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SUMMARY

This interim report presents the investigations
carried out by G, V, R. Rao and Associates during
the period April 13, 1971, to June 13, 1972, under
Contréct No, NASé-6401 with Nationél Aeronautics
and Space Administration, Ames Research Center,
Moffet Field, California, Based on reasonable
estimates of flow conditions occurring in an axial
fan, acoustic radiation from various noise sources
is evaluated, Results of computations on two
specific fans are presented, and relative signifi-
cance of the various sources is examined, The
information presented here constitutes a step in
our continuing effort on understanding fan noise,
Helpful suggestions from Mr, David Hickey and Mr.
Brent Hodder of Large Scale Aerodynamics Branch

are greatly appreciated,
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NOMENCLATURE

number of blade elements
section lift coefficient

components of the externally applied forces
on the fluid boundary (i = 1,2,3)

Bessel function of the first kind

Mach number

Mach number of the axial component of the
steady state mean flow

rotor tangential velocity divided by the
ambient speed of sound

revolutions per second (speed of the rotor)

distance of the field point from the fan
center

components of the externally applied stress
distributed within the fluid volume
(i,3 =1,2,3)

velocity

axial flow velocity through the fan

convective velocity of the "frozen convective
pattern" model of turbulence

velocity component (i = 1,2,3)

veiocity component normal to the fluid boundary
mean flow velocity

rotor tangential velocity

number of vanes in stator

mean flow velocity relative to rotor or stator

fixed cartesian coordinate system with its
origin at the fan center (i = 1,2,3)
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an index

ambient speed of sound

chord length

circumferential spacing of blades or vanes

circumferential spacing of rotor blade at
pitch radius

distance from the source
vane number
length scale of turbulence

an index

harmonic index (=1 for blade passinq frequency)

radial distance from the fan center
random fluctuations in velocity

cartesian coordinate (i = 1,2,3) with
origin at the source

axial distance upstream of leading edge
axial distance downstream of trailing edge

1lift per unit span on rotor blade or stator
vane

contribution from elemental annulus to
radiated acoustic field

velocity deficit in the wake
velocity deficit at the wake center line

power spectrum of random fluctuating lift
per unit span of blade

power spectrum of radiated acoustic field

power spectrum of elemental quadrupole source

'power spectrum of the axial component of

turbulent fluctuations in the inflow

iv
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subscripts

power spectrum of the component normal to blade
chord of turbulent fluctuations in the inflow

aspect angle of the field poxnt measured
from the fan axis.

circular frequency of rotor rotation

number of blade crossings during eddy
lifetime

number of blades experiencing simultaneous
velocity fluctuations

polar angle measured from the reference
meridional plane

stagger angle

angle between wake center line and normal
to the elemental annulus

axial distance of the source from the fan
center

density

ambient density

phase angle

circumferential location of the OGV wake at
the annulus under consideration from reference
meridial plane

circumferential location of the IGV wake at
the annulus under consideration from reference

meridial plane

circular frequency

ath component
at hub location of the fan

components in the three dimensional cartesian
coordinate directions (i,j.= 1,2,3)



m mth component

n nth harmonic coﬁponent
P due to potential flow
r . rotor related quantity
s stator related quantity
t at the tip location of the fan
w due to viscous wakes
1,2,3 components in axial, radial and tangential
directions
(1) fundamental component
superscripts

— ‘ temporal mean

— root mean square value
e o 62/ atz
A amplitude (absolute value)

special symbols
( ) amplitude

[ ] function evaluated at retarded time

vi



I. INTRODUCTION

The radiated noise from an axial fan is a by-product of airflow
past the moving and stationary elements in the fan, If the
velocity field is known,>or can be appropriately estimated,

one can evaluate the pressure fluctuations in the far field,
Based on the work of Lighthill (1) and Curle (2) the pressure
fluctuations caused by propagation of aerodynamically generated

sound can be written in the form

1 8"  [1Fijlae_ .t 0 [[Fi=PUsl
P™Po = m “ox; ox, }([ n |V ama | [T | 9S

\Y S ‘
oL [8 |PUn
4"/6*‘—[th8 (1)
.S
where p = acoustic pressure in the far field
N4 = density
P, = ambient pressure
X, = cartesian coordinates (i=1,2,3) with origin
at the source
F. = components of the externally applied forces on

+ the fluid boundary

i3 = components of the externally applied stresses
J distributed within the fluid volume

‘U = velocity components

and h = distance from the source,

The subscripts i and j in the above equation indicate

components in the three dimensional cartesian coordinate

directions and repeated index denotes Einstein summation



convention, The subscript n denotes the component normal
to the fluid boundary. The square brackets indicate that the

quantities are evaluated at retarded times,

The significance and interpretation of the various terms of
Eq, (1) are discussed in ref, (3). The first term on the right
hand side of Eq. (1) is from quadrupole sources within the

fluid volume, Ffowcs Williams, in ref., (4), indicated that the

quadrupole stress density Tij can be approximated by pUiUJ

The second term in Eq. (1) represents the dipole sources located
on the fluid boundary. These dipole sources consist of exerted
forces Fi and the momentum pUiUn transferred to the fluid
when the boundary moves with a Qelocity U, normal to itself,
The last term is from monopole sources resulting from dis-

placement of the fluid by the motion of the boundary,

The coordinates Xy (i=1,2,3) and distance h appearing in

Eq. (1) can be related to R, the distance of the field point
from fan center and yr, the aspect angle measured from fan
axis, It is convenient to choose the center of the rotor plané
as fan center, As shown in enclosed Fig, (1), let us choose

'a fixed cartesian coordinate system xf,xz,x§, with its origin
at the fan center, and XX, plane containing the field point
(R,¥). Let r, 0,¢& denote the cylindrical coordinates of

the SOu;ce, which may be any one of the types described above,
The radial distance from fan center is denoted r, whereas 9

denotes the angle between the XX, plane and the meridional plane



containing the sourée point, The axial distance of the source
point from fan center is denoted § ., 1In the discussions

- presented in later sections 8 1is considered positive when
measured in the direction of rotor rotation, The cartesian
coordinate system 1,2,3 with its center at the source point,
are conveniently téken in the axial, radial and tangential
directions as shown in the.figure. By appropriate translation
- and rotation of the coordinate system we.can derive the

following relations,

X = Rcosyr- &
X, = Rsin s cosb~r
'xs = =Rsinys sing 1
: ~ Z_r s r2}
and h =R )1 - siny cos® + =5 (2)
R R ;

In far field computations of fan noise the second order term

in (xr/R) can be ignored.

In applying Eq. (1) to evaluate the effect the various acoustic
sources present in an axial fan we shall adopt the féllowing
approach, The various elements in the fan, such as rotor blades,
stator vanes and support struts form the fluid boundaries,.

‘Also these elements set up a velocity field extending into the
fluid volume, Each row of blades, or vanes, or struts can be
replaced by a fictitious actuator disc, with the flow parameters»
and forces appropriately prescribed on them, The flow field

set up by the blades or vanes is considered to influence the
quadrupole strength distribution witﬁin the fluid on either

side of the actuator disc,



In this interim report we have considered only the quadrupole
sources within the fluid and the externélly applied forces on
the boundaries, The influence of the remaining terms of Eq. (1)
is presently under consideration and will be treated in a later
report, Only such acoustic sources that contribute to the noise
at blade passing frequency and its harmonics are examined in
this report, since such discrete frequency noise is the p?ime
origin of annoyance. In our preliminary evaluation of fan
noise, we have ignored the influence of the duct walls, Con-
sequently; the only boundaries of the fluid considered are
actuator discs replacing thé rotor and stator. Such omission
is a valid approximation, if we restrict our attention only |

to the propégating modes in the duct as discussed by Tyler and

- soffrin (5).



