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ABSTRACT

The thesié describes-experimenta] and mathematical analyses.
of the noise fesu]ting from the interaction of an axial flow fan
~'with a concentrated inlet vortex. A.comparison of results from the.
two methdds reveals the physicél phenomena on which the discrete

tone noise depends.

. | Vortices were generated with half delta wings<mounted in
the in]et_be]1 mouth of an axial flow fan. Their properties of
_vortex strength, core radius, and core axial velocity deficit were -
measured fn 5 wind tunﬁe]. Thé'far field épectrﬁm of the fan noise
waé'measured for various combinafions}ofbthese three parameters, and
' for different radia] positions of vortex entry. ‘An.investigation
~of the origin and effect on the sound Tevéls of naturally bccurring
in1et vortices w;sxcarried out usihg real time blade pressure-:‘
meésurements'and a synchronous disp]ay system, ” ‘

- The mathematica] analysis comprised a linear two dimensionai
aerodynamic model of a vortex passfng'through.a fan. The character-
istics of the blade 1oadin§ were calculated as a function of the
span position and circumferenfia] angle. Levels of overall noise
and of the individual discréte tones were calculated. The theoretical
dependencé of the noise spectrum on the vortex strength, core radfus,
and_corebaxia1 velocity deficit wére determined.  The variation of
sound preésure level With»the_radia] position of_vbrtex entry was

a]So calculated.
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Comparison of the experimental and theoretical results shows
that an artificially generated concentrated inlet vortex increases
the overall sound level by as much as eight decibels and some harmonics
to a maximum of fourteen decibels, at a typical set of operating
conditions. The vortex circulation has the greatest effect on the tone
level at the blade pass frequency while the axial velocity deficit
exerts more influence on the higher harmonics of the spectrum. Local
blade stall caused by large values of core axial velocity deficit is
a suspected contributor to the observed pure tone noise at the higher
harmonics.

A naturally occurring inlet vortex was tracked using the
synchronous display system. It was observed to be unsteady in its
structure and to move about a preferred position of entry into the
fan. Its presence increased the overall far field fan noise by a
minimum of three decibels and at the blade pass frequency by 4.5 decibel.
No change in sound level occurred at the four significant harmonics

of the blade pass frequency.
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X1
NOTATION

Fourier coefficients «

number of fan blades

Fourier coefficfents

coefficients generated by Sears' function
speed. of sound in air

fan blade chord

.slope of blade chord variation function

period of revolution of fan (1/60 sec)

local stress vector
slope of blade twist variation function

flare constant for axial velocity deficit function

~ constant controlling radius of polar p]ottef

reduced wave number (Ch‘~1@/2U)

1ift force

slope of axial inflow velocity.variation function

harmonic number

acoustic pressure amplitude

surface pressure amplitude

acoustic pressure

surface pressure

fan radial variable

fan hub radius
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Rt fan tip radius
RO' | radia1 position of vortex_entry
R distance from rotor to far field microphone
r vortex radial variab]g,
re - vortex core radius
-dS , sqrface'e]ement 6f area
T time since birfh of vortex
t - : time | |
u _ | 'é*ia] velocity at radius R
UO» . N axial velocity at tip radius
_'Uéﬂr) ax{al‘ve]ocity deficit at vortex radius r
'Uc _ maXimum axial velocity deficit |
uo " normal surface velocity
u; " componentof velocity véctor
Vré1: | velocity relative to fan blade
v(r) vortex tangential ve]dcity
15,_x1 : space co-ordinate indicating point of sound
: detection in the far field
Yo Y5 | | space co-ordinate used in source region
Ay ‘ - steady angle of attack
a ' wing or blade steady ang]é of éttack
a'l : ‘fluctuating angle of attack »
B | effective blade tw1st ang]e, re]au1ve to plane of

rotat1on

| BO : | effective blade twist at rotor tip



xdiic
r vortex strength/ circulation

o) » angle between tangential velocity of vortex -and
component normal to fan blade, (Figure 33A)

o) phase angle of fi]tered correlation function

] : angle between re]at1ve and rotat1ona1
velocities

o | -density of air
D 1 fan circumferential angle
6 angle between surface norma] and far field
- -direction
T : : time delay between two rea11zat1ons of a f]uctuat1ng
' variable
V) , ‘kinematic viscosity
w : rotatibnel frequency , (radians/sec)
' dCl/da | : aerodynamicbliff transfer function
db .'v K esbund pfessﬁfe level (SPL)'in decibeis
- 6g;era11 - '
(SPL)overall 10 Tog (.00021Jbar)2 = db
7z ) 2.
Poverall =~ g Pn

| p, = Pressure of nth harmonic

2
Pn

(SPL)n ' , 10 log -
o . ( 000211bar)
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1. INTRODUCTION

Perhaps the most annoying, if not the most‘universal1yv
recognized soutces of noise to one and'all are the gas turbine engines
which :power most of today's cbmmercia] aik]iners. The noise is»e

;generated by_unsteady aerodynamic phenomena in the inlet, combustor
and jet exhaust of the engine. In first and second éeneratioh turbo-
jets the main noise producing area was the jet exhaust. Here intense
fluctuating shears developed in the mixing region betweeﬁ the exhaust
jet and the ambient air. The assdciated turbulence is responsible
‘for the broad band rumble thet charactertzes Jjet noise. With the
1ntr0duct1on of the new high bypass ratio turbofan eng1nes, espec1a]]y'
to be found on the "jumbo" jets, the exhaust ve10c1t1es have been
reduced sUbstantia]]y resulting in less shear stress fluctuation in
the mixing fegion and 1es$ noise. This reduction in exhaust noiée
‘has had the effect of emphasizing sound radiation trom-another.area; ‘
the inlet fan. Under certain operating conditions such as approach
and taxi fan noise dominates the overall noise produced by the jet
eng1ne |

" Fan noise is not only of major concern fn aitcraft pro-
pulsion techno]ogj, but it a]sovhas been a topie of much tesearch
pertaining to noise generation in veﬁti]ation systems and cooling
syetemé for internal combustion enginee. AttheUQh the conditions
under wh1ch fan rotors operate vary substantially, the1r noise
produc1ng mechan1sms may be s1m11ar, for -exampie, the effect

of a series of struts downstream of a ventilating fan may



be similar to the effect of a downstream stator section in a turbo- -

jet engine.

1.1 Fan Noise Generation

The noise generated aerodynamically by fans.can be separated
into discrete tone and broadzband radiation. Often the tonal radiation
tends to stand out over the broad band npise,dominéting the annoyance
factor associated with fan(nqise. These two types of noise.are a .
resu]t'bf fofce f]uétuations on the fan rotor and statdr elements.

The blade forces can be reéo]ved into time varying 1ift and drag
component;, radiatfng noise horma] and fangentia] to the blade
~elements respectively. Under certain conditions such as high axial
flow Mach number or high rofor tip Mach ;hmﬁér;”ﬁﬁétéé&& Reynolds'
streéses,associated with fhe combination of the potentiai flow field
of the rotor and a so]endida] Ve]ocity,fie]d'produced by an 1n]et
distoftion may also be significant].

Noise prob]ems that p]agued ear1y'fanvdesign,such as‘the
interaction 6f stator or inlet guide vane wakes with a downstream
' rotor, have been identified and ana]ysed_‘bothvmathematically and
experimenta11y; - As a result, modern designs minimize these effecfs
through_a set bf permissible and non-permissible design criterié.
~ Yet despite efforts which have produced sweeping,changes in tﬁe
design of fahs, intense pure tones persist esbecfé]]y in the on-
~axis direction whefe,in'theory,there should be none. It seems

apparent that other phenomena are contributing to the discrete



frequency peaké in the spectra of the fan noise, oVerfiding thé
classical rotationa1 noise first deseribed by'zﬁutinz. |

A comprehensive review of the $tate of the éft.relating to
fan noise was published by B.D. Mugridge and C.L.‘Morfey in 197]3.
The_concept of intaketf1ow distortions was discussed in the section
~entitled “F]ow'Distoktions Responsible for Toneaéeneration?_The
process.is explained as fo]]qws: ”A1though adj§cent blade rows are
én obvious ‘source of flow distortion, they may:ﬁot'be the main cause
of interaction tones. Potential f]ow‘distortiens can arise from
asymmetry.fn the duct surrounding the fan; for example, there may
be a circumferentia1-yarietien in rofor tip c]éarance aﬁd hence a
periodic fluctuation in b]ade 1oadiﬁg. Other possib}e diStufbances
are cross f]ow,wakesvfrom upstream bends or obstructions in the inlet
duct, and streamwise vortices sucked into the fanvfrom neérby solid
surfaces. - In a11’cases,-efficient'acoustic radiation will fesu]t
at blade eassing frequency'if the circumferentia] wavelengths of fhe
flow distortions afe simi]ar‘to_the rotor b]ade.spacing. Low
frequency modu1ation of.the flow distertion eauses'band spreadihg
of the radiated tones, and in fact most of the energyvin what'A
appears to be a discrete tone may be associated with unsteady
velocity distortions which wod]d not be detected by a mean velocity

traverse."



'»“w1th ax1a1 length scales of up to 100 feet have been measured '’

1.2 The Inlet Distortion

During the past four years much interest has been directed»;
towards the subject of various types of inlet distortions interacting

1,4,5,6,7, 8 9, 10

w1th a fan rotor Ana1yses have in general been

1n1t1ated on the not1on of random]y occurr1ng turbulence being drawn
v”past“the rotor, or a spat1a]1y f1xed ve10c1ty fie]d'anoma1y being
encountered by the rotor. .j:These approaches have a common basis in
‘that in1et distorttonsare"representedin terms of a spatial sum of very
many d1screte frequency components, each w1th its own characterdstic -
vspat1a1 structure Exper1menta1 and ana]yt1c approaches to the |
prob]em have shown that where ax1a1 length sca]es of an 1n1et
distortion are suff1c1ent1y long, an increase will occur in dlscrete
tone rad1at1on at-the blade pass frequency and its harmonics. In
conditions where single rotors are operating in freebair, turbulence

6, 9 _

~Some have suggested that these stretched inflow distortions may in

'fact be vortices7;8; either produced by the elongation of inlet ”
turbulence in the potential sink flow of the fan inlet, or originatingh:
at a so]idv3urface near the fan inlet, forming the nell known | |

11,12

ground vortex In the latter case, as pointed out by Siddon

7’8, the distortion is perhaps best'MOde11ed as a discrete

and Leggat
| potent1a1 anoma]y entering the inlet p]ane at a f1xed pos1t1on rather
than as a randomly occurring f1e1d of inlet vorticity.

