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Abntract

For the prediction of fan noiae, the two-
dimensional method has been used in many cascas,
However, the accuracy of the two-dimensional method
needs to be assessed against three-dimensionnal
effocts, Therefore, two-dimensfonal, quasi three-
dimenslonal oand threoe dimensional theories Eor the
prediction of pura tone fan noise due to the inter-
actlon of inflew distortion with o subsonlc annular
blade row have been studled with the aid of an un-
ateady three-dimensiopnal lifting surface theory
developad by Namba.}:2 The present seudy also
examines the effects of compoct and noncowpact
source digtributions on pure tone fan neise in an
annular cascade. Numorical results show that the
atrip theory and quasi three-dimensional theeory are
reasonnbly adequate for fan noise predfction. The
quasi three-dimenslonnl method i{s more accurate for
acoustic power and modal structure prediction with
an acoustle power cstimation errov of about =2 dB,
This accuracy seems to bo affected not by the sub-
resenance or super-resonance status of the acoustlce
modaes, but by the reduced frequency of the inflow-
distortion and by khe inflow distortion radia}l dis-
tribution. Also, the compact source prediction ig
different from the noncompact source prediction by
as much as 15 dB in upstream radfation cases and by
as much as 6 dB In downstream cases, depending on
reduced frequeney and interblade phase.

Introduction

A major source of fan nolse is unsteady flows
interacting with hlades and vanes, These unsteady
flows are inlet dlstorticnad=? sueh as atmospherie
turbulence,8 cross-wind effects,? static test tn-
stallation wakes, fan inlet boundary layers ond the
ground vortiees thut are npparent during mony
stotic test conditlons, all of witdch can produce a
signlficant luvels of woise with a fon or a turbo-
fan engine. Because these inflow conditions can
vary duriug the course of a tesc program, and can
vary sipgnificantly between statie testing and for-
ward {Iight of an ungine,l0 che evaluation of nolse
reduction festures using scatic testing nnd the
extrapolation to f£light of static noise levels is
extremely complicated and may prove erroncous,

For flyover nolse predictiop, source neise
error is only a part of the problem sinece atmo-
spheric propagation effects ond installation cEfcets
algo appear to econtribute significantly. However,

‘the study of fan noisc sources is an important part

of this problem, ond knowledge of the importance
and strengths of possible sources of unsteady tlows
described above is porticularly important in sel-
ecting a [Faclility for simulating [light behavioer
statically. The degree of Importance of these un-
ateady flows will depend en the parcticular fan
stage and unsteady flow structure., It is therefore
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important. to correlate the resulbs o various fan
nolse calculations wirh the existing experimental
medel dala ewd thereby define the interplay of
scules and intensities in determining noise levels
and to suggest the most fruitful fnflow control
stratesies, These calculations can also provide
infoemation about fan nolse modal structure for
acoustic¢ suppressor degign.

Many theoretical studies of fan noisc have
boen based on two-dimensional linear caseade
models#-8,12-14 that hove mode clear the fundament-
o)l features of the sound generation process ond
have shown the effect of the various factors that
influence sound source noise. However, it haes not
been made clear over what range of conditions these
current two-dimensional thepries are able to pre-
dict the unsteady blade forces and the socund ficld
for the case of a three-dimenslonal annular blade
row and for complicated inflow-discortions., 'The
two-dimensional problem i{s easier to handle and to
cbtaln numerieal results for; however, comparisen
of two and three-dimengional results is needed over
a wide range of parometers and inflow conditions,

The avallable theoretical resules on unsteady
blade forees for a single airfoil in an oblique
gustld show that the unsteady lift foree amplitude
decreases as the apanwise wave number of the gust
increases, We can infer then, that throe-
dimenslonal effocts will play an Lmportant role on
fluctunting blade forces in the cuase of interaction
with an inflow distortion of larpge radial extenc.
As Tyler and Sofrinl? pointed out, the interncelon
field generates mamy moden with various eircumlep-
ential and radial mode numbers, and whether these
modes propagates or decay depends slrongly on the
three-dimensional duet cutoff phenomena, Thercfove,
the role of three~dimensional ctfects in the proe-
diction of unsteady blade forces and acoustic power
and acoustic modal structure has to be clarified,

A theoretieal anolysis of the unsteady foree
and the total acoustic power In a three-dimensional
annular cascade wag carried ot by Namba. Scveral
vi the three-dimensional cffects on unsteady forces
and acoustic power were obtained. Huwever, In his
numerical ealeulations, the reduced frequency is
treoted a8 a constant value, wlithout regard to in-
flow distortion ceircumferential mode number and the
ratational gpeed of rotor, and 50 correct numerical
results for rotor~inflow distortion interaction
noise are not presented, Also, in his caleulation,
the circumferentiol and radial distributions of the
inflow distortiou were limiced to the case of sim-
ple harmonle distortion.