II. DIPOLE SOURCES IN AN AXIAL FAN

From the airfoii section characteristics and mean flow
properties, the aerodynamic loads on the various blade or
vane elements can be obtained, The forces acting at the dis-
crete locations of these elements can be distributed over
appropriate cross sectional planes by employing Fourier repre-
sentation.. Besides the steady state load, the rotor blades
will experience periodic fluctuating loads as they cross the
wakes from upstream stator vanes and also random forces due
to turbulence in the flow, The vanes in a stator located
downstream of the rotor also experience similar steady and
unsteady loads, In evaluating acoustic radiation from such
dipole SOurces, the influence of the blades and vanes éan be
replaced by an equivalent distribution of dipole sources in

the rotor and stator planes respectively,

II,A, Steady State Loading on Rotor Blades

Let us consider B number of blade elements equally spaced
in an annulus 2wrdr of the fan cross section, Each blade

element experiences a force given by

AL = = v, CLr c, dr ' ' (3)

mean flow velocity relative to the rotor blade

where \%

CLr.= rotor blade section lift coefficient

and c rotor blade chord,



In the above repreéentation we have ignored the drag compared
to the lift on the blade element., Since the force AL acts
essentially normal to the blade chord, we can write the axial

and tangential components as

AL, = AL sinxr
and AL, = AL cos)Lr
where kr = the rotor blade stagger angle,

The lift AL acting on each blade element can be considered
concentrated at the center of pressure of the blade element,
An equal and 6pposite force is exerted on the fluid, As the
blades rotate at an angular velocity @ , we obtain a fluc-
tuating force distribution on the annulus which can be repre¥

sented by the real part of a complex Fourier series as

o0 .
i(nBo~ka,t)
aF = - E AL 5o ° (4)
ﬂ .
n=1
where n = harmonic index (=1 for blade passing frequency)
ka, = n{B
R = 21N
and N = rotor revolutions per second,

.In the.abqve simple representation we observe that the ampli-
tude and phase angle of each harmonic are the same, as a con-
sequence of assuming AL as concentrated at a point, Con-
sideration of chord-wise distribution of AL, and its effect
on loading harmonics is discﬁssed in ref, (6)., Amplitudes in

higher harmonics would then fall off rapidly.



The term AL in Eq, (4), as described b& Eq, (3), is depen-
dent upon the flow conditions and blade section characteristics
occurring at the radius r under consideration, For the design
conditions on Rao Fan 2, described in ref, (7), the radial vari-
ation of AL 4is shown in Fig, (2). The blade loading on

LF336 fan, described in ref, (8), operating at design conditions

~

'is presented in Fig, (3).

Acoustic radiation field ffom the forces described by Eq, (4),
acting on the elemental annulus 2mwrdr , can be obtained by

using the second term on the right hand side of Eq., (l). Upon
integration over 9 , from O to 2w , the rms wvalue of the

nth harmonic of sound pressure can be written as

—

XB . _ mB s
Ap, = ZJ27R AL s:.n)\rcosdl xr COSA_ J glkrsinil) (5)

where JnB is the Bessel function of the first kind of order

nB and argument Kkrsiny/, and AL is given by Eq. (3).

The above equation for acéustic radiation from an elemental
annulus 2rrdr containing B number of rotor blades, is the
same as that derived several years ago by Gutin (9)., Substi-
tuting Eq, (3) for AL into the right hand side of above

Eq. (5) and integrating from r = Iy to rt ; one obtains the
radiated sound pressures from the steady state rotor blade
loading, The results of such computations at thé blade passing
frequency on the two fans referred above are shown in Figs., (4)

and (5) respectively. As can be expected from multibladed

rotors, the theoretical estimates presented in Figs. (4) and



(5) are far below the measured values given in refs, (7) and
(8). Filleul in ref, (10), also indicated the inadequacy of
steady state rotor blade loading for predicting noise from

- rotors with large number of blades,

IT.B. Unsteady Loading on Rotor Blades

As the rotor blades travel circumferentially, they encounter
non-uniform flow conditions. In the following analysis we

shall restrict our attention to the circumferentially non-
uniform steady flow caused by upstream vanes and also the

random fluctuations in velocity., The former gives rise to
periodic fluctuations in blade loading, which can be treated

as "ordered" dipoles on rotor blades in the acoustic calculations,
On the other hand, the random velocity fluctﬁations present

in the turbulent regions give rise to random dipole sources

on the blades, Acoustic radiation from such ordered and random

sources are examined in this section,

II.B.1. Periodic Fluctuation in Blade Loading
Circumferential steady non-uniformity in the flow met by

a rotor, due to inflow distortion or the presence of upstream
~stator vanes, causes periodic fluctuations in blade loading.
Steady state inflow distortion, met by a blade, is repeated
in each revolution of the rotor and hence the fundamental of
the resulting periodic blade loading is the rotor frequency.
On the other hand, in the case of an upstream stator causing

V number of identical wakes, the rotor blade experiences



periodic loading with a fundamental frequency NV, Let us
examine the latter case in detail, since similar analysis

also applies to the effect of inflow distortion,

A method of estimating the lift fluctuations on the blade
elements is discussed in ref, (11l), and can be represented by

the real part of a complex Fourier series as

<A -ig iavQt
AL = Z(AAL)a e 2 e (6)
a= =00

AN ,
The amplitude (AL)a and the phase angle ¢a of each ath
component depend upon frequency, wake-velocity profile, and

the blade geometry as discussed in ref, (11).

Due to swirl in the flow approaching the rotor, or from the

use of non-~radial upstream vanes, thé wakes impinging on the
rotor blades may have non-radial configuration, The wake-
blade interaction in such cases does not occur simultaneously
along the length of the blade and above Eq., (6) can be modi-
fied to account for such effects, Based on the analysis given
by Filotas in ref, (12), the method of evaluating the fluctu-
ating blade loads is developed in ref, (13) and.one can write

~ A ~i¢_ -i(av@Qt-avy)
AL = D, (AL, e e v (7)

a= oo

The angle ¢& in the above equation, measured positive in the
direction of rotor rotation, is the angle between the meridional

planes containing the wake location at radius r and at hub.



In Rao Fan 2, upstream stators containing leaning vanes were
employed, and the consequent values of ww at the rotor plane
are described in ref, (7). The influence of such oblique wake-
blade interaction on the fundamental (i.e. a = 1) component

of the fluctuating blade loading is evaluated in ref, (14)

for various vahe-lean angles employed in Rao Fan 2, Radial
variation of amplitude and phase angle for radial vanes and
leaning vane configuration 3, described in ref, (7), are
presented in Figs, (6) and (7) respectively. The large radial
variation of phase angle shown in Fig, (7) is essentially due

to the variation of relative velocity at the rotor in Rao Fan 2,

Let us examine the events occurring in the elemental annulus
2mrdr under consideration, We have B number of blade
elements, each experiencing load fluctuations as given by

Eq, (7), but with a time delay of ﬁ% between‘successive ele~
ments, Appropriate éummatibn of events occurring on B number
of blades crossing V number of wakes, as shown in ref, (14)

would yield the following represéntation for the fluctuating

force distribution on the elemental annulus,

5 i i A i(mo—- qua) -i(kaot—aVl[\/”)

= (4L) e e (8)

n=1 A= =0

aF = -

2mnBN

where _ka0

n = harmonic index (=1 for blade passing frequency)

‘m

nB-aV, but takes on values between -» and +« (9)