L1tt1e is known about the true nature of the velocity f1e1d

associated w1th the e1ongated inlet eddy and even less about its:
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effect dh fan rotor loading, and the harmonic‘ Tlevels of the resulting
far fie1dlsound-' This uncertainty is complicated by the fact that.
vortices are difficult to detect'even whenvthey are relatively

stationary.

- 1.3 Scope of Work

This thesis comprises a theoretical and experimental analysis ?.gj;

of tne inlet VOrtex/rotor~interaction phenomenon. It is hoped that .fii}

such a study will increase our understanding of the physical processese; ij
‘1nv01ved provide a means to predict noise resu1t1ng from vortex_
b]ade interaction, and offer insight into some of the unanswered
questions put forth by otner researchers in the field.

Experimentally, the problem has been'exp1ored by introducing:
known distortidns into an axial flow fan. Concentrated vortices ofv

'known c1rcu1at1on, core radius, ax1a1 ve10c1ty deficit and p051t1on

of entry are generated by a half delta wing. The resu1t1ng far f1e1d"k
on-axis sound pressure Tevel is measured for different combinations - R

of vortex parameters.  Also, real time polar plots of blade

pressure measurements (sychron1zed to the rotat1ona1 frequency of the

fan) have prov1ded information about the spatial extent and 1ength

of naturally occurr1ng and artificially 1mposed vort1ces -
A 11near1zed aerodynam1c theory has been developed to descr1be -
.the interaction of a Rank1ne -type vortex with a fan rotor Empirical
N parameters describing the geometry of the fan blade were included
and far field on-axis noise spectra calculated infterms of

vortex parameters. This model has also provided information



"regard1ng the spanlw1sevd1str1but1on of unsteady 1oad1ng over each‘
_b]ade and around the c1rcumference of the fan, as the vortex passes
through the rotor d1sc Both exper1menta] and theoret1ca1 approaches
'w111 be descr1bed 1n deta11 Parametr1c resu]ts -are discussed and |
_compared L1m1tat1ons 1mposed by the 1dea11zed mode] and the1r
:1nf1uence on the accuracy of pred1ct1ons are also cons1dered
: ’ In sequence then, the thes1s beg1ns with a d1scuss1on of
.pert1nent background mater1a1, rev1ews the extent of prev1ous research
and gives a descr1pt1on of the apparatus and exper1menta1 method
Aemp]oyed Then the mathemat1ca1 mode] of rotor/vortex 1nteract1on |
is out11ned A presentat1on of resu]ts 1ends ev1dence to- the 1n1et :
';vortex theory and contr1butes to the phys1ca] understand1ng of the
htprob]em : F1na11y there is a d1scuss1on of the extent of agreement
'between the theory and exper1ments w1th some comments about the

r'_]1m1tat1ons of the mathemat1ca1 mode]



2. BACKGROUND

Before describing the ana]ysis’undértaken it 1is necessary.

_ to discuss the results of others who have conducted studies into the
'brob1em of inflow distortidn/rotor interaction. Major works 1in thjs'
area will be reviewed; from the initial anélytic studies to recent
experimental inVestigations_which suppdrt'the notion of stretched eddies

or vortices in the inflow. of axial flow fans.

2.1 1Inlet Turbulence

Mani was one of the first to attempt to model the interaction

of a turbulent veioéity field with a fan rotor4. -His wdrk was

motivated by experimental findings of Sofrin and McCann]z; and Fi]Teu1]4
Both repdrtéd on increase in sound Tevel in fans with an increase in
turbulence intensity. | Mani postulated that the unsteady velocity
fluctuations broduced by the turbulence being sucked into a fan Would
produce "non—statidnary fluctuations in angle of attack on the blade

row resulting in unsteady forces [on the blades], and noise radiation;“
He deve]bped_a two.dimensiona] mode1 of a fan rotor in the présence

of a tukbu]ent_inflow. For convenience he chose to model thé'inf1ow
tdrbu]eﬁce'as homogenéous and isotropic. His rotor model consisted
Qf a row of_%]at plate airfoi]s'at incidence. The analysis wés
carried outvin.the fréquency domain in that the turbulence was tréated-

as a superposition of harmonic shear waves. Sears' 1ift response

-



function for an airfoil encountering a.sinusoida1 gust was used to
determine the unsteady b]adevforces resulting from the incident
shear.waves. This function prédibts a diminishing 1ift coefficient
with increasing frequency or wave humben.

| Among several significant results, Mani found that peaks in
the resulting far fie]d noise spectra appeared at the blade passage
frequency and its first harmonic multiple whenever the ratio of the
length scale of fhe turbulence to the transverse spacing between
the blades exceéded 0.5. For values of this ratio less than 0.5
the'spectra were broad band in nature; the discrefe fone phenomeha

did not radiate constructively.

2.2 Inlet Distortions

Lowson was éoncerned with the estimation of noise produced
when a rotor operated in the presence of a discrete inflow distortion.
His particular interest was in the prediction of pure tone noise
caused by the 1nteract1on of a compressor rotor with the wake of a
stator stage]6

Lowson Sfarted with a previously derived result for sound
radiated by a fluctuating point source in arbitrary mot1on]7 He
then allowed this point force function to repeat periodically as
would the force on a fan blade when rotating continually through é
'steady pattern of inflow velocity distortiéh; Iﬁ‘this way Lowson
was able to predict the harmonics of the noise radiated by the

fluctuating forces on the rotor. He deduced a transfer function



between the inlet ve]dcity distortion harmonic order and the noise,
also by using Sears' sinusoidal gust Tift requnéé function. However,
atithat time, the necessary ihput information pertaining to the .
Acharacteristics of stator wakes was. lacking. Therefore the approach ;
" was not pursued.further. LoWson's method is usefu] for predicting

, fhe noise given the unsteady blade forces, but it did not treat the
éomp1ete problem from the fnput, the velocity distorfion; to the
-output, the noise..

B To overcome this deficiency, Lowson subseqhent]y dévised an
experiment wherefn inflow distortibné could be measured in a frame
of‘reference rotating with the rofor.. ‘These data were used in the
éaitu]ation of an aero-acoustic transfer function. |

He attached a hot wire anemometer to one b]éde of an unducted
rotor mounted in an anechoic chamber. This enabled him to measﬁre
the harmonic levels present in’fhe fluctuating velocity relative

to the rotor blade. By subtracting thésé harmohic.leve1s from the
~acousti¢:harmonic amplitudes measured in the far field,'he was

- able tb determihe the magnitude of the‘transfer'function between

input velocity distortion and radiated noise. He compared these
"data with the results obtained from his mafhematica] model described
earlier which employed Sears' function. The comparison is shoWﬁ

in Figure 1. The distribution of points takeﬁ as one groupA v".

‘ coT]apse to the vicinity of the straight liné deécrfbed by the theory.
The agreemeht is best at conditions of high rotor solidity and rpm

(i.e. a seven bladed rotor turning at 1200 and 1600 rpm).
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.. At this point it is useful to consider the emp]oyment of the
Sears' aerodynamic response function. The function describes the
variation of the mégnitude and phase of the aerodynamic.]ift transfer
function (dCz/da)~w1th reduﬁed wave number k. It describes the
sectiona] 1ift expected of‘a two dimensionél (ihfinite span) airfoil
when inserted into a velocity field with sinusoidal gusts of a
particular waveAnﬁmber actfng perpendicu]af to the chord of the air-
foil section (Figure 3) As wave number increases the up wash and
down wash effects tend to produce a paftia1 cénce11atfoh of incidence-
“induced 1ift changes,dué to cyclic shédding of countersign circulation
(that is éssentiaT]y_a conéequence of inadequate combliance with the.
Kutta condition at the trai]ingﬁedge). Turbulence incideht on
variation of force response on each blade section as a’funcfion of
streamwise wavelength for each element of the spatial (wave number)
spectrum. Thekmodel assumes the gust fié]d to be locally two
dimensional; that is spanwise scale effects are neglected.
Perhaps théAmost interesting resﬁlt'of'Lowéon's Work was.v
vthe shape of the inlet relative ve]ocity.spectrdm (Figure 2){_'
There afe as many'as forty higher harmonics of-thevrotationalv'
ffequency; Strong energy content at high harﬁonic numbers is
»1ndicat1ve of an inflow distortion‘of éma]] lateral extent and
giv%ng a pu]se_]ike’shapeAin the time domaini(A'train of delta
functidns has_é re]ative1y “f1at” distribution of harmonic levels).

Such a spectrum would not be eXpected of an isotropic turbulent :
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velocity field of large scale, but is more characteristie of long
skinny eddies crossing the rotor plane.

The wbrk_of both Mani and.Lowson presents positive evidence -
that natura]iy occurrjng inf]owtdistortions, whether they be due to
random atmospheric turbulence or to a Spatia]]y dfscrete inflow
| distortion may be major sourees'of rotor noise. The purpose of Mani's -
model was to "present a systematic approach toidetermine the effect
~ of turbulence as a hoise generator due to its impingement on a blade
row." His results show that pure tone peaks at mu]tip]es of the
blade pass frequency increase in magn1tude w1th an increasing eddy
1ength to transverse spac1ng between the blades rat1o

Lowson's experimental resu]ts were un1que and interesting
in that they prompted questions as to whether hqmogeneous 1sotrop1cA

_turbu]ence would be capable of producing an inflow spectrum possess-

ing so many higher harmonics.

2.3 Stretched Eddies and Vortices

Hanson6 and Siddon and Leggat8 had different ideas about

the nature of the inflow.

