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Abstract

This paper investigates the modal acoustic power (MAP) generated by a cascade of flat-plate airfoils interacting with
homogeneous, isotropic turbulence. The basic formulation for the upstream and downstream acoustic power based on the
analytical theory of Smith [Discrete frequency sound generation in axial flow turbomachines, Reports and Memoranda no.
3709, Aeronautical Research Council, 1972] and its generalization to broadband noise due to Cheong et al. [High
frequency formulation for the acoustic power spectrum due to cascade—turbulence interaction. Journal of the Acoustical
Society of America 119 (2006) 108—122]. The MAP has been expressed as the sum of cut-on acoustic modes, whose modal
power is the product of three terms: a term that specifies the wavenumber distribution of mean square velocity, a sound
power factor that specifies the efficiency of radiation, and an acoustic blade response function. The effect of these terms on
the MAP is discussed in detail in this paper. The acoustic blade response functions are found to determine the modal lines
of minimum sound power in mode-frequency maps of the MAP. The upstream sound power factor is less than the
downstream power factor, which is generally large, especially away from the cut-off frequency. Both power factors are
small for modes close to cut-off. Modes close to cut-off, therefore, do not contribute significantly to the radiated acoustic
power in the downstream direction, even though the modal pressure amplitude for these modes is high since they are
excited close to resonance. For an isotropic turbulent gust, the mean square velocity wave number spectrum reduces only
the magnitude of the MAP without altering the distribution of power in the frequency-mode map.
© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

With the reduction of jet noise and fan tone noise due to the introduction of higher bypass-ratio engines and
lower-speed fans, fan broadband noise is now one of the major noise sources on an engine. This paper deals
with the modal acoustic power (MAP) of broadband noise due to the interaction between isotropic
homogeneous turbulence and a cascade of flat-plate airfoils. This problem is relevant to broadband noise
generation in an aircraft engine due to the interaction of the turbulent rotor wakes with the stator vanes. This
broadband-noise mechanism is now widely regarded as the dominant source of fan broadband noise.
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Nomenclature u; velocity perturbation in x;direction
U; mean velocity in x,-direction

a sound speed w upwash velocity perturbation

B the number of airfoils in a cascade 5 3

c airfoil chord length w mean-flow speed, V Ui+ U3

k; wavenumber of ingested turbulence gust X; Cartesian duct coordinate system, Fig. 1
in Cartesian coordinate system Vi Cartesian cascade-fixed coordinate sys-

K, /W tem, Fig. 1

/ acoustic mode number in the gap-wise o wavenumber of the generated distur-
direction bance in the axial-direction

m vortical mode number in the gap-wise B wavenumber of the generated distur-
direction bance in the gap-wise direction

M Mach number of mean-flow r vortex strength

M, Mach number in the axial direction, A cut-on parameter
M cos 0 0 stagger angle, tan~!'(U,/U)

M, Mach number in the gap-wise direction, 2] cut-on ratio
Msin 6 A reduced frequency wc/W

P pressure perturbation 0 density perturbation

r scattering index for a cascade of airfoils o interblade phase angle

R cascade response function Do turbulence spectrum

s blade spacing 1) angular frequency

t time PSD  power spectral density

One of the first attempts at predicting the broadband noise due to the interaction between an airfoil and a
turbulence gust was by Amiet [1] who has developed a theory for broadband noise of a two-dimensional
isolated airfoil in a turbulence stream. However, for an aero-engine fan, the number of blades is generally very
high, such that acoustic interaction between the blades cannot be neglected. This leads us to consider the
response of a blade row, or cascade, instead of isolated airfoils. The acoustic radiation from a uniformly
spaced cascade of blades due to an impinging harmonic gust has been addressed using a number of different
approaches. Kaji and Okazaki [2,3] have considered sound propagation upstream through a blade row by
solving for the distribution of dipole source strength on the blade surfaces. Smith [4] has developed a
numerical method for solving the unsteady flow through an infinite, two-dimensional cascade of flat plates at
zero angle of attack. Further details are presented in Whitehead [5]. Mani and Hovray [6] have solved this
problem using an approximate solution based on the Wiener Hopf method. Koch [7] has extended the method
of Mani and Hovray to blades with finite chord. More recently, Peake [8] has extended Koch’s analysis to
determine the unsteady loading on the blades. Peake has also developed analytical tools to enable the rapid
computation of the function required for the Wiener Hopf solution [9,10]. Glegg [11] has extended the method
to a three-dimensional rectilinear cascade of blades, which allows the effect of blade sweep and of oblique
gusts to be predicted.