Therefore, in this paper, a theoretical analy-
sis of pure tone fau noisc generated by inflow
distortlon-rotor interaction was carried out with
the aid of the three-dimensional unsceady lifting
surface theory developed by Namba,ls2 accepting as
input various inflow distortions, in order to pre-
dict the forward and aft radinted pure tone energy
and the modal energy distribution, Special empha-



. oand downstream of the rotor areé obtained,

sis is placed upon the clarification of the accu-
racy of avollable two-dimensional theory for the
prediction of pure tone fan noisc duc to the Inter-
secion of inflow distortion with n subsonic annular
blade row, For this study, threc-dimensionol cal-
culations, two-dimensional colculations (strip
theory) ond quasi threc-dimensional calculations
are ecarried out and compared, In the quasi threce-
dimensional colculation, two-dimensional chordwise
dipole distributions ot several vadinl positions
are resolved into Fourier-Bessel dipole distyribu-
tions on an annular blade row, and then, with this
dipole dlstribution, the pure tone fan encrgy and
wedal structure in a three-dimenslonal annular duct
are esleulated, In pddition, the effects of com-
pact and noncompact gources in an snnular blade row
on pure tone fan noise are alse studied,

The procedure and assumptions introduced (n
the present study oare described as follows., The
theoretical model consists of a single threo-
dimensional annular cascade rotating ot constant
angular veloclty in an annular rigid-wall duct of
tnfinite axial extenc. Thus, the duct cnd reflec-
tion, the effect of upstream or downstream blade
rows, and the effccts of duct area varlation are
not considered. Thesc effects oxeept for the last
one, could be included in'the solution procedure of
the present study, The undisturbed flow is uniform
. axlally and cthe relative veloeicy over tlie whole
bladr; span is limited to the aubsonic range. 1In
ordyt to make the problem traccable, linearized
theory is adopted; that is, not only [luctunting
quantities due to gound but alse those due to the
inflow distortion convected with the bagie Flow,
arc assumed to be small quantitices of the first
order in comparison to the mean pressure or the
miin stream velocity, vespectively,

The caleulation procadure Ls as follows.
First, the periadic veloclty fluctuatlons at the
rotor blades due to the inflow distortion are ob-
tsined, Second, in order to cancel the [luctwating
component of the velocity normal te the alrfolls,
ocoustic dlipoles are assumed to be distyribuced over
the surface of the rotor blade. Fluetuating pres-
sure and velocity Elelds indueed by the rotor
blades arc expressed through a keenel function in
terms of the dipole distributien on a blade, The
spanwiage distribution of acoustic dipoles Ls glven
ag o sum of acoustlc radfal mode components and the
kerne! functlon Lp-resolved inte the corresponding
modal components. Finally, the boundary condition
that the fluctuating veloclty normal te the acro-
foil should vaninh at each blade surface position
i Introduced, By solving the vesultiop intepral
.equation numerleally, we obtafued the dipole dis-
tributions, which are Lhen used to caleulntc the
.dound prassure in the far field. Thus, the pure
‘tone acoustlic power and medal structure upstream
The in-
'flow distortion is resolved into its Fourler-Bessel
- ¢omponents, and then the cffects of each inflow
.distortion compenent on the acoustic power {s super-
{imposed to obtain the total pure tone acoustic
power. It iz worth noting that the same acoustic
mode can be gonerated by nll the inflow distortion
components that have the same circumferential mode
number, even though theilr radial mede numhevs are
different.
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Analyeica) Model

Fluctuating Pressure Induced by Rotor Blades Row

The theoraticnl model cansidered here consists
of a single annular blade row with N bludea ro-
tating at a constont sngular velocicy uT in an
annuloar rigid walled duet of infinite axial extent
(Fig, 1). The fluid Elow is composed of an un-
disturbed Elow with o uniform axial veleocity Wy
and small fluctuating flows due to the rotor blades
and {nflow distortion. The flow Is inviseld, of
uniform entropy and has no thermal conductivity.
The flycruation Lpduced by the rotor is assumed to
be isencrepic., The fluctuacions of the Eluld flow
are small compared with the undisturbed flovw. 1t
is also assumet that the fluid velocity relprive to
the blades {s subsoiide along the whole spon and
that the blades have no steady lead.