Hanson used an auxi]iary fah mohnted.far downstream of-the;
intake bell to draw afrvthrough an experimental fan inlet. In thié
way he was able to measure the characteristies of the tnf]ow at the
' inlet plane in the absence of a rotor. He measUhed both streamwise
and transverse ve]oeities with a crossed-wife hot wire anemometer.
iBy usihg a visual meahs of cross correlation between two hot wire

siQna]s he determined that the inflow distortions were correlated
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circumferentially over.a maximum ang1e'of 30vdegreesdaround the duct
axis. - Thts corresponded to a disturbance three inches in width
(1atera1 scale). Auto-correlations ofvthe streamwise vetocity
f]uctuat1ons were conducted These produced resu]ts 1nd1cat1ng an
1ntegra] 1ength sr‘a]n of ]00 feet in the streamw1se d1rect1on
Hanson cons1dered th1s an1sotropy 1n the 1nf1ow turbu]ence to be‘

cr1t1ca1", and "1ead1ng to short b]ade 1oad1ng pu]ses (due to the
"rnarrowness of the edd1es), and h1gh coherence (due to the 1ength of
j'the edd1es) " He thought that these 1ong, narrow eddies or1g1nated

| as natura]ly occurr1ng atmospher1c turbu]ence As the eddy is
sucked 1nto the stat1c fan 1n1et, it is e]ongated ax1a11y and
.contracted transverse1v by the s1nk ]1ke potential f1e1d at the
.f_fan mouth Accompany1ng th1s contract1on 1s an 1ncrease in its
,"transverse" ve]oc1ty to conserve angular momentum | |

Hodder9 undertook a series of exper1ments where the length

sca]e of the tnrbulence enterlng a fan was var1ed He measured a
dilO dec1be1 decrease in the noise at the b]ade pass frequency and

15 dec1be1s decrease at the f1rst harmon1c when the eddy length was
'shortened substant1a11y In the first test the axial 1ength sca]e
’of the 1n1et d1stort1on was measured to be very 1ong in that it was
cut some f1fty t1mes by the rotatwng rotor b]ades over its corre]at1on

'.1ength The second test was conducted w1th a suff1c1en+1y short

o eddy 1ength that 1t was cut over 1ts corre]at1on ]ength by on1y

one b]ade.~ The eddy 1ength was shortened by 1nsert1ng honeycomb into
_‘the fan inlet. The significant change in level of the two_harmonics‘

~supports the theoretical findings of Mani.
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Rab and Chu]O compared Hodder's results with their theory of .
inlet turbulence intefaction noise.. Like Mani they used isotropic
tufbu]ence as an input, and found that by knowing the turbulence and
fan_parametérs of Hodder they could predict the fundamental and first
harmonic noise levels to within 1 decibel. However, their calculated
' harmon1c spectra exhibited less band spread1ng than Man1 s. Rao

and Chu attr1buted this peakiness to d1fferences in the assumpt1ons

of loading on neighbouring blades. Man1 considered the problem in
terms of a FoUrier-Stieltjes}integra} of shear waves producihg velocity
fluctuations bn the b1adél He used‘Sears' function to obtain the
 ré§u1ting']fft, Rao and'Chu desé%ibed the tufby]ence ih térmé of
cofre]ation lengths of the velocity field and then determined the
épéctral nature of unsteady blade forces resulting from subsequent
passes of:blades through the same eddy. The subtle difference of these -
two approaches may account for the more discrete spectrum obtained |
by Rao and Chu.

| Measurements of fan blade. unsteady.pressure were: carried

out by both Leggat7 and Hanson6

on different fans. Both observed
-spectra with a dominant fundamental (the fan rotatioﬁa] freduehcy)
and’many higher'harmonics (Figure 4). The presence of 1n1et vortices
would explain these pressure spectra and Lowson's hot wire spectra.
.Using a statistical distribution jn position, intensity,‘
~and length of 16ng narrow -eddies entering a'fah; Hanson proposed a

model to pfedict the spectrum of noise produced by the fan/eddy

vinteraction.' He formulated the problem in terms of blade forces
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produced by the eddies rather than in terms of the eddy ve]oc1ty field.

He used measured blade pressure data to deduce the spat1a1 and tempora1 .
character of the f]uctuat1ng b1ade 1oads The b]ade pu]ses were .
5‘a11owed to vary 1n 1ntens1ty, 1ength and w1dth over time; and in

:hpos1t1on (F1gure 5) The pu]se spac1ng 1n t1me was equal to the

du”‘}"per1od of rotat1on of the fan ' He chose parameters descr1b1ng the

d‘ﬁ'fﬁshape and durat1on of the pu]se tra1n S0 that the computed 11ft

| -spectrum for the b]ade matched the relat1ve harmon1c we1ght1ng of the -
"’:measured b]ade pressure spectrum ” work1ng w1th th1s stat1st1ca1
'~1nput Hanson ca]cu]ated an expected energy spectrum for any far f1e1d -

':po1nt In the on-axis d1rect1on hws resu]ts predlcted d1screte tone

v.-1eve1s at the b1ade pass frequency and the first harmonlc rising

Ziabove the ca]cu]ated broad band spectra] leve]s (F1g“re 6) However,l
h1s method fa11ed to forecast 1nformat1on on the second ‘third, fourth"
or f1fth harmon1cs wh1ch were observed exper1menta11y in the far
'n_f1e1d sound. | _ | 1 | _ |

| Concurrent w1th Hanson S stud1es came the exper1menta1 work - d,

of S1ddon and Leggat7 8

v The aim of their work was to prove the
h.ex1stence of . expected but as yet unmeasured sources of fan rotor
no1se the effect of duct boundary 1ayer separat1on in the 1nf10w

h region, tip clearance modu]at1on and 1n1et ve]oc1ty distortions
i:were measured A method of cross-corre]at1on between the blade
4hydrodynam1c pressure and the far f1e1d acoustic pressure

(causa11ty corre]at1on) y1e]ded spatial source strength evaluat1ons R

7,18,19

fover the b]ade surfaces”? (Appendix A). - A typical source strength

curve for spanwise points located at 15 percent chord'behind the leading'
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edge is shonn in Figure'7. The_ordinatetgives the contribution to
the mean squared far fie]d pressure'(dpj% coming fron each etement of
 blade surface 'dS ~ The cross-corre1ation measurements 1ndicate_a
reg1on of zero source strength at about the 3/4 span position. f On
"athe outboard s1de the source strength is negat1ve, wh11e on the

"1nboard s1de it is pos1t1ve Th1s counters1gn source strength ‘
fvbehav1our 1nd1cates that the blade is exper1enc1ng a d1sturbance
.g wh1ch on the time average causes force f]uctuat1ons on the b]ade
_}wh1ch are out of phase w1th each other, 1n a span-w1se sense. | The
As1gn1f1cance of negative source strength is exp1a1ned mathemat1ca11y o
.and phys1ca11y by Leggat7 but bas1ca11y ‘1t 1nd1cates | .
'h that the port1on of the surface with negat1ve source strength is
f,rad1at1ng more than +90° out of phase with the dom1nant part of the-
-~ far f1e1d sound (coming from the positive source reg1on).- ‘
E 'p Leggat and Siddon exp1ained the existence of the counter-
'phase source strength as a consequence of a concentrated inlet .
vortex be1ng phys1ca11y “chopped" by subsequent b]ade passages
: ’The nu]] at the 3/4 span po1nt wou1d correspond to the pos1t1on of
.the vortex core. The pos1t1ve and negat1ve source strengths on-
e1ther S1de of the nulls wou]d be caused bv decreases and 1ncreases
'h:1n b]ade ang]e of attack relative to the mean f]ow, as the b]ade passed
:. through the vortex ve10c1ty f1e1d | f
B Such a phenomenon wou]d not be 1n d1sagreement with the
physical explanatjon proposed by Hodder and Hanson. Hanson.sa1d-that as |
_ the_eddv is sucked'into the fan the transverse velocities would be

expected to increase to conserve angular momentum. - As Hanson
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measuredvoh]y'one,component Qf the unsteady transvarse velocity,

and as the hot wire 15 inéapabie of dfstinguishing direction, ﬁt is
very possible that the eddies measured were well organized vortices;
: either concentrated.ones such as ground vortices or naturally occurring.

vortices being stretched and aligned in the fan inflow field.

2.4 The Inlet and Tip Vortex

The présencé of ground-generated inlet vortices in fans and

]]’]2, and has béen'exp]ained

aircraft jet engihes is wé]] documented
us1ng potent1a1 flow methods]2 During f]ight concentrated vortices
may originate from stagnat1on points in the boundary layer on the
fuselage and enter rear‘mounted engines, wh11e»dur1ng taxi and run up
‘vortices are likely to grow from both tﬁé’fuée}age'andﬂfhe:ground.
u_The rotor/vortéx interaétion probiem ié most acufe whehba :
helicopter rotor interacts with its own tip vortices. :Heré'the |
vortex generated at the tia'of one rotor b]adé may pass cfbgaato the‘;
underside of the.following blade. The associated velocity ffe]d
1ntevac+1on may cause eff1c1ent noise rad1at1on If the‘helicopter
is hover1ng the t1p generated vort1ces w111 remain relat1ve1y station-
ary w1th respect to the rotor b1ade ‘The result is a fixed reglon
on the blade over which there occurs a vortex»indUced sta]l._'Broad-
band‘noise is_prodaced. Periodic slapping occurs when the helicopter -:}
is in forward f]ighf. The forward ve]ocity.of the‘he]icoptef tends
- to skew the pafh of the shed vorfex. The vortex then is no longer

stationary with respett to the blade and a periodic modulation of
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the'bTade load results. ActuaT chopp1ng of t1p vort1ces takes pTace
B when vort1ces shed by a rotor 1ntersect a tandem rotor S pTane of
lrotat1on These probTems are somewhat d1fferent from the fan rotor/

| fvortex 1nteract1on probTem as the vortex 1nf1uence is feTt over: onTy ad_ '

‘5;,,‘sma11 percentage of the rotor bTade span, generaTTy near the t1p

rszegardTess, resuTts of work concerned w1th th1s probTem deserve ‘ 1:.“”
o cons1derat1on A A: o o e R ; ”
| Leverton and TayTor20 anaTyzed the vortex "chopp1ng" phenomenon v

:’fus1ng a modeT he11copter rotor and two Jets bTow1ng aga1nst one another

" to s1mu1ate the vortex (F1gure 8) ‘ They found that the harmon1c TeveTs ; N

»UR.fvar1ed as the fourth power of rotor ve10c1ty and the square of eq“‘Vale“t'

.‘_ vortex strength The s1mu1ated vortex used in the exper1ments woqu
w’,create more coherent wing Toads than woqu be produced by a true vortex
t’fFor this reason true vortex resuTts may prove to be somewhat
‘d1fferent _ | » | o

' Patterson, Am1et and MunchZ] cross‘correTated bTade pressure .
and far field acoust1c pressure to determ1ne the noise generat1ng . |
'mechan1sms 1nvoTved when a vortex passed beneath a stat1onary a1r--
fo1T They found that when the vortex passed very close to the
encounter1ng bTade, local blade staTT deveToped Th1s process is
not moduTatory in time. The noise generat1ng mechan1sm is assoc1ated
' »vw1th the passage of staTTed wake edd1es over the a1rf01T tra1T1ng
‘*_‘edge | | . | ,. M | o
| 'CompTete theoreticaT'stUdies of the noise resuTtino from
22

t_he11copter bTade/vortex 1nteract1on were carried out by Widnall

’ for a vortex pass1ng under a bTade of a he11c0pter in forward flight..
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Using Tinear and unsteady aerodynamic theohy, she was able to preoict_
features of fhe radiated noise including total power and direcfivity
as a function of the vortex characteristics. Widnall showed good

~ agreement between theory and experiments at']ow tip Mach numbers.