-10-



Above Eq, (8) is similar to Eq. (4) derived earlier for the-
steady state loading on rotor blades, However,.we observe
that the nth harmonic of the above impressed force contains
.contributions from all the ath components of the fluctuating
load on the rotor blades, Taking the axial and tangential
components of the externally applied force described by Eq., (8)

we obtain

dF' = 4F Sinlr
and ar, = dfF cos)\r
.where Ap = the rotor blade stagger angle, (10)

The acoustic radiation from the dipole sources equivalent to
thé.fluctuatihg forces described above, can be examined using
the second term of Eq. (1), It is shown in ref., (15) that the

acoustic pressure at the field point (R,Y¥) is then given by

—ika(t-R/a,) mcos)
-kB 0 0 .
AP, = T © . § <sn.n)‘\rcosllf- - r> (‘i)m+l

a= =

A i(dv¢%f'¢ha)

% (AL)a e Jn{(krsinllf) (11)

with the values of m given by

m = nB - av,

Since the exponents of ww and ¢ma depgnd upon radius r

and the summation extends over several values of m and a,
we shall abstain from expressing the rms wvalue of pressure
described above, The above equation agrees with the represen-

tation given by Lowson (16). Integrating right hand side of

-11~



Eq. (11) over r, £r < r,, we obtain the contribution to fan
noise from the dipole sources due to wake-blade jinteraction
forces, The results of such computations on Rao Fan 2 are
given in ref, (14). The directivity of sound pressure levell
for the typical vane cohfigurations is presented in Fig, (8).
The contribution to fan noise from periodic blade loading is
several orders of mégnitude larger than that from steady |
state blade loading, shown in Fig., (4). ‘This is a consequence
of the Bessel functions of order m in Eq. (11) and NB

in Eq. (5). The significance of wake-blade interaction in

fan noise generation depends strongly on blade~-vane number
ratio, Even though the use of leaning vanes decreases side-
line noise as indicated in Fig., (8) and confirmed in measure-
ments reported in ref, (7), the periodic blade loading con-
sidered here is inadequate to predict fan noise at on=-axis

points,

The effect of inflow.distortion on blade loading and resulting
noise can be obtained by substituting V = 1 in Eq. (6), and
the amplitude (AL)a depends on Fourier series representing
the distortion, Since inflow distortion is more diffused

than thg nérrow wakes of stator vanes, as the index a
increases the amplitude (AL)a decreases rapidly. A double
Fourier series in r and 9§, to represent the flow distortion

yields the corresponding value of (AL)a as a function of radius.

Before closing the discussion on periodic fluctuations in blade
1oading,»it is interesting to note the influence of the wakes

from suppdrt struts in LF336 fan impinging upon the downstream

-12~



rotor blades, There is a major strut spanning the fan annulus

and also a'minor strut pérpendicular to it., The noise generated
by the presence of the minor strut can be ignored relative to
that due to the major.strut, as discussed in ref, (17), The
major strut spanning the inlet can be considered as two radial
vanes upstream of the rotor and one can employ Eq, (9) to evaluate
the radiated acoustic field, In using Eq. (9) for acoustic
computations on Rao Fan 2, it ié found that a single value of

a =1 is sufficient, Higher values of a, and associated

higher orders m of the Bessel function led to neéligible changes
in the computed results, However, in the case of LF336 fan with
B=42 and V= 2 (corresponding to one s;rut across the fan
annulus), all values of a ranging from 1 to 21 had to be

included and such computations were reported in ref, (17).

To illsutrate the radial variation of the fluctuating loads on
the rotor blades in LF336 caused by the major strut the ampli-.

A :
tudes (AL)a. and phase angles ¢_. are presented in Figs, (9)

a
and (1l0) respectively for values of a =1 and 21, To
illustrate the dependence of each harmonic component of AL

on the index a, the vector

| s
(4w, = (AL), e ®

at the hub location of the blade for all the values of index

a conéidered is shown in Fig, (1l). The variation of the

phase angle ¢a with the index a is primarily due to the
frequéncy of the ath component of the fluctuations in the flow

conditions met by the rotor blade as discussed in ref, (11).

-]l3-



Acoustic computations based on the influence of the major
strut in LF336, are presented in Fig, (12). The estimated
sound pressure level at the field point on fan axis is within
reasonable agreement with measurements reported in ref, (8).
However, these estimates of the effect of major strut fell far
below the levels measured on the side line, indicating that

radiation from other acoustic sources needs to be considered,

II.B.2. Random Fluctuations in Rotor Blade Load

The flow conditions experienced by a rotor blade element, dué
to turbulence in the inflow to the.fan, may contain'randomiy
fluctuating component Vg . In the following we consider the
random loading on the blades and acoustic radiation therefrom,
Based oh the discussion presented in ref. (18) the power spec-
trum of the turbulent fluctuations of vn, component normal to

0

blade chord, can be represented as

— £ 1+3(Lwrvy

o, (W) = v = - 2 (12)
Vo, "%{LMZw/@?
where V, = mean flow relative to blade
and £ = length scale of turbulence,

. The fluctuating cross-component of velocity would give rise

to fluctuating lift force on the blade, Based on an appro#i-
mation suggested by Liepmann (19) fof the lift response function,
we can write the power spectrum of the fluctuating lift force

per unit span of a blade as

/ 2, ¢ cpv"n/vg
P (W) = (“povocf) l+n'crw’/vo

(13)

-14=



where cr = rotor blade chord

and ®, = the spectrum described in Eq. (12).
o'l'l

If the random fluctuation occurring on oﬁe blade element has

no correlation with that on other elements on the blade and

also with that on other blade elements in the fan annulus, the
acoustic radiatién from such random forces will give rise to
broad band noise, HoWever, if the length scale of the turbulence
is such that an eddy is crossed by several blades before it

loses its identity, we can observe sharp peaks in the noise
‘spectrum at- the blade passing frequency and its harmonics,

This number of possible crossings is given by

B, = langestdintegef smaller than BNuﬁf— (14)
-
where [, = length scale (axial direction) for vdlfluctuations.
and U, = axial velocity considered here to be the same as
! the velocity with which the eddy is convected
downstream,

Depending upon the length scale in the t&ngential direction,
it is possible for more than one blade to experience the same

conditions simultaneously., The number of such blades is given

by
. | £,
B, = lowest integer larger than 3 (15)
where _23 = length scale (tangential direction) for Vv, fluctuations,
. n
and d = blade spacing

”~

To facilitate our computation, we made a simplifying assumption

that the velocities occurring over a span length .4, (the

-15-



turbulence scale in the radial direction) are the same as those

occurring at the center of the eddy.

Taking into account axial components of the random lift forces
on all blade elements in the fan annulus from r = Ty to Ty o
it is shown in ref, (20) that the power spectrum of radiated

acoustic pressure at field point (R,Y/) can be written as
oo Tt
B ~ 2 :
<1><w)-=——————£,} W' | £(8) £(8,)
2 _2 3
P 167 R? aj, '

m==>2
I
h

| X{J;(-é@; rsin w)fz(-x)an(mg-w)}; ar (16)

. l-cosZﬂB]w/B-Q
where f(B,)= | 1-cos2tmw/B R

1 l-cos2mmg, /B ma, cosi
B, |l-cos2mm/B r £(A) = sinicosy- (W+n Q)r

£(8,) =

and ii(mS?-a» = fugction described by Eq. (13) at

W= (mL-w),
Evaluation of the right hand side of above Eq., (16) becomes
simple for axis points, since we set Y¥'= 0, The results of
power spectrum of acoustic pressures thus computed on Rao Fan 2
and LF336 are presented in Figs, (13) and (14), These preliminary
computations show the effect of increased length scale of
turbulence as reported by Mani (21). The band width at blade
passing frequency resulting from our computations on the axis
appears to be narrower than that reported in ref, (21) for the

total acoustic power from the fan., To illustrate the directivity

-16=



of discrete tone noise at the blade passing frequency, we
evaluated the right hand side of above Egq. (16) at various
aspect angles and the results for Rao Fan 2 are shown in

Fig. (15).