A eylindrical polar coordinacte system {6 used
with axes (r,9,z) flxed to che rotor as shown In
Fig. L. The rodial ond axinl coordinates r and
2z are normalized with respect tp the radius r;
at the blade tip, ‘The dimenyionless time t 1is
correspondingly scaled with respect to r%/ﬂa.
Then in sccordance with the assumptions glven

gbove, the continuity, momentum and energy equa-
tions aru %cmbinud to give the following lincarized
nquutton ' for the fluctuakhing pressure p
7 -(L)\ 5 -0 (1)
a bt
aQ
where
2 2 ~2
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ni bt L r 80
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This cquution 1 nothing other than the acoustic
wave equation lu the rotor-fixed coordinate awl its
solution must satlsly the boundary condition re- '
quiring that the wnllal veloeity vanish on the

rigld walil surfaces ac the hub and tip radii, 1In
the present spproximation, a rigid, thin airfoll
placed in the perilodlically fluctuating velocity
fleld 15 directly cquivalent te a sheet of acoustic
dipoles, or, ln other words, un unsteady lifting
surface, Therefore, a rotor blade row ean be re-
presented by N acoustic dipole sheets with the
dipole axes notmal to the surface. The N acoustic
dipole sheets have a constant interblade phase dif-
Ference and are clircumferentially equally spaced at
the locations (p, ¢+ 2jr/N, L){j =0, 1, %, . . .,
N - 1y, The Fluctuating pressure due to the rotor
blade row can be expressed in the form

o *

B(r,8,z) = Z E Pq,
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ﬂPq'p(p,g)'eiut denotes thie pressure fump acrass
the blade surface caused by (q,p) mode components
of the inflow distortion, vhere q and p are,
respectlvaly, A circumferential mode number and a
radial mode number of the inflew distortion,

C, denotes the dxlnl chord lenpth of the blades,
which {5 assumed constant slong the span,

uG, ﬁ_c*(q;$>r§!wa ls the reduced frequency,

My, = Wy/ag is the axiasl Mach number, f =1 - M
is the Prondt}-Glauert parsmeber and further g 3
1s defined by

2 2 22242742
nn,l " [kn,l. - (nta) ml’l"n/ﬁn]/ﬂn

Rn(kn,2*r) and ky 3 ave respectively the normal-
ized radinl elgen-funccinn and its eigenvaluo,

wvicre n(ayN + o) and 1 denote the circumferential
mode number and the radial mode number, . respective-
1y, of a preusure wave.

(8)

is cither a positive real or
Evidently the modes
are the cutoff woves

The factor fl;

a positive imaginary number,
corresponding to reel 0y g
that decay in the Earvfieid, while the medes psso-
elated with imaginacy values of in,p are the cut-
on waves that propagace without decaying. The
eritical values of v and L depend upon the

axial Mach number My, the rogatfonal speed of
rotor wyp, the bub-tip ratin 1 - and the circum=
ferentinal mode number of thy inflow distortion q,
‘but not on the radial mode number of inflow dis~
tortion p.

Equation (4) can be written in the Fourler-
Bissel double series from as follows:

\
T L N
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q,p'’ (*Trﬁi / vuz-m ]
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= Gy eipi sy enpn(z - Lpds (9)

where Gy 7(8,q,p) and Fp 3(5,4,p) are the blade
force coclficionts defined by

G (t,q9.p) 1 R
B .f AP (o, 0)—< R (k. ,ee) oo
Fo, 1 @otied ] 4, e AR Tl 1/

(10)
which {s equivolent to

Lol
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o 62 Alp) Z Fooa(Gaap) - Ryl on)
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(11

Equation (9) expresses the fluctuacing pressure os
a super-pogitien of an infinite number of pressure
modes whlch are characterized by the circumferen-
tial mode number n(=vN 4 @) and the rodial mode
pumber L. Gwpression (9) Ls convenlent for a
modal opalynls of the pressure field, but it is in-
eonvenienr for evoluating the nenr [leld pressure
for twu reasons. Flrsk, the series exponsion with
respect te the circumferentinl wave number n is
nonuniformly convergent at the blade surface.
Second, it lnvolves toe many blude [bree coeffi-
cicents Gn,l,(c:q:p) and FH,LCCIQDPJ{I =0, 1,

2, « ., ¥=0,L,2, .. .) wich are also fune~
tions of the axial pesition (. These difficulci-
ties, which may be cruclal, espeefolly in o case
whore the unsteady Life foree distribution
Arq,,(p,u) cannot be specified a priori, were elim-
inatod by the method developed by Namba. The
method is founded upon opproximating Rn(kﬂ,L'r)
by a finite scries of the Rocka'z-r) in the form

1l

- E-4 k
Rn(kn,l ©) fL, Bn,I,k Ra(
=0

bR (12)

T
o,k

The number L of retaiped terms should be appro-
priately large. With thls method, equation (4) can
be vearranged to obtain
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'the kernel functlon KPy(r,d,z/f,q) is governed by
the pacamcters N, wpy; hy §, Mgy o O and E,

Kty can be resolved Inte three ports; Kpfﬁ
{propagating part), RP(&) {singular part), dnd

kel g (regular part).