The broadband noise radiated by a uniformly spaced cascade of blades due to an impinging turbulent gust
may be predicted by Fourier synthesis of the response due to a single harmonic vortical gust. Hanson and
Horan [12] have investigated this problem by extending the analytical model of Glegg [11]. Hanson [13] has
used this model to investigate the effects of lean and sweep on broadband noise generation. Recent work of
Cheong et al. [14] has extended the 2D solution of Smith [3] and Whitehead [4] to investigate the sound power
radiated by a cascade of flat-plate airfoils interacting with two-dimensional homogeneous, isotropic
turbulence. They found that the acoustic power spectrum may be conveniently split into two distinct frequency
regions of low frequency and high frequency, separated by a critical frequency. Above this frequency, the
blades were found to radiate incoherently and the acoustic power shown to be approximately proportional to
the number of blades. Based on this finding, they derived an approximate formulation for the sound power
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spectrum that is valid above the critical frequency and which is in excellent agreement with the exact
expression for the broadband sound power spectrum.

Nose control in an aero-engine duct is generally based on the information about the modal distribution of
the sound field in the engine duct [16]. This modal content will be largely determined by the distribution of
cascade modes: for example, from the relative distribution of sound power in the co-rotating and contra-
rotating modes. An understanding of the factors which influence this mode distribution is therefore essential.
In the present study, the MAP generated by a cascade of flat-plate airfoils interacting with homogeneous,
isotropic turbulence is investigated in detail. Emphasis is given to the characterization of the acoustic field
through the breakdown into its MAP components. The basic formulation for the acoustic power upstream
and downstream is based on the analytical theory of Smith [3] and its generalization due to Cheong et al. [14].
The MAP has been expressed as the sum of cut-on acoustic modes, whose modal power is the product of three
terms: a term that specifies the wavenumber distribution of mean square velocity, a sound power factor that
specifies the efficiency of radiation, and an acoustic blade response function. Through the analysis of each
factor separately, their relative contributions to the MAP is assessed.

In Section 2, the method of Smith [3] and the extension to broadband noise of Cheong et al. [14] are briefly
described. In Section 3, the formulation of MAP is decomposed into sub-components, which are analyzed
independently. Finally, MAP distributions upstream and downstream are characterized in association with
these factors.

2. Basic formulation for acoustic power spectrum
2.1. Brief review of the formulation of the acoustic power spectrum

The cascade geometry and coordinate system investigated in this paper is shown in Fig. 1. A two-dimensional
cascade of flat-plate airfoils with stagger angle 0 is assumed to be located in a two-dimensional uniform flow
moving in the direction parallel to the chord, i.e., with zero angle of incidence. Homogeneous, isotropic
turbulence is assumed to be convected with the mean flow W as a “frozen gust pattern”. In Fig. 1, (x;, x,) is the
unwrapped duct coordinate system, and (y;, y») is the cascade-fixed coordinate system. Following Smith [3],
nontrivial, single-frequency solutions of the governing linearized Euler equations of the form

u uj
U — il ei(wl+o¢x1+[§xz)’ (1)
» _

¥s A X2

Flat airfoil

//
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i 4
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Fig. 1. The cascade geometry and its coordinate systems with the convected turbulent gust.
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are obtained for
(04 Uye+ Usp)* — a(@® + 7) = 0, )
or
(w+ Uy + Uyp) =0, 3)

where i and p are complex amplitudes, and o and f§ are the wavenumbers of the perturbation quantities in the
axial and gap-wise directions, respectively, and U; is the mean velocity in the xidirection, u; is the unsteady
velocity perturbation in the x;-direction, pg is the mean density, and p is the (acoustic) pressure. The dispersion
relations of Eqgs. (2) and (3) relate solely to acoustic waves and to vorticity waves, respectively. A single
wavenumber component (ky, k,) of impinging turbulence has a phase angle ¢ between adjacent blades separated
by a gap s given by

o = (ki sin 0 + k, cos 0)s. 4
The phase angle f3,.s between adjacent blades of the rth acoustic wave generated from the cascade due to a single

wavenumber component of vorticity (k;, k,) is of the form f,.s =06 —27r (r = —0,...,—1,0,1,...,00). The
acoustic circumferential wave number f3, of the rth acoustic wave is therefore given by

_ (ky sin 0 + kjy cos 0)s — 2nr
g .