II.C. Unsteady Loading on Outlet Guide Vanes

Since the loactions of the stator vanes are stationary, only
the unsteady loads on the vanes need be considered., These |
unsteady loads can originate from periodic interaction with
wakes from upstream blades or from random velocity fluctuations

in the turbulent regions,

Ii.C.L Periodic Fluctuations in Vane Loading

Outlet guide vanes positioned downstream of a rotor are sub-
jected to unsteady flow conditions due to periodic impingement
of rotor wakes, As in our earlier_discussions, let us direct
our attention to aﬁ‘énnulus 2rrdr containing V number of
stator vanes downstream of B number of blades, The primary
influence of the velocity deficit in each wake is to cause
fluctﬁations in the incidence angle of mean flow on the vane
element, Since a vane element is subjected to B number of
wakes‘during each rotor revolution, these fluctuations will
have a fundamental frequency BN, and the resulting fluctuating
1lift on the vane element can be expressed as the real part of the

complex quantity

O A -i¢n -inBQt o
AL = E (4L), e e ; (17)
U |

-17-



where the index n = 1 corresponds to the blade passing fre-
quency, Above Eq, (17) is similar to Eqg., (6) presented earlier
for blade loading harmonics, except that the fundamental fre-

quency here is BN in place'bf VN employed in Eq, (6).

Due to the swirl in the flow downstream of the rotor, and due
to non~- radia} disposition of the blade trailing edge, the wakes
from the rotor blade would occupy non-radial positions as they
reach the stator plane, \Consequently, wake impingement on a
vane does not occur simultaneously along its length, To increase
. the obliquity of wake-vane interaction, the vanes in the down-
streamustator can be made to lean in the direction of rotor
rotation, Modification of above Eq., (17) to take into account
such oblique wake-vane interaction is discussed in ref, (15),
and the fluctuating lift on the vane element can be described

as

B A -i¢_  -inBQt -inB( ¥ -y )
AL = Z (AL)n_e n e eln w - v (18)

n=1
The angles ¢% and wv in the above equation denote respec-
tively the angular'locations of the wake and the vane at radius
r measured frbm the meridional plane containing the vane
locatibn at the hub, 1In the notation employed here both ww

and ¢V are measured positive in the direction of rotor rotation
. N

The method of evaluating the amplitude (AIJn and phase angle ¢n

of each nth harmonic component in above Eq; (18) 'is discussed

in detail in ref, (13), and the obliquity of wake impingement
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plays an important fole in determining the fluctuating 1lift
load on the vanes, When the outlet guide vanes are radial, we
can set ¢; = 0 in Eq. (18) and obtain a representation
similar to Eq., (7) derived earlier, The exponent containing
v, has opposite sign in Eq. (18) compared to earlier Egq. (7),

"since the rotating wakes impinge on stationary vanes in the

present case,

Computations were carfied oﬁt on the 45 radial vane configur-
ation of LF336 for the amplitude and phase angle of the funda-
mental component (n=1l) of the fluctuating load, representéd by
Eq., (18) above,'and the results are presented in Figs, (5 )
and (16). As the rotor-stator gap is increased to twice the
rotor chord length,'the severity of wake=-velocity deficit is
reduced and the obliquity of wake impingement increases. The
combined effect is that the magnitudé of the fluctuating load
on the vanes is conéiderably reduced, With the radial vanes
we have ¢b = 0, but ww increases with rotor-stator gap.
Calculations on various OGV configurations on LF336 are pre-

sented in ref. (14).

‘Let us assume that all the vane elements within the elemental
annulus 2mrdr are identical and the flow conditions in each
of the rotor blade wakes are the same, Even though each vane
element experiences lift fluctuations described by Eq. (18),

the events on successive vanes occur with a time delay ﬁ%,,
which is the time taken by a wake to travel from one vane to the

next, We can consider the force AL described by Eq. (18)
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as concentrated at each vane location, but the fluctuations

containing a delay term consistent with its location,

Acoustic radiation from an array of such concentrated forces
(dipole sources) as described above is examined in ref, (15).
The nth harmonic component of sound pressure at the field
point (R,¥) due to such sources in an elemental annulus

2mxrdr is shown to he

v :
. —ika,(t-R/a,) A ~ig ika, T,
= ike - (4L) e n Z e 3 {(sinxscosw

Apn - 4MR
j=1

-ikrcosg , sindf}

—cosi sinej siny) e J (19)

where 6, = 2n(j-1)/V, and T =‘ej/2ﬁN

J J

In the above equation, we observe that the various functions
appéaring on the right hand side depend upon the radial loca-
"tion of the sources considered. Afﬁe? summing over the V
number of vanes and integrating from r = T to re we can
evaluate the rms value of acoustic pressure at the field
point (R,¥). The results of such computations on LF336
operating at design conditions is presented in Fig. (17) as
SPLdAB at 150 ft, distance from fan center, By.integrating the
acoustic intensity over ¥= 0 to 180, we obtain the total
power of radiated sound, The power levels thus estimated, at
the blade passing frequency are presented.in ref, (14) and
show good agreement with those calculated from measured data,

However, the directivity of radiated acoustic field as presented

in Fig, (17) is far different from the measurements reported in
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ref, (8). Also, the ordered dipole sources arising from the
wake-vane interaction considered here yield zero sound pressure
along the fan axis., Consequently, it appears that the noise
sources considered here, by themselves are insufficient to

predict fan noise,

Before closing the discussion on periodic fluctuations in vane
loading, it is interesting to note that the concentrated loads
at the vane locations can be replaced by a continuous distri-
bution with appropriate Fourier coefficients, Such represen-
tation was derived in ref, (22), andvthe wake-vane interaction
effect is equivalent to tﬁe following force distribution exerted

on the elemental annulus 2wrrdr at the stator loaction,

A& A i(mo=-¢@ )
we-ge D3 Y i {e T ™

-i(m—-nB)‘l//V}

-i(kaft+nB t//w)

e (20)

where ka, = 2mNBn
m = nB - av
and a = all integers from =« to +e including zero,

In terms of the index a, one can rewrite the above equation
as
e

aF = = o= Z (A/}‘)n {ei(me~¢mn) - ~i(kajt+nB l/Jw)