2.5 Role of Present Work

It is evident that there is,sti]]zmuch to be‘reso1ved.about
the problem of a fan rotor interacting with an inlet distortfon. It
is gehera]]y agreed among researchers that Tong coherenf eddies are -
responsibie for much‘of the tonal radiation from rotors, The»physical
nature of these eddies; whefher‘they shou1d be characterized as steady
or intermittent vortlces or whether 1ndeed they possess net c1rcu1at10n
vat all is not clear at th1s t1me | |

Theoret1ca1 approaches to the problem predicf the levels of
sound at the blade pass frequency and its first harmonic, buf do
~not agree-with experiments at higher harmonics. . Two dimensional
methods using 11near aerodynamic assumptions and employing Sears'
sinusoidal gnst 1ift response funotion.haVe given acceptable predict-
ions of the noise due to'turbulence interaction. HoweVer,‘thfs
approach has not been applied previously to the problem of a d1screte
vortex penetrat1ng the rotor d1sc The dependence of the fan noise
on the vortex parameters and on the positioniofAvortex entry into
the.fan are unknown. | |

The fo]]owing Sections, Three andpFonr, describe the

experimenta1 and theoretical approaches respectively. The author has
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prééented the experimental work first as it is felt that the develop-
ment of the théory:fa11s into place more logically if the ]1m1tatidns
of the experiménts are realized. Sections Three and Four are

eSsentia]]y se]f-contained; . The reader who is primarily interésted

jh;the theory may read séction‘FOUr first without loss of clarity.
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3. EXPERIMENTAL ANALYSIS

The experiments were designed éb enable a detailed analysis
of the noise produced in the far field when a vortex of.known strength,
axial velocity deficit and.cere radius was introduced into a feh.
Small half delta wings at incidence were used to geherate vortiees of
varying strength and core radius. _Their prdperties were measured in
- 1ow-speed wind tunnel using a unique vorticity detectfon.devfee. |
-Subsequently, the'wings were mounted in the fan bell mouth, ane_the
vortex interaction ef%ects measured for.various operating conditions.
On-blade fluctuating pressures were measured with and w1thout the
‘vortex generator installed.  The resu1t1ng pressure s1gna1 was
plotted iﬁ real time on a eircular polar plot synchron1zed to_the
rotation of the fan. This procedure a]lowed the study of the
interaction of naturally occurring vortices'wfth the fan rofor, and
a confirmation of the predicfed blade load fluctuations due to.
interaction with the contrived Vortiees. The University of Britisﬁ
Co]umbia aeroecohstic facility and other apparatus will be.described .

prior to discussions of the experimental- techniques.

3.1‘ Aggaratus"

- 3.1.1 Aeroacoustic Facility
A11 acoustic measurements were carried out in an anecho1c

chamber of 1ns1de dimensions 16 feet by 14 feet by 8 feet high.
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The chamber is consfructed of steel-fibreglass sandwich panels 4 inches
thick mounted on a spring isolated concrete pad. The wedges
installed in the chamber are made of semi-rigid fibreglass, and
encased in a protective grid of galvanized hardwfre-cloth. ‘The 

23 and was found to exhibit =

chamber has been calibrated and validated

free field (anechoic) conditjohs from a Tlower cut-off frequency of )

150 Hz to a haxfmdm measuredufrequency of 100 KHz.  Removable hatch
cbvers were incorporated into the initial design of the Chambér to

allow experiments on fan and jet noise, which involve the passage of

air through theAchamber;

3.1.2 Fan Rig

The research fan was located fnﬁoqe%ggfngrlofﬂthe chamber,
its éehtré Tine 30 inches.frbm the wall wedges (Figure 9). The fan
vbegan life as a Woods of.Co1chestef 19Ainch, seven bladed axial flow
fan unit. | The rotor was carefully rebuilt, polished, and ba]anced.
It operates in a'remanufactured casing made from rings of cast and
“méchined aluminum (Figure 10). The clearance betwéeh~a11 b}ade tips
énd tﬁe casfng is constant and equal fdu.040 inches. THe earlier
-shee£ métaI shroud provided by wdods Qas substantially "out of
rdund". The rdtor‘Was driven by a 10 hp direct coupled induction
motor driving the rotor at a constant rate of 3600 rpm. For thé
vortéx interactfon expériments the fan was operated at a constant
head of 2.54 inches of water and a flow rate of 7000 CFM with a
:blade stagger angle of 20 degrees. ‘This operating point was near the |

bptimum and gave a throat inlet velocity equal to that under which
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~ the VOrtex generating‘wings were tested. The importance of this
matching of ve]ocities will be discussed later.

The fan casing was vibration isolated from the chamber using
rubbef machine mounts and a flexible coupling to the exhaust duct.
The downstream diffuser section was acoustically tfeated to minimize
extraneous noise. Variation of the fan head and f]owvrate was made
bossib]e by the installation of’mwairfof] Touvre in the wind tunnel.

- A1/4 inch celled hexagonal hOneycomb mesh measuring 4 feet square

and 6 inches in thickness was made-to be installed over the air intake
hetch when requifed. An inlet bell mouth was molded from fibreglass
to an aerodynamfca]]y optimum shape giving uniform ahd unseparated
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flow at the throat It was bolted to the upstream end of the fan

casing.

3.1.3 -Vortex Generators

. The vort1ces that were 1ntroduced into the fan were produced
.by half delta wings with sharp leading edges. The various sweep
back ang]es and d1mens1ons as shown in F1gure 11. For testing in:
the w1nd tunnel the wings were mounted in a faired support bracket
51/2 inches long and 3/8 inches square.

" A ball vortometer was used to measure the vortex tangential

velocity at any radius (Figure 12). It consisted of a styrofoam
'ball .10 inches in diameter attached by a thin nylon thread toa
_support pin_mountedkto the trailing edge of the airfoil. The rotational

velocity field in the wing trailing vortex causes -the ball to rotate,
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accelerating to an angular velocity where the net drag on the ball is close.
to zero. This condition corresponds to the-point where»the ball velocity -
equals the vorfex.tangentia] velocity at the particular vortex rédius |
that the ball occupies. Simuitaneous measurement of the angular

velocity, w, and the radfus of the circle described by the baT], r,

yielded the rbtatfona] velocity of the vortex v(r) (results are

discussed in section 3.2). The ball rpm was measured with a

Sfrobotac and the circle diameter with a reflex camera mounted on

a vertical traverse screw.

3.1.4 B]ade Pressure Fluctuations

Measurements of the blade pressure f]uctuations were made by
 insta11ing a .125 inch Kulite éemi—condUbtor,pnessure”t?ansducer'ihto
a brass césihg which was fitted into a mii]ed slot in the botfdmlbf
the blade. Ten pin holes .030 inches in diameter were'dri11ed_from
the base of the slot through to the blade upper surface (Figure 13).
A hole in the brass.casing was aligned wﬁth the pih_hole corresponding .
to fhe desired measuring point. | Thé-resonant'frequency corresponding
to the pin-ho]e/tavity resoﬁator créated by the vo]ume.inéide the
transducer casing was calculated to be 10,000 Hz, which isionébbrder.
, of magnitude abovethe'highestAfrequency of interest in the b]ade‘-:
pre;sufe specfrum.' | |
| Shielded.Teads from the transducér Weré;directed back a]bng
~ the milled slot to the hub of the fan where a two channel EKEG F.M.
teTemetry:system wés located. The s]of was filled with RTV mold-

making rubber. This system enables the transfer of two signals



24
simu1taneous1y from the rotating fan rotor to the stationary te]ehetry
receiver. Gain and phase shift characteriéticsfor the systém are
shown in Figure 14.The twotelemetry transmitters were mounted in a
plexiglass housing mounted on the front end of the fan shaft. Batteries
to power both the transmitters and two pressure transducers were also
fixed in the housing. The rotor and rotor-mounted instrumentation

were statically Hba]anced. An aerodynamically shaped nose cone covered

the hub-mounted telemetry transmitter package (Figure 10).

3.1.5 Acoustic Analysis

The faf field acoUstic pressure was measured at a distance
of 6 fan diameters”™ (9.5 ft) in front of the rotor plane on the fan
axis, using a Bruel and Kjaer 1/2 inch microphone model 2134 (frée
field cor}ected). Calibration of the microphoné was accomplished qsing
a érue] and Kjaer piston phone generating a pressure level of 124 db
at 250 Hz. The transducer—te1ehetryvsystem was ca]iérated using the
same pistdn phonebfitted with an adaptor designed to seal around the
blade surface pin holes.

