by rotating the turning table.
Thus, the effect of the stagger angle was not
explored in the present research even though its
effect on the performance of a cascade is signifi-
cant as Yocum and O’Brien (1993) claimed. The
blade is a double circular airfoil with blade
height of 20 cm. The dimensions of the biade and
cascade are depicted in Fig. 2. The aerodynamic
performance of the same cascade was measured
in an open-type wind tunnel. These experimental
results are discussed in detail in a companion
paper by Hong and Song (2002).

The incidence angle was varied from —40° to
20° and the velocity was adjusted to keep the
axial velocity constant regardless of the incidence
angle as shown in Table 1. The Reynolds num-
bers based on free-stream velocity (U.) and
blade chord length (C) ranged from 7.2 X 10* to
1.39 X 10°. Laminar flows with laminar separa-
tion bubbles are often encountered in the blade

FFT analyser

‘Fig. 5 Experimental setup for far-field noise
measurements

cascade at Reynolds numbers less than 2X 10°.
This separation bubble will reattach and may
initiate transition resulting in turbulent flow
downstream.

Far-field sound measurements were carried out
by using a 1/2” B&K Mode! 4189 microphone,
which was traversed by 10 degrees circumfer-
entially to measure noise directivity patterns from
the cascade for the conditions described as in
Table 1. The distance from the center of the
cascade to the tip of the microphone was kept 1
meter as depicted in Fig. 5. Radiated sound pres-
sure levels were acquired by using a 2-Ch FFT
analyzer (Stanford Research Model SR780). The
sound pressure level at each measuring location
was calculated from the ensemble-averaged spec-
trum of 1,000 short-time spectra.

4. Results and Discussion

4.1 Simulated flow patterns

The simulated flow-fields in the 2D2B domain
for the incidence angle of —20° at four time steps
are shown in Fig. 6. In the figure, the time steps
are represented in terms of the period of vortex
formation and decay on the blade. The flow on
the pressure side was separated near the leading
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Fig. 6 Streamline patterns at t=T4~T in one

period (incidence angle —20° ; 2D2B model)

Fig. 7 Streamline patterns at t=T4~T in one
period (incidence angle 0° ; 2D2B model)

edge due to high negative incidence angle. Sever-
al co-rotating separation bubbles are observed
in the separated region as shown in the figure.
However, a wake was not developed downstream
of the blade or cascade, and thus the separa-
tion would not cause any serious problem as in
the case of positive incidence angles. Shown in
Fig. 7 are the instantaneous flow patterns at
an incidence angle of 0°. The streamlines just
downstream of the trailing edge seem to oscillate

Fig. 8 Streamline patterns at t=T4~T in one
period (incidence angle +20° ; 2D2B model)

with a phase angle in the normal direction of the
flow direction. Although this oscillation is not
too significant, it probably alters dynamic pres-
sure at a downstream location. For the case of an
incidence angle of +20°, the separation bubble
formed at the leading edge travels downstream
and grows in size with increasing downstream
location as shown in Fig. 8. This enlarged and
unsteady vortex will reduce the effective flow
passage and in turn result in stall.

4.2 Aerodynamic performance of the cas-
cade
The simulated results were compared with
experimental results to see if the use of LES to
predict the performance of a cascade is applica-
ble to separated/stalled flows. The pressure loss
coefficient, defined as

CPF% (28)
is shown in Figs. 9 and 10 for incidence angles
of 5° and —40°, respectively. For the case of an
incidence angle of 5°, the predicted/simulated
total pressure loss coefficient compares fairly
well with the experimental results except the
downstream of the suction side of the blade. The
coefficients showed some difference at an inci-
dence angle of —40° as shown in Fig. 10. How-
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Fig. 10 Distribution of total pressure coefficients
along pitch-wise direction at an incidence
angle of —40° (2D2B model}

ever, the trend of total pressure coefficients for
both cases was well predicted.