X e

iav ¢
V} (21)
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and observe the similarity with previous Eq., (8) derived for
force distribution in rotor plane, The axial and tangential

components of the force described above are respectively

dFl = dF Sinks |
and dEs = ~dF cosxs | (22)
where A. = outlet guide vane stagger angle

s
The tangential component here has a sign opposite to that of

the corresponding term in Eq, (10), since the torque on the

OGV stator is opposite to that on the rotor, Using these
'externally impressed forces in the second term of Eq, (1), the
radiated acoustic field can be evaluated, As shown in ref, (22),
the nth harmonic of the acoustic pressure at the field point
contributed by the forces on elemental annulus 2nrdr of the

stator plane can be written as

-ikao( t-fr/ a,) & r

4ap, = 71]%,1'2' e Z _ I(si'n)‘scosxy-u- Emi: cos)\\s)(--i)m'*l
Q= =00
: -i(an// +¢__) iavy
><(A/}.)n e womnt g v Jm(krsind/)} (23)

where m = nB - aV,

One obser#es the similarity of this equation with Eg, (11)
derived earlier for fluctuating loads on rotor blades, The
term containing' cosﬁs has é~change in sign, because of the
opposite sense of torque on the OGV stator relative to that

on the rotor, The above equation agrees with the representation
given by Lowson in ref, (16), except that the non-radial orien-

tations of the wakes and the vanes are included here, Since
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all the terms on the right hand side of Eq. (23) are dependent
upon r, onecmmplétesthe integration over r .from r =Xy, to
Ty before evaluating the rms value of the acoustic pressure
at the field point, Typical computations were carried out on
LF336 using above Eqg. (23), The difference between the results
obtained by using Eq., (23) and the earlier Eg. (19) is not

discernible,

II.C.2., Random Fluctuations in Stator Vane Load

Each stator wvane element expefiencing turbulent velocity fluc-
tuations, whether in the inflow or thevwakes of upstream elements,
would suffer random lift forces, However, since the vanes

occupy fixed locations, the acoustic radiation from such random
dipoles would have the same spectrum as the turbulence energy,

Our present effort is in evaluating fan noise at the blade
passing frequency and its harmonics, Hence, the investigation

of the influence of turbulence on stator vanes is beyond the

scope of this report.
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IIT. OQUADRUPOLE SOURCES IN AN AXIAL FAﬁ

The influence of quadrupole sources can be examined from the
first term on the right hand side of Eq. (1), By carrying
out the diffefentiation with respect to X; 0 Xj taking into
account the retarded times, Lighthill (23) has shown that

the pressure in the radiated field can be written as

-3 - 3
x'x e o .
 pep_ = —= 2: 3 0g | av (24)
© " 4ma’ - h3 ij
Ta, v i=1 j=1 =~

The integration on the right hand side is to be carried out over

the volume where 'Tij is non-zero, and the square bracket

indicates that the quantity is evaluated at retarded time.

As noted earlier, we can approximate

Tij = pUin (25)

where U is the velocity in the region with components
i,j=1,2,3. Before we can utilize the above Eqgs, (24) and
(25), we should examine the flow field in the fan annulus, i.e.
obtain an appropriate description of velocity ﬁ. As mentioned
earlier, the velocity field can be postulated in terms of the
flow surrounding the blades, vanes or any other bodies immersed

- in the flow,

IIT.A. Description of Flow Field

Let us represent the velocity field as

U = Uo + Upr + Ups + Uwr + Uws + v (26)

where Us denotes the steady state mean flow which may not
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to be uniform in the fan annulus, The subscript p denotes

the velocity field set up by the potential flow around the
immersed bodies and the subscript w denotes that caused by
the velocity deficit in the viscous wakes., The second subscript
r or s refers to the contributions from rotor blades or
stator vanes respectively. The last term Vv denotes random

fluctuations.of velocity.

For the sake of simplicity we shall ignore any distortion. in
the mean flow at the fan inlet, Also the random fluctuations
v. are thought of in terms of only the turbulent fluctuations

and not those arising from blade-stall or other sources,

Each component, except Vv , in the above equation is well
correlated i.e. the value at any one point is definable in terms
of its value at any other point, On the other hand, the tur-
bulent fluctuations Vv may have correlation only in a small

region,

ITI.A.l. Steady State Mean Flow

Except in the region of the inlet bell-mouth, the radial com-—
ponent Uo2 can be ignored, The tangential component U03

is due to swirl behind the inlet guide vanes or behind fhe
rotor in an OGV fan, Its magnitude will be much less than the

axial component U, .
1

-25=



III.A;Z. Perturbations from Potential Flow

Let ué consider an elemental annulus 2mrdr of the fan contain-
ing B number of blaées or V number of vanes, The potential
flow around these blade or vane elements can be obtained in
terms of two-dimensional flow past a cascade of infinite number
of airfoils, The cascade geometry and the uniform velocity
through the cascade would be those corresponding to the condi-
tions occurring at the annulus under consideration, Each air-
foil in the cascade can be replaced’'by suitable distribution of
_vortices, sources and sinks to evaluate the flow field, Such
analysis was presented in refs, (24) and (25). It is found that
a description.of the flow field upstream of the leading edges

is simple, ‘In between the leading and trailing edges abrupt
changes in magnitude and-phase angle occur. The pérturbations
from the mean flow are relatively small in the region downstream

of the trailing edtes,

Based on refs, (24) and (25) we can write the following expression
for the axial component of the nth harmonic of velocity in

the region upstream of rotor leading edge,

N i"'[’pr] n ~207x'/d_ i(nBo-kagt)
Uprul=_Uprul.e e e (27)
where G and ¢ = the amplitude and phase angle of
PLin Pfin the component at blade leading edge
x* = distance measured upstream from rotor

leading edge

and ' da

blade spacing,
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A
The amplitude Upr and the phase angle ¢ depend upon

Pr
in n
the blade profile, blade loading, solidity and stagger angle,

The above simple representation for U is applicable only

PTin

upstream of leading edge since ¢br does not depend upon x!
n

in this region. Computations at pitch radius on Rao Fan 2 °

indicate that for the corresponding tangential component

{\J A
prm B prl n
m
and - ¢ = = 4 QS
prsn 2 prl n

Consequently, we can write

im/2
U = U e (28)
PLin PLin
Within the fan annulus the radial components will be relatively

small and can be ignored in evaluating the quadrupole radiation,

In the case of a stator, the flow around the stationary vanes
gives fise to velocity perturbations which are periédic in the
circumfeféntial direction, The fundamental period would be the
vane spacing and the nth component of the perturbations related
to the stator can be written as

A i¢p§u1 -2me'/ds inve
U s = U s © e e ‘ (29)
PSin PSn

in/2
U ~ U e (30)
p$3n psm T

where x' = distance measured from stator leading edge,
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We observe the similarity between Eq, (27) derived earlier for
the rotor related potential flow, and the above Eq. (29),
since the only differénce lies in translation of coordinate
system with an angular velocity £ . As in the case of rotor
related flow field, here also we can ignore the components in

the radial direction,

The method of evaluating flow perturbations arising from
potential flow around the rotor blades and stator vanes, is
discussed in detail in refs, (24) and (25)., Non-radial orien-
tation for rotor blades is seldom employed and Eq. (27) is
suitable for all radial locations, We can substitute ¢ + wv
in place of 6 in Egq., (29) to include the effect of non-rédial

vanes, with wv- described as a function of radius r,

I1IXI.A.3, Perturbations Due to Velocity Deficit in the Wakes

In the region dbwnstream of stator vanes or support struts,
there are present wakes with a velocity deficit relative to
‘the mean flow through the fan annulus, The representation of

. flow downstream of a row of support struts is similar to that
ih the case of stator vanes, except that there are:fewer number
of wakes and the struts produce no swirl in the mean flow

through the fan,

Let us consider an annular region 2mrdr downstream of a row
of V number of stator wvanes, This region will cohtain \Y%
number of wakes equally spaced along the circumference, The

circumferential location of each wake at the annulus under
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consideration will not be the same as that of the corresponding
vane element in the stator, if there is any swirl present in
the mean flow through the annulus, Let w;;, measured from a
reference meridional plane, denote such circumferential location
of a wake at the annulus under consideration, Let (6vf denote
the velocity defect at the wake céhter line and Y denote the
wake half width, Both (évf and Y can be estimated from the
vane section cﬁaracteristics, mean flow velocity z) at the
stator, and the downstream disﬁance from the stator, One can
assume that across each wake there éxists a velocity ﬁrofile
similar to that occurring in the wake of an isolated airfoil‘
section, It is shown in ref, (1l1) that the integrated efféct

of V number of such wake can be represented by the real part

of a complex Fourier series

| = o iav(e-¥) -(am/K_)
() = D2 2wl e Ve S (31)
= S
Jmd
Y

circumferential spacing of the wakes, same as
that of the stator vanes

N o
where KS cos Vg

a_.
s

V_ = angle between the wake center line and normal
to the elemental annulus

: o
We observe that (6V%; on the right hand side of the above
equation is measured in the same direction as the velocity Ve
Hence, the components of the velocity perturbations caused by

stator wakes can be written as
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U
ws,

(&V)S cos v
(32)

U
WS:!