A'Erue] and Kjaer narrow band spectrum analyzer with a
band width equal to 6 percent of the centre fﬁequency Was used tol
measure the far field and_on-blade pressure spectra and discrete tone
amh]itudes. Due to a slowly varying modulation of the rms pressure
under "natural® inlet conditions, a Schiumberger time domain analyser
had to be used to time average the filtered harmonic levels over a
period of 30 sec.  This proéedure produced éh improvement in the-

accuracy to a répeatabi]ity within £0.1db.
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A limited amount of corré]ation analysis was.carried out,
using a SAICOR SAI 43A correlation computer. Cross-correlations
between the fan blade surface pressuré and»far field acoustic
pressure yielded surface source strength information. The technique
is described in Appendix A. Magnitudes of the source strengths at
blade Spanwise locations were similar to those measured before the
modifications to the fan were carried out (Figure 7). This indicéted
that the modifications had Tittle effect on the inlet vorfex detected

in earlier work,

3.1.6 Real Time Polar Pressure Display

A special analogue circuit was developed to sychkonize the
circumferentially Varying b]ade.pressure fluctuation to the circumfer-
ential position of the rotor blade in which the transducer was
moﬁnted. Thus a real time polar piot of the blade pressure at any
rotor position could be displayed on an oscilloscope. The method
incorporated two analog multipliers which multiplied the blade
pressure signal by sine and cosine waves respective]y of frequency
equal to tﬁe fan rotational frequency. The governihg equation

reads as follows:

p(R, wt) = const ‘%ke sin wtf; ep cos wt) + K

y

_eb is the amplified transducer voltage arising from blade pressure

fluctuations.  The cohstant accounts for the overall voltage to
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pressure calibration of the system.” x and y are used as inputs to
the horizontal and vertical drives of an oscilloscope trace. w is
the frequency of fan rotation; K is constant which determines the
radius of the polar circle. The circle distorts with time on each
revelution to depict the spatial and temporal variation of b]éde
pressure. The schematjc of the system and an example of resulting

po]ar‘plot are shown in Figure 15.

3.2 Determination of Trailing Vortex Characteristics

Measurements of the strength, core radii, and position of
trai]ing vortices behind delta wings have been carried out by other

25’26’27’28. ~ However, in these cases the results obtained.

v kesearchers
 were particular to the dimensions of the model and the Reynolds' humber
under which it was operated. For this reaéon, ft was. decided to
experimenta11y measure the vortex chéracteristics corfesponding to
the model sizes and flow rates associated with the fan experiments;

A delta wing of 5 1/2 inch root chord was mounted in an open
circuit wind tunnel with test section dimensions 6 1/2 inches by
12 1/2 inches. The vortex position re]atfve tobthe wing trailing
edge, téngentia] ve]ocfty, core radius and axial flow deficit were
measured for angles of attack ranging from 10° to 30° in five degrees
increments. _Detai]é of the method used to locate the vortex core

relative to the wing,using a hot wire anemometer are contained in

Appendix B.



3.2.1 Measurement of Core Radius_and Vortex Strength

| To ensure that the ball vortometer accurately followed the
vortex tangential velocity, it was necessary to positiqn the inot
point on the axis of the vortex. Using the core'positiona] data
recorded in Appendix C, the pivot point was placed at the point in
space corresponding to the vortex core position for the wing angle of
attack. With the tunnel at operating velocity (63.7 ft/sec), the
position of the pivot point was adjusted until the rpm of the ball
maximized. This last minor adjustment ensured the bivot point to
be as close to the axis of the vortex as the ball vortometer was
capable of sensing.

| The nylon thread was exténded to a ]ength'of 1.5 inches and
thén deéreased in length by small intervals. At each interval the
rpm of the ball and the diameter of the circle it swept were
measured. In somé cases, the ball trajectory would lie within the
rotational (solid body) core. In other cases it would spin at a
radius ‘larger than the core radius where the magnitude of the
tangential velocity falls as 1/r.- Hére the vorte* velocity field
behaves ]ike that of an irrotationa] (ideal) vortex.  When the ball
was in this region the ve]Qcity gradientlover.the:ny1on thread
caused the ball fo spin faster than the local vortex velocity.
On thé other hand, when the radius of the vortometer circle became too
small, stiffness in the nylon threéd became important, and with
decreasing circle radius‘the ball eventué]]y stopped spinning. The

former of these two effects became important at radii exceeding twice
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the core radius of the vortex, while the latter cccurred when the
circle radius became less than approximately 25 percent of the core
radius. " |

The measured data was compared with a mathematical model for

real vortices obtained from vortex tube experiments;29
2 .
‘ T r_
\/(Y‘) = '2—-11_—}:(] - 64\)T) . « v .(3.])

where T is the vortex strength, v is the kinematic viscosity.of air
and T is the time elapsed since the birth of the vortex. T determines
the vortexvcore radius . To achieve a comparison we referenced the
measufed radius of peak tangential velocity to the theoretical value.
Thfs is accomplished by setting the first derivative with respect to

radius of the vortex tangential velocity equal to zero

dv(r) . P ‘ ,
- 0 ... . (3.2)
yielding
2 : .
-r- 4vT o
re— = N : ... .(3.3)
Gl 2r2 + 4vT

substitution of the measured value of core radius (rc) for r gives
the value of T for which the theoretical and measured core radii
will align. The strength of the vortex may then be simply calculated

as follows:
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- 2mr V{r) -
_r2_
1 -e 4T

. .(3.4)

Curves showing the amount of agreement between measured and theoretical

vortex tangential velocity ffe]ds are shown in Figures 16 and 17.
Here also is shown the col]épse of the caiculated values of vortex
strength.

Curves describing the variation of vortex strength and core

radius with angle of attack for the 5.5 inch wing were plotted
(Figures 18 and 19). Vortex stfength was found to vary linearly with
angle of attack while core rad{us was given by the following

relationship

log r, = 4390 + 1.27 . ... .(3.5)

Having these re]ationshiﬁs,it was possible to define vortex
- strengths and core radii for vortices generated at all angles of
attack from 0 to 30-degrees,by the other three half delta wings, by
measuring these properties ét only fwo angles of atfatk for each
wing (Figures 18 and 19). These data along with those pertaining |
to the vortex measurements from the 5.5 inch wing are presented in

Appendix C

3.2.2 Vortex Axial Flow Deficit

The amount by‘which the axial (streamwise) velocity decreased |

inside the vortex core was measured by traversing a hot wire anemometer

g
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laterally through the core. The spatial extent and magnitude of the
deficit was found to varyAwith the wingbangle of aftackr The core
remained very tight and the deficit waé difficult to detect until the
wing angle of attack increased to the point where trailing vortex
bursting was expected30. At this point the spatial extent of the
deficit increased rapidly with angle of attack (Figure 20). The
magnitude of the déficit is tabulated in Appendix C. Deletions in
this data for wings at low angles of attack indicate that the
magnitude of the deficit could not be measured. For these cases the
vortex had not burst.

The term "vortex bursting* refers to a transition that occurs
in delta wing trailing vortfces when the wing is"oﬁérated at high
angles of. attack.. The vortex core changes from laminar to turbulent.
The transition is accompaniéd by a spreading.of the radial extent of
the axial velocity deficit in the vortex core, and an increase in the
growth rate»ofbthe vortex core radius with time. The stability of
the vortex deteriorates mofe quickly than for the laminar case. The
result is a more rapid break up of the vortex field.

Tﬁe onset of bursting is useful because 1t allows two types
of vortices to be tested (laminar and turbulent cores). Not on]y'may
the effect of vortex strength on the noise be examined, but also the
contribution of various forms of vortex cores and petcentage velocity

deficits,
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/

3.2.3 Discussion of Vortex Velocity Fields

The wind tunnel measurements of tﬁe half delta wing trailing
vortices provided a range of circulation values from a minimum measured
strength of 7.5 ftz/sec (rc=.625 inches) to a-maximum of 40'ft2/sec
(rC = 1.23 inches). The vortex axial velocity deficits varied from
the 1imit of being undetectable with a hot wire (no vortex bursting)
to a maximum of 82 percent velocity defiéit-

The agreement of the measured data with the mathematical
vortex model was good in most cases. Therefore, this model was used
as the vortéx input to the theoretical analysis. of the problem with
the values for T and re being Lased on the calibration experiments.

The hot Wire measurements of axial velocity deficits may be con-
sidered accurate only in cases where the deficit region is wide compared
to the length of the wire. However, in cases with tight cores such
as the 5.5 inch wing at 10° angle Qf attack (Figure 20), the éxia]
velocity measurement is probably somewhat inaccurate because the
active portion of the hot wire sensor (=.05 inches) was probably
]érger than the true core radius. Less confidence can be placed in
the magnitﬁde of the deficit in theée cases. The positionlof the

vortex core, however, is thought to be reasonably accurate.

3.3 Vortex/Rotor Interaction Experiments

~ The experiments were designed to determine the effect of
the vortex parameters of vortex strength, core radius, and axial

velocity deficit on the overall on-axis fan noise resulting from a
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single vortex passing through the rotor disc. We also studied the
debendence of the far field noise level on.the radial position of
'vortéx'entry into the fan.

As the reéu]is of these experiments were to be compared to
those derived by the mathematical model, it was neceésary to ensure
that conditions in the fan inlet were as similar as possible to those
under which the vortex chafacteristics had been measuréd in the wind
tunnel. Furthermore, it wés necessary to ensure that other forms
of naturally occurring distortions be minimize to the ultimate
degree.

The former of these two conditions was achieved as follows.
The half delta wings were mounted in the throat of the fan inlet bell
mouth 2 inches from the fan rotor (Figure 21). This distance
correspdnded to the position where all vortex parameters were measured
relative to the wing in the wind tunnel. The operating point of the
-fan and duct system was altered with the controlling Touvre until
the axial inflow velocity at the bé11 throat matched the velocity used
for the wind tunnel tests (63.7 ft/sec). At this condition the fan
-was operating with a Stafic head of 2.54 inches of water With a blade
stagger angle of 20°, The presencé of contaminatiné noise being
generated as a result of an interference between the upstreamvpotential
field of the rotor and the‘delta wing sUrface‘was found to be hinima].
No increase in sound Jevel was detected at all the harmonics with
the half delta wing at 0° angle of attack compared wfth the case of

no delta wing inserted.
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The effect of naturally occurring distortions was minimized
by piacing the hoheycomb over the anechoic éhamber hatch. The result
"was a decrease in the overé]] sound pressure level of 3 db and in the
blade pass frequency of 4.5 db. No effect was apparent at the higher
harmonics. A decrease in the degree of fluctuation in the magnitude
of the overall sound pressure 1evé] with time accompanied the insertion
of the honeycomb. The resulting base—iine spectrum is shown as the

solid Tine in Figure 22. (No imposed vortex).