The total pressure loss coefficient and deflec-
tion angles with incidence angle are shown in
Fig. 11. The total pressure loss coefficient {w) is
defined as:

0
_DPu—p: _ Abo _/s. pvxCredy
R S P 29
/s oV<dy
The deflection angle is the difference of flow
angles at inlet and outlet of the cascade. The
vertical dotted line represents the onset incidence
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Fig. 11 Cascade mean deflection and pressure loss
curve by LES computation with those by
experiment

angle of stall for experimental data. In general,
the onset incidence angle of stall is decided at a
point where the total pressure loss coefficient is
twice the minimum value. Based on this, the mea-
sured and simulated stail-onset incidence angles
are found to be, respectively, 7.1° and 12.8°. Ac-
cording to Howell (1942), the deflection angle
at the nominal condition is defined as 809 of the
maximum deflection angle. The measured and
simulated deflection angles at the nominal condi-
tion are given as 13° and 8.6", respectively.

Transitional flow may depend on inlet turbu-
lence levels, pressure gradients, and Reynolds
number. Depending on inlet turbulence inten-
sity, the transition may commence at a Reynolds
number of 1X10° based on chordwise location
(Lee and Kang, 2000). The measured cases in the
range of incidence angle greater than —10° and
less than 10° may be considered to have transi-
tions at streamwise locations of about 80% of
blade chord while the predicted cases may not
have any transition on the blade due to no turbu-
lence fed at the inlet of computational domains at
the Reynolds numbers considered.

The drag and lift coefficients are shown in Fig.
12, and they may be defined as:

C — D — Apo _S_C053 ﬂ;
P oU2C/2  ovd/2 C cos? B
3 o (3())
_ o Cos B
o cos® B
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Fig. 13 Comparison of lift-drag ratios by LES com-
putation with those by experiment

C. =—i~[tan B —tan Bf]cos B2
- CD tan BZ*

(31)

The predicted values of both coefficients well
agree with the measured data. Since the drag
coefficient is proportional to the total pressure
loss coefficient and other parameters are given
as shown in Fig. 12, one may calculate the onset
incidence angle of stall at a point where the drag
coefficient is double the minimum drag coeffi-
cient. In fact, this is the approach Carter (1950)
used to define the onset incidence angle of stall.
For an incidence angle greater than the measured
or predicted onset angle, which is about 10° as
mentioned before, the drag coefficient increased
rapidly with increasing incidence angle as ob-
served in Fig. 12. Shown in Fig. 13 are ratios
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Fig. 14 Time history of lift coefficients by 2-D and
3-D LES at an incidence angle of +5°

between drag and lift coefficients. If one uses
Carter’s (1950) method to decide the optimum
condition of maximum lift-drag ratio, the optimal
incidence angles seem to coincide with each other
for measured and predicted cases.

Figure 14 shows the time history of lift coeffi-
cients predicted by 2D and 3D LES simulations
by using the deductive dynamic SGS model at an
incidence angle of 5°. The time-mean lift coeffi-
cients were found 0.343 for both cases, but their
amplitudes differed from each other very signi-
ficantly because 2D simulation usually leads to
exaggerated vorticity fields for unsteady cases.
The dynamic behaviors by 3D simulation are
found to be more suppressed than 2D case, but the
steady-state values remain the same, which is
common in the cascade analysis.

4.3 Flow-Induced noise from the cascade

A hybrid method using acoustic analogy was
employed. to compute the far-field sound and
directivity patterns from the separated vortex with
or without shedding at off-design points of the
blade cascade. For a continuous force field of
density F; the sound field is given by an inte-
gral over the region of flow containing the force
field,

am (2, 0 =—2[F19VE ()

If the space derivative is evaluated and the near
field neglected, equation (19) reduces to
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While Ffowcs Williams and Hall’s theory (1970)
offers acoustic scatterings and reflections of tur-
bulence over an infinite half plane by involving
an acoustic Green’s function, this approach does
not take into account the possible acoustic reflec-
tions on the airfoil walls. But it is not feasible to
find an appropriate acoustic Green’s function for
this complex geometry unless a numerical Green’
s function is introduced by using the boundary
element method. No such work has been reported
to the author’s best knowledge.

Far field radiated sound from the blade was
computed using the time-dependent flow field as
described earlier, for the full range of radiation
angles in 10° increments at 10 meters (R) from
the center of blade chord. Radiation angle is
defined such that 90° is along the mean relative
velocity vector W.. A fifth-order polynomial re-
gression was applied to find time-derivatives of
surface force densities at each retarded time by
using non-dimensional time interval (Co*At/R)
of 6.8X1075% Overall Sound Pressure Level
(OASPL) was calculated after averaging sound
pressures obtained from more than 200 realiza-
tions, and normalized to a reference radius of one
meter for comparison.