B

Eq. (2) is a quadratic equation of the axial wavenumber «, whose solution can be expressed in terms of f, and
w as follows:

©)

. Mi@/at Map) % \J(/at Maf,)? — (1 — MDE
oS = Y .
1

(6)

The two solutions for «, correspond to upstream going (+) and downstream going (—) acoustic waves. Note
that f, takes an infinite number of values, corresponding to an infinite number of cascade modes. However,
Eq. (6) indicates that only a finite number of these modes can propagate unattenuated. The amplitude of the
cascade modes due to a harmonic gust can be obtained by following the procedure presented by Smith [3]. For a
harmonic gust of the form

Wi, Va, 1) = woellk101=Wotkap] -

the acoustic pressure upstream and downstream of the cascade (+,—) is of the form

o0
PO X0, 1) = pgWing Y RielbrWrvonnitho), ®

F=—00

where R¥ is the cascade response function, which specifies the nondimensional modal pressure amplitude and is
completely defined by the parameters of s/c, 8, M, 2 and o, where 1 is the reduced frequency wc/W.

The analysis of sound radiation due to an incident sinusoidal vortical gust can be extended to broadband
turbulent velocity distributions via Fourier transformation. It is assumed here that the turbulence can be
regarded as a “frozen gust pattern” convecting with the free stream velocity W. This is a reasonable
assumption because turbulence velocities are generally much smaller than convection velocities and hence
change only slightly as they are convected past any airfoil in the cascade. Eq. (8) can be generalized to give the
acoustic pressure radiated from a cascade subject to the impinging turbulent gust, in the form

P X, 0) = pgW / / Wk, ko) Y RE(ky, ky)e Vs xcthon) diey des, 9)

r=—00

where ﬁ/(kl,kz) is the two-dimensional wavenumber spectrum of the turbulence velocity in the direction
normal to the blade. By following the procedure described by Cheong et al. [14], the acoustic spectrum of
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sound power per unit span can be expressed in the form

e@:I:((O) — 27-Cp0

Z Ql (Kl) Z djww(1<l:k2l-&-Br) (10)

r=—00

cos 0

where Qf is a nondimensional modal power response function given by

o Re{—aoif + M (0 + U + Uaf))}

+ + 2
Ki)=|R (K, k 11
07 (K1) = |Ry (K1, kamod(,)! 0+ Urok + Uafy? (11)
and the acoustic wavenumber in the x,-direction must satisfy the periodicity condition
2n
By =—1, 12
=1 (12)

where / is an arbitrary integer and denotes the order of the acoustic mode in the x,-direction (which
coincides with the circumferential direction in the duct coordinate system).The function, mod(/, B),
denotes the remainder when the first argument is divided by the second argument. If we consider only
the cut-on modal components in Eq. (10), the infinite summation over / in Eq. (10) becomes finite at a
given frequency. In a subsonic flow, W<a, propagating modes correspond to real values of oF in Eq. (6),
which depends upon the sign of the expression under the square root of Eq. (6), which may be written in
the form

= (k + M2p)’[1 — 67], (13)

where @, is a nondimensional cut-on parameter defined by

V1= Mip,
o =Y (14)

ok + M

Eq. (13) defines the cut-on condition of the cascade modes. If A% >0, or @,2 <1, the acoustic axial wavenumber
is purely real and the acoustic waves propagate unattenuated. We denote L,,,x and L,;, as the maximum and
minimum integers of the acoustic mode number / satisfying the inequality of A% >0, or @? < 1. These
correspond to acoustic modes traveling in the direction of the swirl velocity U,, and against it, respectively.
Eq. (10) can now be written as

Linax

> OF(KY) Z Dy (K1, K 130), (15)

r=—00

2npy M

PEH(w) =
(@) = cos 0

I=Lin

where the range of the scattering index r is chosen to ensure convergence of the solution.