Fluctuating Velocity Inducod by Rotor Blade Row

The {luctunting velocity q(r,d,z) ol®E ey
be obktained by Integrating the linearized Buler's
equation of wotien as follows;

Q(r,8,2)
z
.- p:Q o~ i e“*“"@?(r.a,z)]gfa )
. ' ) Ry (14)
where Py denotes the [luld depsity In the une

disturbed state and Q = Wy 1+¢%r2 is the velo-
city of the undisturbed fluld relative to the
blades, Combinlug equations (4) and {l4) leads to
the expression of the fluctuating voloeity in terms
of the blade force moede coefficlenta. Then the up-
wogh component q{r,,2) @ 4L can be expressed in
the [ollowing form

1L
q.(r,0,2) b8 T

cnlz

L-1
% Z Z l&)co,k(er|P)

qr=m pEow

-Gu/Z

(15

The upwash kernel [uncrion contains patamweters of
N, I, q, @y, 9, and L. The detalled expression
for the kernel funetion XTy are glven in Appendix
I. As shown, KTy 15 divided into :hrcq parts the
sume a8 P; the propagating port KT/, the
singulor part KT(E), and the regular parc xr(f).
The sinpular part KT(R) possesses singularities ac
“.the 1ifeing surince.

'Kl'k(L',U:ZIE.Q) d.

.

Inflow Distortion

In this paper the inflow distortion is assumed
to have only an axial veloeity component (see Fig.
2). If a Fourler-Bessel analysle of the arbitvary
shapes of iInflow distortion is carried out, the
following axlal corponent of externol fluctuating

. veloeity is obtained.

h

vy o(Ti8ize) = ol Aq(r)-e"“‘o‘“‘r‘) (16-1)

q--m

1) &

- g -W L3 .
na q:az-w pnz-w Bq:l’ Rq(k"hp ")

x o 19 (0-wt) (16~2)

whare q and p ore respectively the circumfer-
entiol node number and radiaol mode number. ¢, de-
notes a small quontity which is the ratio of the
external fluctuating velocity to the basic flow

veloelty., Since the upwosh component af external
fluctuating velocity Ls given by

/ 73
LR "’e,a'“‘r' / L+ e

thon, one can express the upwash component of the
externcl fluctuating velocicy on & blade surface
6 = apz by

(1)

e bau (2-t) . (18)

" =y
Baukz ¢,a

(81,4

1+ uirz

One cosily sees that the reduced frequency o€,
and the Lnterblode phase angle 2nofil of inflow
distortion sonsed by the vptor blades ore given by
(19)

We = qeC e, and g=mN - q

vhere the inteper m 1s chosen so that lzw GIN[S#
is satlsfied, 1t follows from equation (16) thot

the Fourier coelficient Bq'Y can be determined
o

from the nxlal distortion velocity w, , by the
relation i
2 1
1 " wc,n(r'ﬁ) iqd
Bq:b = EI-F- l"“q“‘q'p'l‘) un-ﬂa e de d0
[V} h
(20)

It {3 convenient to suppose that the distortion
veloclty can be expressed as the product

wc "(r,ﬁ)‘ 8
"-“—-'-"'-Gn,wn = F,_(l‘)'el( ) (21)
then
B,p ™ %'t (22)
where
L -iqb
LN erf e V.0, (8)db [¢X))
and
1
bp-.fh'- £Ry (R, E)oF () dr (24)
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When tho inflow distortion can ba represenced by
N Gauasfan profiles (for N=1, 2, . . .) Iln the
civcumferential divectlion.

. _ﬁ__nzj)z
ox(g)-_cxp —E'L_Tz'z"q""""
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(25)
We £lmd that
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for q = 0, &N, 2N, . . .

(26)
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petormination of Acoustle Dipols Distribution

In the previous acctiona, the fluctunting
pressure amd velocity induced by the votor blades
have been represented in terms of the acvustie di-
pole disteibution, namely, the unsteady lifeing
pressure SP(r,z) oY on the blades., The acous-
tie dipole distribucion myst boe determined so that
the normal componenc of che volative [iuid veloeity
should wanish at the blade surfaces. Thepefore,
the upwash component ¢ the external fluctuating
velocity q., wust be cancelied by the induced
upwanh velocity qq(rye2) o4t ac the blade sur-
foees; that i8, for |A] =¢,/2,

q (v, 5,3 oli® (27)