3.3.1 ﬁependence of Noise on Voftex Parameters.

Tests Were.carried out for each of the half delta wings mounted
at angles of attack varying from 10° to 30° (both burst and unburst
vortices). A vortex with positive circulation (counter-clockwise
rofation) was generated by the wing at positive angles of attack, and
vice versa for negative angles of attack. The fan rotor was also
turning counter-clockwise as vjewed from the inlet.

| A change in the angle of attack of one wing produced a change
in all three vortex parameters of interest: core radius, circulation
strength, and axial velocity deficit. Operafing all four wings at
the same angle of attack resulted in a change in vortex circulation
and axial velocity deficit from wing to wing, but no change in core
radius. In a few cases, wings operating at differeht angles of
attack would produce vortices of equal vortex strength, but varying
core radius and aXia] velocity deficit. It is apparent, then, that
thé effegt of all three vortex parameters may not be studied indepen-

dently, but must be analyzed in groups of two and three.
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- Overall far field sound levels and spectré were measured for
wing ang]es'of attack, both positive and negative, .in 5° increments.
The far'fie1d microphone was at the 6nfaxis position at a distance of"
six fan diameters. Typically the overall levels increaséd by anything
from 1 to 8 db and some harmonics showed an increase of up to 14 db
‘as the angle of attack was increased‘from 0 to 30 degrees. <Figure 22
léontrasts the effect on the far field SpeCtrum'for vortices of
identica] characteriétics except that their direction of rotation is
réversed in the two cases. Notice that the Vortex of negative (Clockf'
wise) rotation creates tWo new harmonic peaks (2100 and 2520 Hz). |
This resu}t is fof only twd conditions, but they are representative'
of the trends 6bser9ed in all the trials. Théy serve to give an
»overa11 impression of the effect of the vbrtices. A tabu]ation'of
the effect of the varying vortex parameters on the overall 1e§e1’
and blade passing harmonic 1eve1§ is presented in Appendix D.. |
| | The trends of positive and negative vortex sense do not 
'.show‘any common features. Therefore they will be discussed
: separately. A parémetric analysis was carfied out of thetéxpeéted :
1ift fluctuation amplitude on the blade (Appendix E). " This produced
a Way of séa]ing the dimensional dependence of_acodstic noise levels
re]ative to the vortex properties. wa ‘terms invo]vihg the three vartex _.
parametens evoTved;'(ev:;FU¢rb and FUOfé' ‘{ ). The overa]]'noise:v
levels for bothipositive and negative vortex sénse were plotted
' against each of the two terms. The data‘co1]apsed most favourabiy‘_

against the grouping I‘UC re- The curves for these data are shown
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in Figure 23.' Vortices of negative sense (rotation.opposite to that
of thehfan) effect the overall noise level more strongly than do
. positive vort1ces at the h1gher values of FlJ r . while the oppos1te is

c
true at Tow values of T U r.. Unfortunately, the magn1tude of the

o
discrete tone levels of the measured blade pass frequency and its. -
‘vhigher harmonics diq not collapse well when plotted against either :
of the two: parametric groupings calculated in Appendix €. This is
'not surprising, however, ae each frequency will possesé its own
: fUnctiona] dependence on the three vortex propertieS'(r, Uc and rc);
~and'theref0re,»thevdata may co]]apse-against one gronping of the
'_parameters, but more likely some compromise of the two group1ngs.
Most of the d1screte frequency sound levels show an 1ncrease 1n
~amplitude with an increase in vortex strength, core rad1us, and
axijal ve10c1ty def1c1t | |

The effect on the overa]l noise of changing only the vortex
_ c1rcu1at1on and axial velocity def1c1t parameters is shown 1n
h Figure 24. Here each set of four points (wh1te*circ1es, black tri-
ang1es, etc ) repreeents the noise level produced when eachﬁof*four
vort1ces of equa] core radii, but increasing vortex strength pass
'through the fan rotor. The four equal core radii vortices were
produced'by the four half deTta wings ef'equal root semi-span operat-
.ing at the same angle of attack -~ The ax1a1 ve]oc1ty def1c1t in the
vortex 1ncreases as the root chord of a ha]f delta generat1ng wing

decreases. Therefore in any set of four po1nts, the axial ve10c1ty

deficit decreases as the vortex strength increases.
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| Take for example the set of white squares for a vortex strength
with positive sense. Here as the vortex strength increases, the
resulting noise level increases very little. It would seem that the
effect on the noise of the increase in the vortex strength. is being can-
celled by thé_effect of the decrease in axial velocity deficit.
This trend is generally true for all sets of points for the overall
sound pressure level case. | |
~ Now look at Figure 25 which shows the variation of amplitude
of the 1680 Hz harmonic with changes in vortex strength. There is a
1érge increase in harmonic amplitude with increasing vortex strength
for both positive and negative vortex sense. For the case of negative
vortex sense‘and the white squares, a doubling a vortex strength causes
a 8 db increase in the sound préssure level. The reason for this
trend is not immediately vaious.' On first look it is clear that
thebb1ade loading at 1680 Hz is very senéitive to changes in the vortex
' strength, but there are no obvious physical explanations. The results
of the mathematical model may help to c]drify this trend in the data.
In Figure 26, an entirely different trend is displayed.
Here the Sound'phessure level at the b]éde pass frequency actually
decreases with increasing vortex‘strength. If the axial velocity
deficit were the dominant mechanism contributing to the sound level
at this frequency, then this behaviour would be expected. That is,
as the vortex strength increases,_the.dominant_distortion, velocity
deficit, decreases; and~sd the sound‘]evé] should decrease. Intui-
tively, however, we know that because the axial velocity deficit

tends to be small in spatial extent compared to the vortex tangential
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velocity field, it should contribute more favourably to the higher harmon-
ics of -the spectrum. This result is indeed a paradox, and it too must

await the results of the mathematical model for a propér explanation.

3.3.2 Dependence of Noise on Position of Entry

The change in the far_ffe]d noise spectrum with vortex pdsition
'of entry was measured by intfoducing'the vortex into the fan at a number
of different radial positions. The 5 1/2 inch wing was mounted on
one of a Series of thin flat plates. The plate was then placed in
the throat of the bell mouth so as to cut the circular inlet plane as
does a chord of a circle (Figure 27). The Wing was set at incidences
of pTUs and minus 30°. \Nhen the radial position 6f entry was to be
changed, the wing was mounted on a 1ongér flat p1até thus bringing it
closer to the hub of the fan. At each radia1‘position the effect of
the pTate alone on the far field noise spéctrum was measured. The
effect was significant at all harmonics, when the plate was 2 inches
in front of the fan rotor. When moved upstream to a distance of 4 inches
the éffe;t was very much less significant. _ For the worst case its
presence changed the overall level by .6 db.  The worst 1ncréése in
a singie frequency was 2.3 db at 840 Hz. The minimum increase in
the sound pressure level was produced when the test vortex (P¥30 ftz/sec,
rc=0.078 ft, UC/U = 77%) was_introduced into the fan.at a radius of
R/Rt=_45.The'resu1t was a 4 db increase in the_overa]j noise level.
The lowest increase for a single freqﬁency was 3 db for the 1680 Hz
harmonic. The increase in éound'1eve1 resu]finj}from the introduction

of the mounting plates are shown in.Appendix D.
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In F1gures 28 and 29 is p]otted the resultant uar1at1on in
_sound 1eve1 produced when the vortex was 1ntroduced at radial pos1t1ons
vary1ng from a m1n1mum fan rad1us of .36 ft (R/R .45) to a max1mum
'p of 64 ft (R/R 81) F1gure 28 shows the effect of positive sense N

‘;vort1ces and 29 of vort1ces of negatlve sense. In both graphs the

2 jitrend is for the overa]] sound pressure level and that of the fundamenta]

”‘”?tone to decrease un1form1y as the vortex approaches the root of the fan

| -b}ades,_ The h1gher harmonic 1evels tend to cross over each other as
' the‘rad1a1 pos1t1on of'vortex entry is var1ed - Discussion of th1s
’ phenomenon wou]d best be 1eft unt11 results of the mathemat1ca1 mode]

'_can be presented s1mu]taneous1y

. "-1'3 3.3 F]uctuat1ng B]ade Pressures

A study of the effect of the 1mposed vortex and natura]]y
occurr1ng ground or atmospher1c vort1ces was made poss1b1e us1ng the

b]ade pressure measur1ng apparatus descr1bed ear11er in Section 3.1. 6

. The pressure transducer was mounted in the fan blade 6 inches from

'come from ear11er work

the blade t1p This po1nt was deemed most suitable as it corresponded
'to the reg1on on the fan b]ade where the pressure f]uctuat1ons and
acoust1c source strength had been found to be strongest These resu]ts
7 The source strength curve of F1gure 7 shows
‘_that the magn1tude of the source strength is greatest between non-
d1mens1ona] fan radii of 86 and .97. Thevpresent measuring po1nt is’

at a non-d1mens1ona1-fan radius of .93. At this'point'thefeffect of

naturally occurring vortices should be most apparent.
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Tests Were run with imposed vortices of positive and negative-
sense (r = +20 ftz/sec, PC = .65vft, UC/U - 75%). The pressure measuring
hb]e was :324 inches outboard of_fhe vortex core radius. The vortex gen-
erator was then removed from the fan. Measurements were repeated
for the clean running fan both with the honeycomb in place over the
anechoic chamber hatch and with it removed. Pictures taken of the
osci]]oécope trace under these four conditions are shown in Figure'30.

For fhe imposed vortex with circulation sense opposite to
that ofvthe fan rotor, the pressure on the upper surface decreases
on encounter with the vortex (Figurés 30A, 31A). The vortex tangential
velocity at the pressure tap i: rotating opposite to the'rotation of
the fan. The resulting increase in the wR component felt by the blade
section causes an increase inAthe local ‘angle of attack. The résu]t
is an increase in sectional 1ift which involves a decrease in the
pressure on the upper surface 6f the blade sectfon. A vortex of
opposite-circulation sense produces the oppbsite sequence of events
and leads to an increase in the pressure in the region of the vortex
(Figures 30B, 31B). Figures 30C, 31C and 30D, 31D contrast the effect
of p]ating‘the honeyéomb over the anechoic chamber hatch. Figure 30C
shows a'substantially greater degreé of blade preésufe.ffuctuation
than is apparent in Figure 3bD. If is this fluctuation that is
responsible fof the 3 db increase in far ffe1d noise level prodﬁced
when the honeycomb 1s'removed from the anécho1c'chamber hatch.