(<SV)s sin Vg

' FromAequations (31) and (32) we observe that these velocity
components depend upon the axial, radial and circumferential
locations of the point, where they are to be evaluated, Since
‘we have ignored radial components in our analysis, we can set

U g 0,
WS,

The analysis of flow field downstream of B number of blades
will be similar to the above, if we consider the coordinate
system attached to the rotor, However, in fixed coordinate

system we obtain

¥ 2
o0 inB(o~- . ) —(nm/K_) -ika t
(sv). = E 2(6V)§. % e Voe e ° (33)
' r
n=1 '
where ka, = 2wnBN
Jd,
Kr =3 cos l/r
dr = circumferential spacing of the wakes, same as
that of the rotor blades
v, = angle between the wake center line (in relative

flow) and normal to the elemental annulus
Similar to Eq, (32), the velocity perturbations caused by rotor

wake can be written as

Uwr, = (5V)r cos v,
Uwr2 =0 _ | . (34)
Uwr3 = (av)r sin v

with ({)V)r as defined by above Eq. (33), We observe that the

index n =1 _corresponds to blade passing frequency,
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In our analysis here, both 6 and ¢§ are considered positive
when measured in the direction of rotor rotation, The equations
derived in this section are for velocity perturbations at any
given point (r,6,x) in the fan annulus and as such the respective

parameters at the location should be used,

III.A.4. Random Veldcity Fluctuations in Turpulent Regions

The velocity perturbations discussed in.previous subsections 2
and 3 are well-ordered in the sense that the velocity at one
point of the flow region has a definite space-time relation
with the velocity at another point of the flow.region. Any
complete description of flow field cannot preclude the presence
of random turbulent fluctuations, These random fluctuations
can be present in the flow entering the fan, and also can be
generated by various elements of the fan such as struts, rotor
blades, stator vanes, Because of their very nature, we can
only refer to these random fluctuations in terms of statistical
quantities such as mean square values, probability density
functions, correlation functions and power spectral density
functions, In the study of fan noise problems, another impor-
tant quantity is the correlation length, £ ; which is defined
as the area under the non-dimensional correlation:  function and
thus represents some average size of the eddy within which two
points in the flow field will have velocity fluctuations tﬁat

can be considered as coherent or related,
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The spectral,distribution and the correlation length are not
independent of each other., This is obvious for the reason
that if low frequency fluctuations are dominant, the extent
to which two points in the flow field are related will be
larger, The way they.aré related depends on the particular
model chosen to describe the turbulent field, as discussed

in Appendix II of ref, (18),

For inlet turbulence,.the assumption of homogeneity and isotropy
is usually made, In other words, the mean square valués of

the fluctuating velocities do not depend on spacial location

nor the coordinate system chosen, If a "frozen pattern*
convected with velocity Uc is chosen, as discussed in Ref, (19),
the spectra of the velocity components can be written in terms
of longitudinal correlation length scale .£ and mean square

—

value vg of the inlet turbulence

1
o, (W) = —= = (35)
Yo, T Ug 14 <w—€)2
‘ U
c
and
2.
W
o7 z l+3<uz>
o, (w)~=-wJL - - < 2 o+ for positive values of w
: m U 2
0, < g, wl
Uc (36)
We note that vg = vngor isotropic turbulence, The above
1

spectral density functions are derived from an aséumed expon-
ential form for the longitudinal space correlation, and these
were used in the dipole calculation, However for the quad~-
rupole calculations, the space-time correlation function of

the turbulent field is required, Based on the same model used

before, it has been found that the space~time correlation for
' -32=



the longitudinal velocity component is too complicated for the
quadrupole evaluation, Thus a slightly different model has

to be adopted, Without assuming isotropy, the space-time correl-
ation function of the "frozen pattern" conzected with velocity

U in the l-direction can be written as

TS -
R(S’T) = .\_7? e —e; 'e2 ’63] (37)

Where ¢ is the separaticn vector with coripénents ¢ &, and 6,ye

~

If one is interested in that part of the noise generated by
the true temporal fluctuation of the turbulent field, an addi-
tional time function has to be incorporated as explained in

ref, (lé).

For wake turbulence behind struts, blades or vanes, some
phenomenological approach can be used to estimate the intensity
level in terms of the mean flow and some properties of the aif—
foil, Ref, (26) shows that the root-mean-square value of tur- .
bulence can be written as |

¥ = 0.2 (V) (38)
and the length scale can be-assumed as the mixing length leading
to

~f= 0,2Y ' (39)
The velocity deficit (sv) at wake center and wake half-width

Y are discussed in the preceeding subsection,
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III.B. Ordered Quadrupoles Due to Periodic Velocity Fluctuations

Let us examine the consequence of the periodic components of

the velocity fluctuations described in the preceeding section,

| Theée velocity fluctuations are well ordered, i.e. the fluctu-
ations at any two different points in the flow region have a
definite phase relationship between them, Let us consider a
point (r,0,§) in the fan annulus and an elemental volume

rdr d9 d¢ within which the velocities cén be assumed to be the |
same as at the point considered, Restricting our attention

only to the axial components of the fundamental of the pefiodic
fluctuations of velocity, we substitute

© P, PSiy Yo WS

into the right hand side of Eq, (24). The second subscript
(1) in.the above equation indicates the fundamental of the
spatial or temporal perturbations. From the fundamental com-
ponents of the velocity fluctuations, we can evaluate acoustic
radiation at the blade passiné frequency., The analysis can be

easily extended to higher harmonics,

III.B.1. The Effect of Rotor Related Flow Field
In the'region upstream of the rotor we have the velocity fluc-

tuations Upr and in the downstream region we have the velocity
. :

fluctuations U - « From Eq., (27) we can write the following
. ,

expression
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U G -co (Bo-kat) (41)
= S -
prl(l) pr,@) ° :
with U r =0 r e
plm p mrz o
where x? = upstream distance from blade leading edge, and

the subscript {.e. denotes the amplitude at
the blade leading edge,

Up to a downstream axial distance of two chord lengths velocity
fluctuations caused by the wake and described in Egs, (33) and

(34) can be approximated as

Uwrﬁn = Gwrmﬂ gos(Be-kaJﬁ | (42)
where the amplitude - 3
A 1]
O, = 4840 — D __ {o,ls + ——————crcf;syr }
crcosyrh
M
with x" = downstream axial distance from blade trailing edge

and Vd

velocity relative to rotor blades,

Acoustic pressure due to radiation from the "ordered" quadrupoles

in the upstream region of the blades can be written as

_ rt 2ﬂ°° _
2
L - U - [/ coszw __6 2pU U rdrdgdx’
Py~ Po = 4nal R otz | “PYo, pr,m} -
’ Th ©° (43)
where U is described by Eq. (41) and the square bracket

prw0
indicates that the function is evaluated at retarded time, Com~

pleting the integration over 60 we obtain the rms value of
the contribution from the elemental annulus 2Trdr extending

from x' = 0 to o as

v
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oQ
—— k2 2 A
= —= PpU_ cosy J_(krsiny)rdr U ax? (44
4P = Ry2 o, Y 5! ) J/. PTi4) !
o)

A
where Upr() is defined as a function of x' by Eq. (41).
nl ’

Ssimilarly the acoustic pressure due to radiation from the

tordered' quadrupoles in the downstream region of the rotor

can be written as
r 21 2cr

t
1 2 9 \
= = i —__ drdedx"
Pm P, ‘ 4Tfa20R f [ / cosy |: 5c2 {Zon] Uwr,m}]r rdodx
r, © © .