Combining equation (27) with cquatlons (15%) and
(18), we obLaln an futepral equation ior the un-
knowm acoustie dipole Go,k(ﬂ-q’P) in the fom

c /2
a I¢J
i \ ~ Ty
b G (L,q.p) K (r,an e,z -t q) dr
2;:%; B g wm e T '
-0 /2 :
n
- . o . *1qu o5 @ 2
uq,p Rﬁ(kq,p L)Hﬂr a Y 0 {28)
whore
. ey o,
Go’m(g.‘hv} = Gnlmct_u‘hp). 3, (29)

We ndopt the following mathod to cbtain acoustic
sdipole dilscribution Erom equation (28). The coor-
dinates ¢ and 7 ave troasformed inte angle
varfables .o and 9, such that

- -(-1;&!2)-“5 N
- -(CBIZJ-cos T, (30)

whera

* -7 -
ISP RN P Y . . - .. -

Py = (e = Dy,
(f - l. 2, LI ) H) (31)
¥, = (2r - /2

M 1is the number of chordwisc acoustic dipole polnts
and {5 alao the chordwise boundary peints on a
blade. Go'k(g,q,p) are vepresented by

" "~ c

Gy, k(8r2P) = ng(tn.qm)/(—zﬂ sin +1) (32)
The quancity Egk(ml,q,p) is caleculaced
tion (28) by o collocation method, The
asgumed to satisfy n Kucta condition at
ing edge i.c., Gz wirgan) = 0.

from equa-
solutien is
tha trafl-

Tape Toowe Acoustle Powey

The pure tone fan nolse la composed of a [ivite
number of propagating pressurc mades which depend
on the parameters v, I, q, dy, Hy and 3, Using
equation ¢3), we cun obtain the expression for
sound pressure

ny la
. ‘aonw; \" L {ndia, 2)
Pt(t.ﬁ.z) o Rn(k“'z-r)- e "+
[TIAT) l. L

x iy (n,2,9)¢ o b (v Ny € (333

Here the auffixes + and - devoto the sound waves
propagating [ovward (dowmstream) and backward (upe
styemm) vespeetively, and 1P, (n,1,q) denotes the
nondimensional pressure amplitude fn the (n,l)
icoustlc mode, which is given in the noncompact
source eage hy '

!

[Sha+
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while in the case of a compact source
N “%“m n
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(-2}

c/2 .
x/ T Toltip) dt
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Further o, glven by
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(35)
denotes che axial wave number per length r%.

Corresponding to each circumferential mode
number of {nflow distorrion, the circumfcrential
acoustic mode numbers n (namely v} which can pro-
pagate are decided with equation (8)., The pure
tone harmonlec number corresponding te cach mode
number n is not v, but v+m, where m 1is ob-
tained from cquation (19). Thc inflow distortion
radial mode number p has no influence on whethor
or not the fluctuating pressure caused by the in-
flow distortion-rotor interaction can propagate,
but it affects the amplitude of pure tone fan nolse,
Therefore, we need to sum all sound pressures cor-
responding to cach circumferentiol mede number q
and radial mode number p of the inflow distortion,
in order to obtaln the purc tone fan nolsc coused
by the arbitrary shaped inflow distortien.

From equation (15), we can get the expression
of the propogating axial fluctuating velocity in
the followlng form,

- 1o
¥ ' e
wménmﬂ=~7' t%+m%+wl%m,'ﬂ
q ll“lll B
x et (04 p (n,1,q) ST (55)

Followlng Morfey's approach,l® the axial component
of the sound intensity 1IJ+ of pure tone fan noise
(harmonic number = 1, 4, 3, ., .) referred to
the duct-[ixed coordinate system is obtalned in the
form

e o (U)o # (@R bd) (37 oF, (0°)

(31)
n 1
Z i i IR Ak, 1'1') (nay, + @) p
nET) 180
: 2 2
Po% |ﬂn’1||llPi(n,l,g)|/8[u.i + (nwy + @)]° (38)
where { } decnotes st time average value, Also,
.., of course, p and W 1in equation stand for the
“real parts of the original complex forms of p and

W
.'j‘ Therefore, the dimensionless acoustic power

with respect to each pure tone fan harmonic
{for example } = 4m=¥l ceorresponds to lst harmon=
iie) 1is obtained by

1 2
3 . } ('r_r L *2)
Ey = j; r drj(; sz d(% 4 powacarT

n, g
= Eq:nzn 1;:} EIi(“sz:‘l) (39)
= 1 =

wvhere

EL{(n,2,9)

2
= [P, (n,1,q)| an(nm,r+m)]nn’11/(a¢+nmr+u'a)2 o)

Eti(n,l.q) Ls the modal component of the dimension-
leas acoustic power,

Two-Dimension~l Theory (Strip Theory) ond Quasi
Three-Dimensi 1al Theory

A two-dimensional eascade caiculation is ob-
tained os the limit of large cylinder radii, In the
notation of this paper, this limit corresponds to
h~1 oand N+~ o simultancously, while keeping