'A‘series of 16 mm exposures of the variation of the b1ade'_.
surface pfeSsure éigna] are shown in Figure 32. The figure shows

what appears to be a large naturally occurring vortex entering the
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lower portion of the_fan generally near 5 o'clock position. It is. .
fndicatéd by a ]oca]ized "hump" on the po]ér plot. It can be seen
after examination of Figure 32 that this characteristic hump (marked
for convenience) is recurrent over time and persists for several
revolutions. ‘The camera shutter speed was 1/50 sec and the film speed
was 18 frames per sec. Thérefore each exposure displays approximately
~one revolution of the fan rotor. Two revolutions occur between frames.
In the series of exposures‘éhown~1n Figure 32, the characteristic
hump persists for about four consecutive framez, or twelve revolutions
of the rotor. | |

The doub?e-humped blude pressure signature produced by the
vortex is indicative of a vortex of positive sense (i.e. counter-.
clockwise rotation) entering the fan inboard of the pressure tap.
It possesses a significant axial velocity deficit. The positive Sense
vortex circulation causes a decrease in angle of attack at the instru-
mented blade section, and an increase in pressuke on the blade upper
surface. Howéver, as the blade passes through the core of the vortex
it experiences a decreases in axiai velocity and a resultant increase
in angle of attack. This explanation accounts for the dimple (suction)
between the two humps.. | |

The spatial extent of the natural vortex varied although
'it usually encompassedvabout 60° on the inlet plane, with a coré radius
covering about 30° or 1.48 inches. In contrast, the Targest vortex
generated by the haif de1ta'wings_bossessed a smaller core radius of

1.15 inches.



4]

The fact that the double humped pkessure signature is
recurrent over time indicates that the vortex is moving.continually
overvthe face of the fan in a preferred area (the lower sector of the
inlet). The group of five marked frames shown in Figuré 32 not only
show this motion of the vortex, but also suggest that the voftex
strength is changing with time. The magnitude of the pressure signature
increases and then decreases as successive frames are encountered.

These irreguiar increases and decreases in the rate of
vortex rotation, coupled with the varying Doéition of vortex entry into
the fén are probably respohsib]e for the lTow fréqﬁency modulations in
the far field overall sound level which were relatively sporatic and
as large as 6 db over a time interval of one sec.

If the vortex were as strong and'persistent as the photo-
graphs indicated, fhen it ¢0u]d only have been generated by the gathering
of vorticity from the boundary layer on a nearby surface (i.e., a floor
vdrtex). | The c]bsest and 1argé§t surface present was the floor of
the ]aboratory outside the hatch of the anechoic chamber. Fine |
styrofoam beads were sprinkled over the floor while the fan wasArunning
at maximum flow rate. The beads were seen to rotate over the surface
of the floor in concentric clockwise trajectories. Their rate of
rotation varied somewhat, in an erratic fashion. Also the position.on
"the floor over which the circulation centered, tended to move about,

as'thelvortewaandered to regions of high vorticity concentration.
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3.4 - Remarks on Experimental Analysis

The éxperiments described abbve have prdvided a good infor-
mation base on the problem of rotor/vortex 1nteractions; but thé -
results obtained are only app]fcab]e to the physi¢a1 conditions uhder
which the experiments were conducted. Some of the experimental results
are functiona]]y'debendent upon a group of pérameters, rather thah' -
just one. A mathematical model. would help in the extensibh.of the
‘results beyond the experimental limitations and in the determjnation of

how the vortex physicé] properties affect rotor noise.
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4. MATHEMATICAL ANALYSIS

| A linearized, two dimensional model was developed to describe
the interaction of a fan'rdtor with a single 1n1etvvortex; The
model leads to predictions of the diécrete tone noise ]éve]s and helps
to explain some of the results obtained in the previous section. Further- -
more, the model is grneral enough to be used as a building block for

other more complex combinations of vortices and rotors.

4.1 General Method

The sectional Toad variation is a function of span-wise position
- for a single blade as it cohp]etes one revolution. This loading isv
then applied to all seven blades taking into consideration the'appro-
pfiate‘time.lag for vortex encounter by eachnblade.‘ This rotor loading
function is then used to predict the far field overall and discrete

tone sound pressure levels. A comp}ete]y closed-form analytic ahproach
was attempfed; but proved to be too complicated in end form to be of
general use; Thefefore, a hybrid solution was deyeloped. The
sectional loading on a biade was deférmined ana]ytica]]j by superimpos-
~ing-the incident velocity fields. The remainder of the problem
(Fouriér analysis and rédiationvcalcu1ations) was solved numericé11y

using the UBC IBM 370 computer.



44

4.2 Mathematical Formalism

The geometry of the vortex entry into the fan is shown in
Figure 33A. The vortex is»ffxed in spaéé, entering the fan at-a
radial position, RO, and at a 3 o'clock Circumferehtia1 angle (z=0).
Counter-clockwise circulation is taken.as.positive.' The vortex tangen-
tial velocity v(r) is a function Of its radius, r, measured from the
vortex centre. The fan is spinning with counter;c1ockwise rotation
and angular velocity . Its tip radius is Rt and hub radius Ri

(the fan radial variable is R).

4.2.1 Fan Blade Geometry

In the analysis the sectional 1ift on each blade was calculated
as .a func{ion of radial position.. Radial changes in biade shape
result from varfations in chord, twist, and zero 1ift line. These
were measured and accounted for as follows. The chord variation was

modelled as a linear function.
-R) . ' .. (a0

~ The change in twist and zero 1ift line were lumped together to .

give an effective linear twist function

B = By*tG(R,-R) . | Ce.a(8.2)
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The equation describes the measured variation in b]adé twist over
the'span. It was found to.increase linearly as the blade root was
approached. |

The sectional shape of the airfoil was measured and found

to be closed to a NACA 4412 wing section®! *32

» which has a 1ift curve .
slope of 5.72 per radian over a range of Reynolds numbers from
/83,000 to 3,000,000. The fan blade sectional Reynolds' numbers varied

from 340,000 to 560,000 for the test flow rate.

4.2.2 Velocity Fields

The b]ade was subjected‘to two pairs of orthogonal velocity
>c0mponents retative to the moving blade element. The steady components
comprise the axia]i(inflow) velocity and the local rotational velocity.
Both of these steady components weré modulated by velocity disturbances
imposed by the time varying vortex field (relative to fhe blade).

.The axial velocity was modu]ated‘by the velocity deficit in the vortex
core, The velocity, wR, resulting from the fan rotation was modified
cyc11ca11y by the circulatory velocity field of the vortex.

The ax1a1 velocity deficit of the vortex core was modelled
by fitting a Gaussian function to measured profiles of the deficit.

The form of equation which sUited the measurements of the burst

vortex cores was

. (a.3)
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Hére Uc(f) is the local velocity deficit ana U, 1s the maximum value of
the deficit at the vortex centre. The vortex core radius is given
by res and H is an emp{ricélly derived constant which describes the
‘rate of flare of thé deficit with vortex radjué. A comparison of this
function with experiment is shown in Figure 20.

The mathematica] form of.the tangential ve]ocify field waé
discussed earlier and is given by | |

2

-_r‘.__
vir) = ng (1-e ™y, | L. (4.8)

In calculating the sectional 1ift versus time, we are only
interested in the component of v(r) which is tangéntial to the blade qlement
trajectory (i.e. fhat which produces'an upwash fluctuation on the local
blade element). This  component acts - pérpendicu]ar to the span
of the blade and is given by v(r) cos & (see definition of &, Figure
33A). It contributes to the instantaneous 1ift on the blade, whereas
the span-wise component is inconsequential to the 1ift, aécording to
our two dimensional model.. In terms of the fan parameters, this
upwaéh combonent of the vortex Qe]ocity may be expressed as
follows: o

2

- T AT
v(r) cos @ ‘?ﬁ?'(] - e ) (

where:
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22 e 2
: r : R“- 23 RQ cos Z‘+ R0

. .(4.6)
| ;1 The ang]e b Tocates the pos1t1on of the quarter chord span}”:
"'v311ne in the rotor pTane . | o L | -
| | The rotat1ona1 ve10c1ty of the fan rema1ned constant but the”'v
ax1a1've10c1ty, U(r,wt), was found to decrease reTat1ve1y T1near1y |
"Tw1th decreas1ng fan radius at the one fan operat1ng cond1t1on used.