For simplicity we assume that the turbulence impinging on the cascade is homogeneous and isotropic.
A suitable model for wavenumber PSD (power spectral density), that is consistent with these requirements,
is the Liepmann spectrum @,,,,(k1, k2, k3) of the form

2w2A3 A2k + 1)
L R (= S ) o
where w? is the mean square value of turbulence velocity in the direction normal to the chord and A is the

turbulence integral length-scale. Integrating over k3 gives the two-dimensional spectrum required in Eq. (15) of
the form

(pww(klskZ: k%) = (16)

w2A% [1 4 A2 + k3))

djww(k K ) = .
T a1 208+ )PP

(17)
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2.2. Comparison with measured data

A comparison between the sound power spectra predicted using Eq. (15) and the experimental data
obtained from a model test in a wind tunnel at NASA-Lewis [12] was shown in Fig. 9 in Ref. [14], which had
been computed by the author using the same formulation. The computation were performed for B = 45,
s/e=0.8, 0 =30°at M = 0.5. The incident turbulence flow is assumed to be homogeneous and isotropic and
modeled using Eq. (17) with w2/ W? =4 x 10~* and A/c = 0.2. The turbulence length-scale and intensity were
determined by trial and error to provide a good fit to the measured data. The measured noise below 300 Hz
was reported to be due to sources other than the fan. Although the prediction was carried out using two-
dimensional theory and the turbulence assumed to have the idealized characteristics described above,
predictions from the theoretical model were found to be in acceptable agreement with the experimental data.

The broadband noise in an aircraft engine, which the model described above is believed to a good model for,
is generated mainly through the interaction between the turbulent rotor wakes and the stator vanes. In this
respect, the turbulence velocity field may be inhomogeneous, which may be related to blade-to-blade
variations and variations across the span of the vanes. However, Hanson and Horan [12] have derived the
expression for the acoustic power spectrum including turbulence inhomogeneity, and show that this
generalization simply requires the use of an average spectrum for homogeneous turbulence. This finding
legitimizes the use of this analysis for inhomogeneous flows and suggests that the adjusted values of the
turbulent length scale and intensity in homogeneous turbulence spectrum may be considered to represent the
averaged value of those in the inhomogeneous turbulence spectrum.

3. Decomposition of MAP

As shown in the previous section, the total acoustic power spectrum can be represented as the superposition
of the acoustic power spectra of all propagating acoustic modes /, each of which is generated by an infinite
number of vortical modes satisfying the scattering rule, m = [+Br. The acoustic power of the /th mode is
therefore given by

g);t(w) = 2ﬂ:p0M Q?:(Cl)) < Z (wa(Kl ,k2,l+Br)> . (18)

cos 0
r=—00

Fig. 2a and b shows the mode-frequency map (power versus / and A) of the predicted upstream and
downstream acoustic power spectra shown in Fig. 9 in Ref. [14]. Modes contributing to the acoustic power are
found to be located between the two cut-off lines, which can be obtained by solving the inequality equation,
07 <1, from Eq. (14)

, Bs My —(1— M3/ <l<iﬁM2 +(1 - M%)W.
2nc 1 — M? 2nc 1 — M?

(19)

Although in Fig. 9 in Ref. [14] the upstream and downstream acoustic power spectra are similar in shape, their
modal distributions differ significantly, as shown in Fig. 2. However, common and different characteristics for
the MAP distributions of upstream and downstream propagating waves can be identified. The common
characteristics are that the modal power distribution diminishes as the frequency increases and that modes
near the cut-off lines are generally larger than the others. Another interesting common feature of these figures
is that there exists a line of minimum MAP, which we delineate by the dash-dot lines in Fig. 2. An expression
for the location of these power minima will be derived below. The different characteristics is that, in the
upstream radiated acoustic field, the modes near the cut-off lines dominate the power spectrum while, in the
downstream direction, the modes away from the cut-lines make a larger contribution to the power spectrum.

Fig. 3a—d shows the MAP of Fig. 2 in terms of the acoustic mode order / at four representative frequencies.