Zn/(NCaVlAu% = € constont at each radius of the
annular blade row ond g/N = constont, where £ 1is
the piteh-chord ratio and ¢/N is the‘ratlo of in-
flow distortion circumferential wave length to
cagcade pitch,

In the quasi three-dimensiono) method, first,
the chordwise unateady force distributions (nsmely,
acoustic dipole chordwise distribution) are calecu-
latéd at L numbers of radial positions from hub
to tip using the two dimensional ¢ascade calcula-
tion, Scecond, those dipole distributlons on a
blade are resolved into Fourler-Bessel form with
equation (11) and then the pure tone fan nelse and
madal structure in three~dimensional annular cas-
cade are computed from equations (39) and (40).

Numerical Ruesults

The numerical cnlculations are carrlied out [n
this paper for two diffcrent totor eonfiguvations.
Their peometric parameters are given Ln Table I,
The fan denoted case No, L has o high tip-speed and
8 large number of Dlades, while the No. 2 case fan
has low tip-speed and a small blade pnumber. Under
these conditions, the pitch-chord ratle 5, the
stagger angle v, and the ratlo of the relative
Elow-vulocity to the axial flow veleclty Q/¥,
vary along the span as shown In Flg. 3. Reduced
frequerdcies of blade foveo on the blade due to an °
inflow distortion in cases No. L and No. 2 are cal-
culated ag K =-0,136 q and ky = 0.272 q, re-
spectively. The pure tone acOustlc power has been
computed for different combinationa of the clrcum-
ferential mode number q and the radisl distribu-
tion of the inflow distorcion, 1Tn ovder te clarify
the three-dimensiopal character and the accuracy of
available two-dimensional theovy, the results are
compared with those of the strip theory method and
the quasi three-dimensionsl method,

The finite series approximation of L = 7 and
M e 6 were used for the ealculations in this paper,
In accordance with the increase of circumferential
wave turher gq, the number of propagating modes
(n,1) increases, and thercfore the accuracy of the
caleulacion of the KI{P) term in equation (15)
scems to deercase. In the three-dimensional cal-
culation, the degree of accuracy seems to be great-
e¢xr than in the two-dimensional calculation, becsuse
the three-dimensional calculation has three-
dimenslonal effects in the radial direction. So
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The calculation for o large number of propagating
acoustic modes wiil require on incrense in M,

+

|
Acoustie Power Vartavion with Clreumferentinl Made
Number of Tnfleow Distortion )

In Fig, 4, the dimenaionless total acoustic
powers [rem the 3-D ealeuiatlon of the upstream and
downstroam propagating sound wavgs are plotted
sgalnst the circumforential wmede number g of the
Inflow diastortion, 7The coefficimnt | in equa-
tion (16=1) was held constant over all values of
g and the radlus, In this sccticw, we dispugs tha
sworical vesules for the noncompact source case,
Thoe dip ~alonless scoustic power at q = 10 agrooes
with the Nonba's resules,l  However, acoustic power
Adevels a% other values of q  ave diffecont from |
Nemha's results, bocause in Namba'e calculacion thi
jreduced frequency is astumed ng conatang without
'regard to the varfation of q. In the upper part
of F1g. &, the varistion ol the generated scoustic
modes with the inflow distortion modo nomber q s
shown.  In the netatien (vq,7} vy corvesponds ro
the harmonlc numbor of the pure tone and §  ¢orres
sponds to the rodial mode nupber of the acoustie
moda. Thercfore the circumferencial mode number of
the acoustle mode n  {g calculated with the equa-
tlon n = vil-q where N is the blade number and
q is the circumforential soda numbor of the inflow

“distorcion.

)

' Figuve 4 shows that thoe numbar of acoustic
modes incresses wich an {neresse in g, The acous-
tic powers of both upstveam and downstroom propa-
gating sound waves are lapgest at about q = 30,
Abils region of larpge acoustic power corrcaponds to
o large numboer of lsc harmonie acountic mades. 1y
Fig. 4, it is sveu thot the total acoustie puwer of
downstream propagating waves is hiphoer thon thae 3§
upatream propagating waves in the whole range of q.