(45)

where Uw is described by Eq. (42).

rw)
The rms value of the contribution: from the elemental annulus
2nrdr extending from x" = 0 to 2cr, can be written as

‘ 2c
. r
— k2 2 '/\
- — ] "
Apu, = RS2 pUOl cos JB(kr51n¢f)rdr 'jr Uwq“) dax (46)

let us consider only the axial component of the steady state

blade loading and rewrite Eq., ( 5) as
~ kB . .
Apo)-= §F§7§ AL sinj. cos Yy JB(kr51ndf) (47)

We observe certain amount of similarity in the expressions
~given in Eqs, (44), (46) and (47) for the contributions from the
various sources, For example, comparing Eq, (44) with Eq. (47)

we can write
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550) from Eq,(44) konICOSd/ wA
2nrdr / U ax! (48)

550) from Eq.(47) B AL siny, PTg)

o
Since AL sin)g‘r is the axial force per blade element in the
annulus under consideration, let us define a thrust coefficient

CT by- the equation

. P 2
AL sinh = 5 V; Cp ¢ dr (49)

The total strength of quadrupoles present in the volume con-
sidered divided by the number of blades gives us quadrupole
strength per blade and let us define a coeffieient CQ by

the following equation,

o0
P Vv e? 4 217 A
= ¢ dr C = == rdr pV U dx! : (50)
2 Yo ©p Qy B 0 /; PIy, |
Subscript (42) on C denotes that the evaluation is in terms

Q
of quadrupoles employed in deriving Eq. (44).

Substituting Egs. (49) and (50) into Eg. (48) we obtain

AAL;(I) from Eq.(+4) Cr CQ(AA’) Uo"
— =BMt-;-COS§[/'—é'——V—— (51)
4P, from Eq.(4%) T ‘o

The comparison made above was also observed by Ffowcs Williams
and Hawkings (4). The importance of the ordered quadrupoles
increases with the number of blades and the tangential velocity

of the blades, By comparing Eq. (46) with Eq, (44) we can write
c .

2C,
—— - I
4P from Eq.(4) _o/Uwrl(l) dx
oQ

~ ~31C. g? (52)
| Z@m from Eq(4¢) U axc! b r
' PTy0)

-37-



Considering the magnitude of blade section drag coefficient,
we can conclude that "ordered" quadrupoles present in the
region downstream of a rotor are of the same importance as

those present in the upstream region,

II1.B.2, Effect of Stator Related Flow Field

The presence of stator vanes give rise to perturbations to the
mean flow through the fan, As discussed in an éarlier subsec~
tion, these perturbations have space-wise dependence, but are
of steady state nature, Consequently, the stator related flow
perturbations in themselves produce no noise, However, the
presence of periodic fluctuations due to rotor flow field
coupled with the space-wise perturbations due to stator can

generate noise at the blade passing frequency and its harmonics,

Let us examine the case of outlet guide vanes for example,
Using the analyses developed in the preceding section, in the
region upstream of the stator the fundamental component of

axial velocity perturbations can be written as
N

U = U cosVo 53

PS) PSyy ' (33)

where V = number of outlet guide vanes, and

U = {U e
PS1(1) { ps'(')}e .
=

and x' = upstream axial distance from stator leading edge.

In the region downstream of the stator up to two chords length,
the axial component of the fundamental of the perturbations can

be approximated by
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WS ) wsKn
where
CD Y

0 4.840 V S 0.15 X

ws,, = %% % 2x" ° + ¢ cosv

o 0.6 + S cos, s
s s

%) = velocity relative to stator wvanes

and x"S = downstream distance from stator trailing edge,

The fundamental of the axial velocity fluctuations caused by
the rotor wake are already described earlier in Eq. (42)., 1In
the region of interest say one chord upstream and two chord
downstream of the stator, let us assume the amplitude Gwrm)
in Eg, (42) to be constant and equal to its value at the stator
midchord station, Such an approximation would yield higher
estimates but is convenient for comparison with the correspon-

ding "ordered" dipole radiation from periodic fluctuating forces

on the outlet guide vanes discussed in section II.C.1l.

Considering the radiation from the "ordered" quadrupoles in the
region upstream of the stator, we can write the rms wvalue of
acoustic pressure‘as

o0

~ k2 A 2> . A
= U !
4B, R./2 P wE o) cos U’JB_V(kr51nd/)rd5/.Upsw) dx _ (55)

Similarly from the region downstream of the stator we can write
‘ 2¢C
s

—~ K2 A 2 . A ,
AP = Ry2 prr]m cos Y JB_V(krsinllf)rdr /Uws,(‘) ax! (56)

From Eq, (23) describing the acoustic radiation from "ordered"

dipoles on the outlet guide vanes due to rotor wake impingement,



we can restrict our attention to only the fundamental of the

axial component of the fluctuating load, and write

— v A\ . . .
Ap(l) = ZTT]T;I?' (AL)m sinyg cos ¥ Jy_ (krsiny) (57)

A
where (AIJ“) is the amplitude of the fundamental of fluctu-
ating lift force on the vane element in the annulus 21rdr

due to periodic impingement by the rotor wakes.

The magnitude of (3}00) depends upon the amplitude of the
fundamental of the upwash (component normal to %Q fluctu-
'ations experienced by the vane element, which can be approxi=-
mated by

sin( Ytvg) A
cos wr
Yr 1)

and the 1ift transfer function discussed by Kemp and Sears in

réf. (11).

Using the value suggested in ref, (19) for the lift transfer

function we can write

A~ A sin( v +v,) mka, K
ALy = me% Uwrimcs R A (8

Let us compare the contribution from the ordered quadrupoles
considered in Eq., (55) with that from the ordered dipoles as
given by Eq. (57), Substituting Eq, (58) into (57) we can

obtain the ratio
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Cos

AB(]) from Eq. (55) _ A

. kK r
4V = cos Y

‘ﬁ;m from Eq. (s7) s sinig sin( v+ Vs)
. -
A
/ ;i . U
'rrkaocs PSSy
X 11+ — 7 dax' - (59)
o 3 (e}
_ A ,
Let us assume Ups at the leading edge of the stator to be
1)

approximately equal to O.4%) and obtain

o0

0
P20 gxt = 0.4 o
A X =Vt on

o
We can also use simplifying approximations such as

(v, + v) ~7/2

cos . Yo
Vg - 1 !

si -‘t n =
:m)\s a Vg an

For conditions usually met in lifting fans we can write

kageg %
{l-t-n’ } ~ 27

%

Substituting the above approximations into Eq. (59) we obtain
the ratio
Ap; from Eq,(ss) ' o,