In an attempt to explain the characteristics of MAP distributions observed in Figs. 2 and 3, the formulation
for the MAP spectrum, Eq. (18), is decomposed into two main terms. The first term corresponds to the modal
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Fig. 2. The predicted nondimensional modal acoustic power (MAP) in the mode-frequency map for the model of B = 45, s/c = 0.8,
0 =30° at M = 0.5 and the turbulence spectrum with w?/W? =4 x 10~ and 4/c = 0.2: (a) upstream and (b) downstream.

power response function Qli defined by Eq. (11):
OF = IRFIPL (20)
where Cf is the nondimensional acoustic power factor defined by

o o Re(—awf™ + M (o + Ujoi™ + Uaf)))
l o+ U + Uapyl? '

The second term is in the form of an infinite sum of the turbulence spectra scattered into the mode /.

Fig. 4 depicts the MAP together with the MAP response function QF and the turbulence series plotted
against the acoustic mode order /. These result are obtained using the same conditions as in the previous
reference case at the reduced frequencies, 1 = 21.11 and 42.16. This figure shows that the MAP distribution is
principally determined by the MAP response function since the variation of the turbulence series with / stays
almost constant. Similar results are obtained for all other frequencies and configurations.

Having established that the modal power distribution is predominantly controlled by the cascade response
function and not the distribution of vortical modes we now investigate the behavior of the MAP response
function QF in greater detail. Eq. (20) shows that the QF can be expressed in the form QF = |RF¥|*(7". In the
following, both terms will be studied to determine their contribution to the MAP response function.

21
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Fig. 3. Predicted nondimensional modal acoustic power (MAP) versus acoustic mode number / at: (a) A =10.58, (b) A =21.11,
(c) 2 =31.64 and (d) 2 = 42.16. i Upstream and 4: downstream.

3.1. Modal acoustic pressure response function
The modal acoustic pressure response function R;™ is obtained from an approximate solution of the integral

equation by the use of the collocation technique [3,4]. The modal acoustic pressure response function defined
in Eq. (8) can be expressed in the matrix form [3,4];

R = (X7),K;' Wi, (22)
where K 71 W ; denotes the approximate solution of the bound vortex distribution at the j-th discretized point
on the blades. The vector X ;—L relating the vortex distribution to the modal acoustic pressure can be also

decomposed into two terms as follows:

XF = |VFIxE, (23)
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Fig. 4. The nondimensional modal acoustic power (MAP), \Q,il and X, versus acoustic mode order / at: (a) A = 21.11, (b) 4 = 21.11,

(c) A =42.16 and (d) A = 42.16. i: Upstream; 4: downstream; and o: X,,,,.

where the real factor V7 is defined by

W)+ &,i cos 0 + ﬁ, sin 0)

Vi = . 24
i (S/C) B ( )

and the vector x7 is the phase vector of X £, with the j-th element defined by
(xf); = exp [—i(@* cos 0+ f sin 9)(1 - cos7]3> + iqﬁ}, (25)

where the phase ¢ is introduced to give the correct sign to the term V3. The phase is then equal to 0 if
for the /th acoustic mode the value of VF is positive and =, if this term is negative. Eq. (22) can therefore be
written as

Rf = |V?E|(x,i)71<j;1 W,

(26)



66 C. Cheong et al. | Journal of Sound and Vibration 324 (2009) 57-73

3.1.1. Analysis of V?E
Use of Eq. (6) for the axial acoustic wavenumber allows the second term in the right-hand side of Eq. (24)
for V?E to be expressed as a function of the circumferential wavenumber f3; and the cut-on parameter A4;:

(48] cos 0+ B, sin 0) Ky + p; sin 0+ 4; cos 0
B Bi(1 — M?) '

The first term in the right-hand side of Eq. (24), the reduced velocity, can also be expressed in terms of f§; and
AZI

27)

U/i — ﬁl
24/(87 + 47)
The product of Egs. (27) and (28) allows the modulus of Vli to be expressed as the sum of two terms. The first

is common to both upstream and downstream propagating waves, the second term differs in the two
propagation directions. The term V7 can then be expressed by Jurdic [15] in the form

kM F A(M?B; + kM))]. (28)

+_¢ 1
Ps2A(B + A1 - M)

(Y1 £4,Y>), (29)

where after simplifications:

Y1 = (42 4 BHIMa(k + Maf)) — (1 — M?)B)] cos 0, (30)

) a1

By introducing the cut-on ratio ® defined in Eq. (14) into Eq. (29), V,i can be expressed in terms of @,

c cos 0 M, sin 0
¢ —o |27
Sl21- iy 1- e \\J1- 013 2p1

Fig. 5a and b is a plot of [VF| at different frequencies for a reference case, plotted against / and O,
respectively. Fig. 5 demonstrates that |VF| has a minimum value for specific discrete values of / or @;. An
estimate for when this occurs can be obtained by considering the expression of Eq. (32) for |V1i| to be a
continuous function. Defining @ * and @~ as the values of cut-on ratio at which the values of | Vli| = 0 for the
upstream and downstream propagating waves, respectively, setting V,J—r of Eq. (32) to zero leads to

May/1 — M?
or=—V ! (33)

M- M

VO, M,0) = (32)

for upstream waves while for downstream propagating waves
My /1 — M3
O =——F———. (34)

This condition corresponds to a mode number / for upstream radiation as

+  Bsisinf

T 2nel—M (33)
and for downstream radiation as
_ Bs /. sin 0
P == + M (36)

as shown in Fig. 5.
Eqgs. (35) and (36) indicate that the modes containing minimum sound power may be represented by the
lines in the mode-frequency map shown previously in Fig. 2. It can also be found in Egs. (35) and (36) that the
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10’

10°

10"

102

10°

10!

10°

10

T

O Up,2=532 ®  Down,1=5.32

4 Up, A=1058 A&  Down, 2= 10.58

7 Up,A=1584 w Down,A=15.84

> Up,A=2111 » Down,2=21.11

<] Up,A=2637 4 Down,%=26.37

¢ Up,A=3164 & Down, A=31.64

< Up,A=3690 e Down,’i=236.90

# Up,A=4216 @ Down,A=42.16

@ Up,A=4743 @& Down,A=47.43
e | ' U | LI =
= Q -
E L=

Lol

. o
3 o & E
E »” " ¢pa ]
B A . ]
uﬂ“’
P DT S O | A N S S .
-100 0 100

#eOOLvd PO

Up, 2=5.32
Up, 2=10.58
Up, 2=15.84
Up, 2=21.11
Up, 1=26.37
Up, 2=31.64
Up, 2=36.90
Up, 1=42.16
Up, 4=47.43

B Down, 2=5.32
4 Down, 7=10.58
v Down, 7=15.84
» Down, 2=21.11
4 Down, 2=26.37
4 Down, 2=31.64
@® Down, 4=36.90
& Down, 3=42.16
-

Down, 4=47.43

T T T

LAY |

A
§
L

MR ETIT] B R,

Ll

'

-
O

o

[4)]

67

slope of the lines is a function of stagger angle, Mach number, solidity and blade number: 27c(1-M)/sin(6)Bs
for upstream and —2nc(1+M)/sin(0)Bs for downstream, respectively. Comparing Egs. (35) and (36) with
Eq. (19), these minimum lines are always located between the cut-off lines for subsonic flow. This suggest that
there will always be lines of minimum MAP in the mode-frequency map of acoustic power, similar to the dash-

dotted lines in Fig. 3. In addition, combining Egs. (33) and (34) with (6), we can find that the ratio of
wavenumber components of acoustic wave at Vi = 0 satisfies the relation:

ﬁ—i = Ftan 6. (37)
o
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This equation indicates that the scattered pressure associated with these zero-pressure modes propagates
parallel to the chord for which the acoustic dipoles on the blade surface generate no power as explained by
Glegg [11].

Fig. 5(b) show that | Vli| is a unique function of cut-on ratio @, suggesting that the modulus of the transfer
function X3 between the vortex distribution and acoustic pressure are uniquely determined, independent of
frequency. A specific frequency will determine the number of cut-on modes according to Eq. (19). The
corresponding transfer function modulus between the vortex distribution and modal acoustic pressure is given
by only a few discrete points of the curve as described above. The absolute value of the corresponding
parameter @, for the same mode at two different frequencies will then be larger for the lower frequency than
for the higher one. Therefore, the magnitude of the transfer function X;* will be higher at the lower frequency
than at the higher frequency. This characteristic of X7 leads to the modes in the lower frequency range
contributing more to acoustic power than those in higher frequency range, which is described as one of the
characteristics in the MAP distribution in Fig. 2.