Fipure 5 showa the variatiow of findamental
pure tope component with elvcumferentisl wave nuw-
ber q af fullow distortion for case No. 1. For
values of g less than 20, the lundmental cona
acoustic power level of downstroam propopating waves
is higher than that of wpatream propagating waves,
but for values of greater than 20, thir tendeney ia
roversed, Total pcoustle power awl the acoustic
power of the fupdamental pure Lone for cawe No, 2
are shown fn Flpgs. O and 7, The total ncouygtie
power radlated dowmptream to hipher thuan that rauli-
ated upstream, while for the fundamental pure tone
the downstream acoustie power Ls sometimes lowesr
nud sowetimes higher than the upstream acoustic
power,

‘Compnct nnd Noneompnct Sources
o

In Fips. 4 to 7, compacisong are made batween
ithe compact source prediction based on distributed
;gourees only along o line in the spanwise divecklon
'(cqmpnct source) and n rigerous prediction based on
distributed sources along both the airfell chord
‘and span (noncompact) fov the upstrenm and down-
'stream propagating sound waves. The divergence of
the compact and noncempack source predictlions in
‘both the upstream wnd dowmstream propagation enses
18 conslderable, especially in the lower reduced
tfrequaney vonge for small valuas of q. This ten-
‘deney is similar to that observed by Kajil? in a
two-dimensional cascade, The maximum acoustie

L o

powoer difference is 15 4B In the upatream case and
6 JdB in the downstream T-++, The degree of differ-
ence decreasee ag the reduced Lrequency of the
blade forces Llncroasas,

At the liighor veduced Erequencles, the unsteady
forces on tha blada are concentrated npear the load-
ing vdpe and so the phase varlacion of souvee in
the chordwise divcecion is small, Tn addition, in
the dowmatream direction, the wava length of nsound
{s stratchad due to Fluld flow and therofora the
vatlo of wave length of sound to the chord length,

a petarded time offynt, is smoller than In the up-
streom caso. ‘Therofora, the difierence in acoustic
powet bobtween noncompact and compacet sources is less
naticeable in downstroesm ease (sce Fig, 3).

In the cage of the fundamental tone (Fig. 5),
the downstriom beodstic power predicted by the com-
pact scurce modal in higher by o maximum of 7 4B
than that of the noncompnct source wodel and they
approach ona another in fie higher source reduced
frequency vange. In the upstremm case, the acouse
tie power lovel of the Jompact source prediction ia
considerably highor than that of the noncompact
source pradiccion in the low reduced frequeney
rapnge, but in the higher reduced [requency vange,
the acoustic power of the latter s highor than
that of the [orwer by savaval dB,

Figures 6 and 7 foy case Nao., 2 also show that
the ncoustic power difference batween compact and
noncompagt sources (s smaller thun Iln case No. 1,
but still appreciable.

Acountis Power Variation Mie to Inflow Distortiom
Radian} Diatributlon

Figures (o) and (h) sh -
variatiop of the fandamental » for upatream ol
dowstream propagation. T  Jculacions weee fov
case Ho. 1 using Lhe 3D wode:, In these figuren,
acaustic pavers for % coses of luflow digtortlun
radin) distribution ave shown. The 5 coses are for
tnflow dintortionn with radial extencs of B, 25,
42, u7 and 100 percent of the spar fvom starciog
from the blade tip (sce sketch in Flip, 8). lhese
fipures show that at low values of g, ull of the
upstrean acoustie power s generated by the outeyp
25 peveent of blode-inflow discortion Intevaction,
At higher values of 4, the 25 percont of blade-
nflow dlstorcion [nrorsction still accounts for
pver haly of the aeoustle power. For the down-
stream wove o slmilnr bebavior wos observed that
involved the 42 percent of blade-inflow distortion
internction,

"he acountle power

Modal Structure

Figurce 9 and 10 show the variation of vndial
moda level for the fundamental pure tone nolse for
variouy values of q for both cnaes Na. L and Ro.
2. It is scen that tho aezustic power in the Civst
rdlal mode {s gemerally niigher than cthat in the
second radial made,

In the cnsc of upstream propagation, for case
Ne. L (Fig. %(a)) the scoustie power of the flrst
vadinl mode is higher than second radial mode, by
more than 7 di for q less than 40, 1In cose No. 2,
(Fig., 10(a)) the second radial mode level is close



to the first radial mode at q = 12 and 16, however,
for all other values of q, the former is lower by
about 5 dB than the latter.

In the case of downstream propagation (Fig.
9(b)) case No. 1 shows that the second radiel wode
level is lower by more than 3 dB than first radial
wode level. Other radial more levels are lower yet
then second radial mode level. In case No. 2
(Fig. 10(b)) the second radial mode level is lower
than the first radial component level except in the
range of high reduced frequency. Therefore, in
slmost the entire range of q and for both up-
stresam and downstream cases, it seems that only the
firat radial wode might be enough for acoustic
liner designs if suppression requirements are mod-
est.

Accuracy of Two-Dimensional Method for Pure Tone
Fan Noise Prediction

Comparisons are made of the acoustic powers
caleulated from the three-dimensional method (3-D),
the two~dimensional method (2-D) and the quasi
three-dimensional method (quasi 3-D), in order to
clarify the three-dimensional effects and the accu-
racy of the two-dimensional method for fan noise
prediction. ''Figure 11 is for case No. 1 and Fig.
12 is for case No, 2.