— =1.6 5 M 0  cosy T (60)
Ap,, from Eq.(s7) 05

and observe that the contribution from the quadrupoles considered
here is of the same order of magnitude as that from the periodic

forces on the vanes due to impingement by rotor wakes,
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By comparing the contributions from thé ordered quadrupoles

in the downstream and upstream region of the stator as given
by Egs. (56) and (55) respectively, we obtain a ratio similar
to that derived in earlier Eg, (52). Consequently, we can
conclude that the ordered quadrupoles in these two regions are

of equal importance in evaluating fan noise,

III.C. Random Quadrupoles Due to Inflow'Turbulence

In the preceding subsection we have discussed the acoustic
radiation from only the velocity fluctuations which are periodic,
Since velocity fluctuations can‘also contain a random component
due to turbulence, one should consider the resulting random
quadrupoleinoise sources, For the present let us restrict our
attention to the turbulent fluctuation in the inflow to the fan,
The random fluctuations by themselves give rise to a broad

band noise, whose magnitude is governed by the intensity and
power spectrum of the inflow turbulence, However, the presence
of the periodic component related to the rotor flow field can

give rise to noise at blade passing frequency and its harmonics.,

I1I.C.1., Effect of Rotor Potential Flow Field

In the upstream region of the rotor, we have periodic velocity
fluctuations arising from potential flow around the blades, as
described in subsection III.A.Z, and random velocity velocity

fluctuations whose power spectrum is discussed in subsection

III.A.4. Let us consider a point (r,0,£) in the fan annulus
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and an elemental volume rdrdpdé within which the velocity can
be considered to be the same as at the point, Let us restrict

our attention to the axial components of velocity perturbation

and substitute

U=10U + v,

pr] 1

into Eq., (25) to define the elemental quadrupole strength.

Considering the power spectrum

PEW = % ™y C¢Z>2

c 1+

U
o]
for the turbulent fluctuations, and the sinusoidal nature
A
U =U cosBQRt
P PT 0

of the rotor related component at the blade passing frequency
we can show that the power spectrum of the elemental quadrupole

source is

o A 2.~§ £ 1
Q(iw) = {szpr } Yo 7o BRL _wl )
11 c 1+{ T - }A
: c c
1
+ - - (61)
T
c c

The convection velocity Uc of the "frozen convective pattern"
model of turbulence employed in the above equation can be
approximated by the mean axial velocity U, » Let us consider

!
an eddy size of dimensions _g',_zz and 1% along the axial,
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radial and circumferential directions respectively., For isd-
tropic turbulence we have ,Z]= 24,=24;=£., A simplifyiné'
aséumption would be that the turbulent fluctuations are perfectly
correlated within the eddy volume and uncorrelated with fluctu-~
ations elsewhere, However, the rbtor related sinusoidal fluc-
‘tuations give rise to different retarded times for radiation

from different portions of the eddy, Acoustic radiation from
such quadrupole sources was discussed in ref, (20). The mean
square pressure at the field point due to sources with an

annulus 2nrdr extending‘from rotor leading edge to infinite

distance upstream can be written as

- cos’ ¥ . ﬂU°1
Ap‘z = '3;1-—2-;? (kao) ’6112‘63 (bQ(BQ) fl f3 2Trdr ,e'
54,
a 7 ' -nm(2x'+ 4,) /4 g
where f] = {211@} [ {e . -} dx?
1
0 .
(oo ] .
-41mxt /4 ’IT,Z]/d -'rr,Z‘/d 2
+/ e {e -2 } ax!
vl
l A
d LY 4
f3 = L‘ﬁ; sin "‘d—'}

and ®,(BR) = the right hand side of Eq, (61) at w= B

By integrating above equation from r = Ty to r,_ one can

t
evaluate the acoustic radiation from longitudinal-axial

quadrupole sources in the fan annulus. upstream of the rotor,
Results of such computations on Rao Fan 2 at 5 ft, distance

on axis are presented in Fig, (17) for various values of

length scale .Z..
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ITI.C.2, Effect of Rotor Wakes

Downstream of the rotor blades, we have periodic fluctuations
in velocity as discussed in section III.A.3. Similar to the
analysis presented in the preceding subsection, let us examine
the effect of the axial component of the fundamental of such
velocity fluctuations, Up to an axial downstream distance of
twice the rotor chord, the axial component of the fundamental
of velocity fluctuations have already been described by Eq. (42).
The periodic component of the velocity fluctuations conéidered
in the preceding section are those described by Eq., (41l). We
recognize the similarity between these two equations and the
acoustic radiation from the random quadrupole-source in this

region can be approximated by comparing the integral

[o0]
2
G
pr]” et dr _
~ —
Vo x 0.16 an (63)

0
with the integral

2c
A

.U
wrM)

. VO

(64)

2
W A
dx" o~ 2.76(CDr,or) C.

0 . 4
where V_  is the velocity relative to the rotor blades,

We note that the ratio of the above two integrals is approx-

imately unity when we consider the values of CD and Oy
r

usually occurring in axial fans, Consequehtly, we can estimate
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that the noise radiated from the random quadrupole sources
present in this downstream region is of the same order of

magnitude as that discussed in the preceding subsection,

IIT.C.3, Effect of Stator Flow Field

The perturbations in flow field caused by the presence of stator
vanes are of a steady-state type even though they depend upon
spatial location, Consequently, the effect of random fluctu-
ations associated with turbulence will give rise to quadrupole-
radiation having the same spectral distribution as the turbulence
component, Our attention presently being the nodise at blade
passage frequency and its harmonics, consideration of the effects

referred above are béyond the scope of this report.,

III.D. Random Quadrupoles Due to Turbulence in the Wake Regions

In addition to the homogeneous turbulence present in the inflow
to the'fan, we have random turbulent fluctuation of velocity in
the wake regions of the various elements of the fan, Even though
the intensity of turbulence in these régions is greater than

that in the inflow it is present only in a small portion of the
fan annulus, Because of the rotor related periodic fluctuations,
the associatgd quadrupoles can generate noise at blade passage.
frequency and its higher harmonics, Evaluation of acoustic
radiation from the wake regions will be included in our future

investigations,
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IV. CONCLUDING REMARKS

This interim report describes the analytical methods employed
along with some preliminary results obtained in our effort of
evaluating noise sources in axial fans. Since acoustic meas-
urements on fans show prominent peaks at blade passing fre-
quency and its harmonics; we directed our attention to the
discrete frequency noise. The information presented in this
report is a’ step towards identifying predominant noise sources
in a fan, and must be regarded as far from a complete under-
standing of the fan noise problem. However, based on the
representative results given in this report the following con-
clusions can be reached.

(1) The effect of steady-state blade loading can be
ignored in estimating noise from fans with multi-
bladed rotors.

(2) The periodically fluctuating forces on rotor blades
or stator vanes arising from wake-impingement can be
a dominant noise source depending upon the blade-
vane ratio. The noise level as well as its direc-
tivity can be altered by changiné the number of
stator vanes.

(3) Quadrupole radiation from periodic fluctuations of
axial velocity components in rotor-stator inter-

action can be of the same order of magnitude as the
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dipole radiation from the periodic fluctuating loads
on blades or vanes caused by wake impingement.

(4) Inherent cancellation of acoustic radiation from
"ordered" sources distributed in the fan annulus
yields zero noise along fan axis.

(5) Turbulence present in the inflow to the fan can be
an important contributor to discrete frequency noise
because of thé random forces on the rotor blades.
Acoustic radiation from random quadrupoles is rela-

tively unimportant.

As mentioned earlier, fufther effort on several items briefly
mentioned in this report is necessary for a complete under-
standing of acoustic radiation from axial fans and to be able

to arrive at design features to reduce noise.
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Radial Variation of Amplitude at Fundamental (a=1) of
Fluctuating Lift Force on Blade Element in Rao Fan 2.
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(inlet turbulence intensity = 3%, distancé from fan = 5 ft.)
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