3.1.2. Analysis of modulus of (x,i) K W,

The cascade modal function deﬁned in Eq. (26) includes the term (xi° ) K W ;. In this section, the modulus
of the product of the phase vector (x7 ); and the bound vortex dlstrlbutlon along the blades defined by K Wi
is investigated. From Eq. (26), this term is equal to the ratio of | Ri"|/| V7| which may be interpreted as the sum
of the strengths of all the bound vortices occupying the location of the flat-airfoil cascades, multiplied by a
relative phase angle between the /-th acoustic mode and the position of the vortex.

Fig. 6a-d shows the ratio |R¥|/| V7| plotted against / for a reference vane at different reduced frequencies.
Comparing Fig. 6 with Fig. 3, we find that the modal distribution of the term (xi° )K W, determines the
detailed MAP distribution. The magnitudes of the upstream and downstream responses of the cascade are
comparable for each of the cut-on mode and do not decrease significantly as the frequency increases. Note that
the upstream propagating modes, in general, contribute less than for the downstream propagating modes.

3.2. Modal power factor term

An important factor in determining the sound power distribution of the acoustic modes in the uniform
mean flow is the modal power factor Cf The modal power factor is defined by Eq. (21), and can be expressed
in the form [15]:

kM3 Re(4))
(o F 4

Note that, when there is no mean flow, Eq. (38) reduces to Cli = —Re(0j")/k. When the term 4, defined in
Eq. (13) is real, the I-th acoustic wave contributes to the total acoustic power. However, when 4, is imaginary,
i.e., the acoustic mode / is cut-off, the power factor becomes zero and the acoustic wave therefore does not
contribute to the acoustic power. For the cut-on acoustic modes, introducing Eq. (6) for the axial wavenumber
o into Eq. (38), the power factor term can be expressed in the form [15]:

M6 V1-6;
F=5F1-M)H|1-—=2 12 - (39)
I =M {112\41,/1—@,2]

Using Egs. (38) and (39), the power factor term is plotted in Fig. 7 for the reference case at different reduced
frequencies. The upstream power factor is observed to be relatively flat apart for the modes close to cut-off,
while the downstream power factor follows a more rounded-shape, increasing the magnitude of some modes
more than others. Also the magnitude of the power factor of the downstream propagating waves is
approximately an order of magnitude greater than that of the upstream going waves. This difference is the
main reason for the difference in upstream and downstream acoustic power spectra observed in Fig. 3. Note
that this difference increases as the flow Mach number onto the vanes increases. Fig. 7(b) shows that, similar

&= (38)
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Fig. 6. I(x,i)jK/-jlWil versus acoustic mode order / for the reference vane: (a) at A =10.58, (b) at 1 =21.11, (¢) 4 =31.64 and

(d) 1 =42.16. ig: Upstream and 4: downstream.

to | X[, the power factor term |Cli| can be represented by a unique curve when expressed as a function as a
function of ©.

4. Response function of MAP

The upstream and downstream MAP response function Qli is plotted in Fig. 8 versus the acoustic mode
order [ together with its constituent components: |(x,i)jKj71 w2, | Vfl2 and the power factor Cf. These figures
clearly demonstrate the effects of each component on the MAP response function. The term |(x?t)jK/.7l W% is
observed to make the dominant contribution to the variation of QF with /. The term |VF|* characterizes the
minimum values Q,i near the mode numbers defined in Egs. (35) and (36) and, at the same time, increases the
magnitude of the modal power near modal cut-off. However, the power factor term C,i decreases
the magnitude of modes near cut-off. For the modes near cut-off, therefore, the effect of the term |V,i|2 and
the power factor {* very nearly cancel such that the combined effect is negligible. This means that, although
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Fig. 7. The power factor, |{;°| versus: (a) acoustic mode order / and (b) the cut-on parameter © at different reduced frequency.

the magnitudes of modal acoustic pressure near cut-off are large, the MAP near cut-off makes a relatively
small contribution to the total acoustic power. The power factor { for the upstream direction is observed to
stay almost constant, decreasing the magnitude of modes located in the center region away from two cut-off
modes at a given frequency while, in the downstream direction, the power factor {~ tends to increase modes.
This implies that, as previously observed in Figs. 2 and 3, the modes away from cut-off contribute highly to the
radiated acoustic power in the downstream direction.