In Fig. 15, the noise amplitudes are compared
between experimental values and those by deduc-
tive and deductive dynamic models at an inci-
dence angle of 5°. The sound pressure levels from
the dipole sources on the blade underestimated
the experimental values by both deductive and
deductive dynamic SGS models, but the dynamic
one resulted in more accurate SPL’s than the
deductive one. The 2D dynamic model over-
predicts the noise from cascade by more than 10
decibels at the maximum radiation angle. All the
directivity patterns by three models deviates from
the measured one in the same way because all
cases assumed that the surface pressures on each
blade are uncorrelated enough to add its contri-
bution to the OASPL’s separately by using the
simple relation of 10 Log;o(n) where n is the num-
ber of blades. But in real situation, the displaced
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Fig. 15 Directivity patterns of far-field sound pres-
sure levels at an incidence angle of +5°
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Fig. 16 Power spectra of far~field sound at an inci-

dence angle of +5°

arrangement of blades having uncorrelated source
fields affects the near-fields together with qua-
drupole sources, resulting in the deviation from
the compact dipole distribution.

The computed sound energy spectrums are
compared with the measured noise spectrum, as
shown in Fig. 16, at an incidence angle of 5° for
deductive model and deductive dynamic model.
The measured one shows the characteristics of
typical turbulent boundary layer noise of broad-
band with a few narrow-band peaks at 400 and
3,220 Hz, which are closely related to oscillating
vortices inside the separation bubble and the
shedding vortices near T.E., respectively. Both
models can predict the overall sound power level
and directivity pattern from the cascade flow
within a specified accuracy. But the deductive
model only captures the discrete frequency char-
acteristics while the deductive dynamic model



284 Seungbae Lee, Hooi-Joong Kim, Jin-Hwa Kim and Seung Jin Song

10Log, (i )+10Log (7 r,)'+10Log, (n)
wherer =10m, r =1, n(¥ of blades)=4

*  Experimenta] data
Qe l::ml’w Dynamic SGS modei(3-D)

3
g

g

Dipole(dB)
g 2
"B

3
-]
5
g

i

Fig. 17 Directivity patterns of far-field sound pres-

sure levels at an incidence angle of —10°

helps to depict the real sound in the spectral
sense.

Comparisons of measured and simulated OA-
SPL’s versus radiation angle are also made in
Fig. 17 for an incidence angle of —10°. The
simulated result using the deductive dynamic
model for an incidence angle of —10° is in excel-
lent agreement with the measured data except
the slight over-prediction near the maximum ra-
diation angle as seen in Fig. 17. The measured
directivity pattern of dipole characteristic for the
incidence angle of —10° has a maximum radia-
tion at 10 degrees deviated from the lift force
direction, along which the simulated one has its
maximum.

5. Conclusions

An efficient fluid dynamics model for time-
dependent, two- and three-dimensional represen-
tations of turbulent flows in a compressor cascade
and far-field radiation from it has been deve-
loped, incorporating large-eddy simulation and
Lighthill’s acoustic analogy.

The subgrid-scale models employed use a hy-
brid of Smagorinsky’s model and mathematical
deduction in two ways of simple truncation and
dynamic approach. The unsteady, turbulent flows
with incidence angles ranging from —40° to +20°
have been computed. The oscillating separation
bubbles attached to the suction surface do not

modify wake flows dynamically for negative in-
cidence angles. Simulated characteristics follow
trends of experimental data for all cases and show
some deviations for the non-extreme incidence
angles, e.g., between —10° and +10° where the
natural transition must be accounted by simula-
tion for the Reynolds numbers of concern. An
incidence angle greater than +8° caused a sepa-
rated vortex near the leading edge to be shed
downstream and created stalling. The separated
vortices in each passage do not occur simulta-
neously and show the typical mode of rotating
instability at large incidence angles.

Computed far-field noise levels and directivity
patterns are in close agreement with those mea-
sured at specified conditions in anechoic wind-
tunnel facility. While the off-design case of a
negative incidence angle shows dipole source
characteristics, the measured case of a positive
incidence angle exhibits a directivity pattern
with not negligible contribution of quadrupole
sources, which suggests subsequent research on
volume sound effects at least for stalling.
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