Numerical results for both upstream and down-
stream total acoustic power for case No, 1 (Figs.
11¢a) and (b)) show that the acoustic power differ-
ence between the two-dimensional and three-
dimensional calculation is less than J dB., The
quasi three dimensional calculation results based
upon the two-dimensional unsteady force are as
close to the 3-D results as are the 2-D results.

Results for the fundamental pure tone (Figs.
11(c) and (d)) show that the level differences be-
tween 2-D (also quasi 3-D) and 3-D are smaller than
for the total acoustic power, This (s true for
both the upstream and downstream waves,

For case No. 2, Fig. 12(a) shows the upstream
total scoustic power ditference between i-D and 2-D
to be about 5 dB at some values of q, but the
acoustic power difference between i-D and quasi 3-D
fs less than 4 dB. For the downstream wave (Fig.
12(b)), the total acoustic power diftorence is
generally 1 dB or less in the region between q = §
and q ~ 24. Figures 12(c) and (d) show similar
close agreements for the fundamental tone.

The survey based on the above data indicates
that the quasi 3-D method may be used for pure tone
fan noise prediction with an acoustic power esti-
mation error generally less than %2 dB.

Comparisor, ¢ Mcdal Structure Between 3-D and Quasi
*3-D Methids

Figurs 13 slows the comparison between modal
structure of the fundamental pure tone based on 3-D
and that based on quasi 3-D methods., Figures 13(a)
and (b) are for case No. 1 and show the upstream
and downstream cases, respectively, while, Figs.
13(e) and (d) are for case No. 2, In both cases,

No. 1 and No. 2, the agreement of acoustic powers
of corresponding acoustic modes between =D and
In both rotor cases,

quasi 3-D methods is good.

the acoustic power difference of corresponding
acoustic modes i{s less than 3} dB, and in the region
of low reduced frequency, the power difference
approaches zero. In accordance with these numerical
results, the quasi J=D method also seems to be ade-
quate for acoustic modal structure prediction in
the three-dimensions?l annular fan -=- inflow distor-
tion interaction problem.

Comparisons are made among the predictions
based on three-dimensional theory, strip theory and
quasi three-dimensional theory, in order to clarify
the accuracy of available two-dimensional theory
for the prediction of pure tone fan noise due to
the interaction of inflow distortion with a subsonic
annular blade row. The theories were derived with
the aid of an unsteady three-dimensional lifting
surface theory developed by Namba.l Both compact
and noncompact sources were considered, Several
numerical calculations were carried out and the
following results were obtained.

1. The compact scurce prediction in a three-
dimensional annular blade row can overestimate the
upstream vadiation by 15 dB and the downstream radi-
ation by 6 dB. The degree of overestimation depends
on blade row characteristics and reduced frequency
and interblade phase due to intlow distortion.

This result implies that noncompact source effects
must be considered.

2. The upstream radiation seems to depend
heavily on the tip vegior of blrse-inflow distortion
interaction for both upstream and downstream cases.
The extent of spanwise contribution to the sound
was greater in the downstream case than in the up-
stream case.

3. The numerical results show that for acousiic
liner design the consideration of only the first
radial acoustic mode is enough when only wodeat
suppression is needed.

4. Strip theory and quasi three-dimensional
theory Hased on the two-dimensional caleulation of
unsteady forces are reasonably adequate for tan
noise prediction., The quasi three-dimensional
method is more accurate for acoustic power and for
modal structure prediction, with an acoustic power
estimation error of 12 dB or less.
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Appendix - Kernel Function KT,

The kernel function KT, is ¢ ?paud of the
three parts R‘r(g s KT(R). and rr‘E , which are
given as follows:
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TABLE I. <« FAN PARAMETERS

{ _ Case 1 Case 2
Rotor blade number, N 40 15
 Axial chprd length,
* dimenslonless, C 0.05498 0.25836'
Rotor speed/axial flow
speed, wp 2,474 0,627
* Rotor relacive Mach .
number, Hp 0.934 0,865 .
Axial flow Mach number, '
H 0.35 0,596
‘ tubjEip ratio, h 0.4 0.46
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Figure 2. - The velocity distribution for infigw distortion
model at a constant radius plane,
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distortion circumferential mode number, case no. 1. (Uniform
radial distribution of inflow distortion, )
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Figure 6. - Variation of total acoustic power with in-
flow distortion circumferential mode number q,
case no. 2 (Uniform radial distribution of inflow
distortion. )
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method, 2-D method, and quasi 3-D methnd ~ case 1.
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Figure 13. - Comparison of modal structure of fundamental
pure tone noise between 3-D method and quasi 3-D method.
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