It is noted that the modal acoustic pressure response function, R, become infinite at the modal cut-off due to
the factor (1-0%)°7 in the term, V, in Eq. (32) where the cut-on ratio @ = 1 at the cut-off. However, the origin
of the factor (1-©2) originates from the acoustic particle velocities in Eq. (23) in Ref. [4], which are derived
from three conservation equations: the conservation of mass, the velocity jump in the y-direction being equal
to the strength of the wave, and the conservation of vorticity. At @ = 1, the equation of continuity, Eq. (19) in
Ref. [4], becomes insoluble. Therefore, the form of R is only valid in the ranges of |@| <1 and |®| > 1. It seems
to be more insightful to understand the behavior of R (or V) at ® = 1 in terms of the limiting value of R as @
approaches 1, which shows that R takes a finite value at @ = 1. However, the power factor term, {, includes
the factor (1-©%)% in the numerator as shown in Eq. (38). The multiplication of the acoustic pressure
response function and the power factor leads to the magnitudes of modal power becoming zero at cut-off.
The same dependence of the acoustic power, i.e., (1-0%)* at the cut-off, has been reported by Glegg [14] using
the Wiener Hopf method.
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Fig. 8. Decomposition of modal acoustic power response function: (a) upstream at 2 = 21.11, (b) downstream at 4 = 21.11, (c) upstream
at 1 =42.16 and (d) downstream at 1 = 42.16.

Fig. 9 presents the mode-frequency map for the MAP and modal acoustic pressure response functions
together with their constituent components of |(xli)jK;1 W2, IV?E|2 and power factor Cli. Multiplication of
the results in Fig. 9(a) and (b), denoting the mode-frequency maps, respectively, for |(xjf);K;' Wil* and | V7|,
leads to the results in Fig. 9(c) representing the modal acoustic pressure, Ri". As described in Fig. 8, the
component, |(x?t)jij1 W|?, is found to determine the detailed shape of the mode-frequency map for the MAP
and modal acoustic pressure except for the modes around the minimal modal lines determined by the
component |V,i|2. The magnitude of the acoustic pressure modes near cut-off is large due to the behavior of
|Vli|2. Multiplication of the results in Fig. 9(d) denoting the power factor Cf with the results in Fig. 9(c)
produces the MAP response function Q,i. As described in Fig. 8, this power factor term implies that the
relative magnitude of modes near the cut-off are diminished in both directions, and that the magnitude of the
modes in the middle range away from the cut-off modes at given frequencies make a large contribution to
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the total acoustic power in the downstream direction while those near cut-off make a larger contribution in the
upstream direction.

5. Conclusion

The MAP radiated by a cascade of flat-plate airfoils interacting with homogeneous, isotropic turbulence has
been investigated. The total acoustic power is expressed as the sum of the sound powers due to a finite number
of cut-on acoustic modes, each of which can be expressed as the product of three terms: a turbulence
frequency-wavenumber distribution, an upstream or downstream power factor and an upstream or
downstream acoustic response function. The effect of these terms in the MAP has been examined. For an
isotropic turbulent gust, the turbulent term is shown to reduce the MAP without significant change of its
distribution. It is shown that, for subsonic flow, modal lines of minimum sound power exist in the upstream
and downstream mode-frequency maps for MAP, which are determined by the transfer factor | V?E|2 from the
bound vortex on a flat airfoil to the modal acoustic pressure in the acoustic response function. The
downstream power factor tends to increase the MAP away from cut-off while the upstream power factor is
likely to decrease the MAP. The modes close to cut-off decreases strongly due to the behavior of the power
factor. The modes close to cut-off, therefore, do not contribute strongly to the radiated acoustic power in the
downstream direction, although the modal acoustic pressure is high for these modes. This result may imply
that different strategies are needed for the control of broadband noise due to cascade—turbulence interaction in
the upstream and downstream directions.
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