Tt was dec1ded to mode] th1s effect w1th the equat1on

"-f'l‘M(th'_ R) - U'.Q"(n) L IR (4.7)
'HerthOTis the axTaTvVeToctty”meaéuned éf thejfan;rotoh'outer eXtremity; ;

' The ve10city drop to the hotor hubvamounts to 18 percent-' .Figure 333

depicts the var1at1on in b]ade re]at1ve veToc1ty due to the vortex

' veToc1ty components which w111 occur upon each vortex encounter :

Note that U(R t) 1ncorporates the cyc11c variation of the axial ve10c1ty

.def1c1t U ( ). -

4 2 3 The Quas1 Steady Lift Equat1on

The 1nstantaneous section T1ft on the bTade may now be expressed'

us1ng the 1ift equat1on of 11near1zed aerodynam1cs

(é t) = ". W2 (R t).dcln(k):"(R t) .-(R (4.8) |
s | = -Z—QV rel' 2 'aa’ Q\ R, Ch ) v... RS ..

ol .
|- :
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where _ :
Ve (Rot) = VA(RE) + (4R - v(r) cos 0)? L (a9)
The instantaneous angle of;attéck
a(th) - _[s(r) - ¢]‘- o ‘. | '  : .';?.(4.i0)
- = oy - o " ‘ : | o N

where oy is the steady angle of attack |

-i' | U(R,t)

1 _. .‘ '] U(R:t) ; A | N
o "- Tan R - V(Y‘) cos © - Tan | ©R V « . e .(4.12)
}-1 | U v(r) éos ) ' _ .
= Tan - - -
| WZRZ - WR v(r) cos® + 2 e (813)

Having expressed the cyclic variations of velocity and angle
of.éttack in terms of known geometric properties of the fan, the time

varying 1ift over the entire blade is written as:

. R, ‘
_ . dC t *
L(t) = %o =2 (k) [Ch [0+ (R - v(r) cos )21
- R, - :
o Uv(r) cos @ : ' :
*[ao - ( 7 7 ) )JdR- . -(4-]4)‘

w R™ - wR v(r)cos o+

L(t) is a repetitive pulse-like function of time for each blade. The
amplitude of the circumferential 1ift yariatibn for each b]ade is
identical. However, because the blades encounter the vortex one after

the other, the‘1iftbf1uctuation on one blade Teads that of the follow-
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ing blade by ]/B of.the period of revo]ution . Therefore, the method .
of ana]ys1s was to sum the contr1but1ons to the far field noise from
11ft f]uctuat1on on each of the blades (As shown in the fo]]ow1ngA

"Sect1on)

-:' -4.2, 4 The Acoust1c Transfer Funct1on
In terms of the f]uctuat1ng force on the B b]ades of the fan

rotor, the far f1e1d acoust1c pressure is g1ven by

.\ _ cos 6 L nE
p(Rat) - 4mRC § [ d (t + B )]
T - n=0 . _ S ' t"c‘ -

(4.18)
fwhere e 1s the angle between 11ft vector, L(t), and the far f1e]d measur-
1ng po1nt F is the per1od of revo]ut1on of the fan. This resu]t

comes from Cur]es Surface integral so]ut1on33

Its or1gin is briefly
descr1bed 1n Section 1 of Appendix A. Equation 4. 15vsuns the fluctua-
tingllifts from the B b]ades» It 1s valid only where the d1stances |
Afrom each blade to the far f1e]d measuring po1nt are equa] (i.e. an on-
axis evaluation polnt). If an off—ax1s po1nt is chosen we must sum

.the 1ift ftuctuations from the b]ades accounting for the phase difference
_ caused by the var1at1on in path 1ength for each b]ade fhis prob1em.

S will not be cons1dered 1n the present work |

Us1ng Equat1on 4 15 it is possible to calculate the far

-~ field, on-axis, acoustic pressure in terms of the f]uctuat1ng rate of

E change of 1ift on a s1ng]e b]ade.
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The notton‘df using the total blade force fTuctuation to
calculate acoustic radiation is valid if the combatt source condition
is met. That is, the quarter wave length of the frequencies of in-
terest must be 1ong compared to the di fferences in path 1ength to. the
far f1e]d measur1ng po1nt between the fan tip and hub. Th1s |
v;conth1on holds for the range of frequenc1es be1ng cons1dered
'here _ : e L

The aerodynam1c 11ft transfer function dCz/da is a funct1on o

liof reduced wave number k15

» which is 1tse]f dependent on frequency and
w:the rad1a1_pos1t1on~of the blade section. Idea]]y the wave number |
‘spectrum of the cyclic sectional-incidence variation shou]d have been
calculated at each blade section._ The ca]tu]atedﬂamplitudes would
then have been mu1t1p11ed by the appropr1ate value of the 11ft |
transfer funct1on However, this procedure proved to be 1engthy and
very cost]y in computer time. Ca1cu1ations of the rate of change of
_1iff over the blade eectiOns showed the max1mum effects ‘were at the
fan rad1a1 position where the vortex was being 1ngested (Figure 34).

" For this reason it was argued that a span-wise var1at1on in the
magnitude of the Tift transfer function would have ]itt]e effect'on
the integrated blade 1oading. We therefore used a frequency weight-
ing of dCQ/da appropriate to the blade chord and relative ve10c1ty 1

at the point of vortex entry.
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- The resulting acoustic-pressure signal is‘éxpanded in a

Fourier séries. The relationship between the rate of change of 1ift on

the blades; and the far field acoustic pressure is linear. Therefore

the 1ift transfer function is carried'thrOUgh the analysis to the

~point where the acoustic Spectrum is evaTuated; At this time it is

incorporated into the analysis as a function of frequency. An

elaboration of this method follows.

4.2.5  Inclusion of Sears' Function

Because the Seérs' function (dCQ/da)_is not a function of

time it may be taken outside the summation.sign 1n’Equationb4.15

(refer to Equation 4.14 for the dependence of L(t) on dCQ/du). The

process for inéertﬁng the appropriate values of the function into

.Equation 4.15 is to expand the periodic'far field acoustic pressure

into a Fourier series using a constant value for dCl/da (i.e. the

1ift curve slope for zero frequency limit, k - 0)

Ao

p(Rst) = T +

IIMSH

n=1

Sears' function is a function of reduced wave number

C w
Kk = h
2

rel

Ah coS nwt + aninrwwt-.

(4.16)

PO RY)

For each discrete frequency, w, there is a appropriate correction factor

Ch'
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cn=%(;&(k)/(d—f&&) . .. (8.18)
The.far fie]d.discrete.freqnenCyttone.1evels
p;(n;a)' ., 7 2 2  L | o » ‘;(4‘.'15)1"}  V "
and the eohrect-far field acdusticlpressurevis
t'AO N

p(r,t) =,C0 - + nz]cn_Ahcosrwwt‘+ Cansinlxwt . .(4.20)‘_

4.3 Results of the Analytic Study

The.nature of the mode1 is such that there ex1st 1nf1n1te
poss1b111t1es for the var1at1on of fan and vortex parameters. In :‘
' order to illustrate the most essent1a1 features of the interaction, a
p]anned ‘approach to the ver1f1cat1on and app11cat1on of the model
was dev1sed and fo]]owed | |

The ver1f1cat1on cons1sted of examining results at various
steps of the deve]opment of the problem, and eventua]ly of compar1ng
the calculated overall and discrete tone levels with those measured
* (as discussed in Section 3). In thts way the physicaT.elements of -
the prob]em-wehe reveaTed-and assessed at‘each:point of the
development.' The degree of agreement with expertmenta1‘resu1ts

~gave a final test of the-va]idity of the model.
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The model was used to determine the contribution of each of
the vortex propert1es (axial velocity deficit, core radius, and vortex
strength) to the overall and d1screte tone sound pressure 1evels

- The effect on these 1evels of vary1ng the radial position of vortex o

R entry 1nto the fan was a]so determ1ned

| 4.3.1 Ehpfnica1 Constnnés and_Numerfcal Sé]ution

| B In-$éction 4.2 eXpreSsions were developed tO’describe the
- blade twist, chord, inf]ow velocity profi]é and axial velocity deficit;”
‘_At the fan operating po1nt chosen for the exper1menta1 work the ‘.- |

emp1r1ca1 constants in the express1on were determ1ned as follows:

- Chord (Equation 4.1)

¢

ho
D

287 ft

177

Blade Twist (Equation 4.2)
| .388 radians’

By
G

.238 radians/ft

' Ax1a1~VeloCity Deficits (Equétidn 4.3)
| 3.65

H

'U )

U vis_different_for éachvvortex-

~Inflow Velocity (Equation 4.7)

U

0 63.7 ft/sec

20.2/sec
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| The numerical solution to the(probTem uses s1xty stat1ons
-over the span of the fan blade and four hundred twenty around the
c1rcumference of the fan S1mpson S ruTe 1s employed to 1ntegrate.
'-u11ft over the span of the bTade A f1rst centra] d1fference method

7 determ1nes the f1rst der1vat1ve of the 1ntegrated l1ift w1th respect

The UBC computer 11brary programme ent1t1ed FCF carr1es out
| ithe Four1er analys1s of the far f1er acoust1c pressure It is a -
’curve f1tt1ng rout1ne wh1ch caTcuTates a Four1er series f1t to a |
";spec1f1ed funct1on us1ng the fast Four1er transform aTogr1thm -The‘
'calculated Four1er ser1es coeff1c1ents g1ve the real and 1mag1nary
o parts of the spectrum The1r moduTus renders the d1screte tone

facoust1c pressure ampT1tudes

" 4.3.2 Verification of the Model -

| ‘ In this section, there wiTT‘be frequent reference tO f
‘thelloading.on the blade sections The reader it rem1nded that the ’
.;sect1ona1 1ift was caTcuTated us1ng a constant vaTue for the T1ft T

| transfer funct1on (5. 76/rad1an) The effect on the soTut1on of the
wave’ number dependence of the T1ft transfer funct1on was not .
1ncorporated 1nto the modeT unt11 ‘the far f1e1d acoust1c pressure

was expanded in a Four1er ser1es The magn1tude of the loading curves;
B therefore represent the 1ift exc]us1ve of the effects of the unsteady

aerodynam1cs F1gure 35 shows the time dependent Toad1ng over the

_span of the bTade at the circumferential angle £=0. In the case |
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shown, the vortex sense is negative (opposite rotation to the fan)
and the curves are plotted so that the contribqtions of the vortex
ciréu]ation and axial ve]qéity deficit may be viewed separately.

The vortex and fan conditions were selected to match thé,experimental
tésf employing the 5.5 inch half delta wing at an.anglé of attack
of -20° (I = -20 ftz/sec, re = .065 ft, UC = 47.8 ft/sec). The
vortex circu]ation.effectiye]y decreases the steady 10ading inboard
of the core and increases it on the outboard side. The axial
velocity deficit causes a significant increase ir. Toading in the region
of the vortex core (the resultant increase in angle of attack over-
rides the decrease in the relative velocity). However, it has no
strong effect outside the vorfex core limit.

The circumferential variation in sectional loading for
the same fén conditions is éhown in Figure 36. The solid lines show
the loading on a blade section (R/Rt = .94) outside the vortex core
for positive and negativé values of vortex circulation sensé. 'The
effect of the axial ve]ocity is not felt at this position of fan
radius. However, the loading bn-a blade section that pasées thrOUQh
the vortex core region is quite'different (R/Rt=.83.,dashed-curve).
The axial velocity deficit creates a sharp spiky increase in 1ift.
The contribution from the vortéx velocity is fnsignificant in this
regfbn. |

According'to Eqdation~4.]5, the acoustic radiation from
each blade depends on the rate of change of  force on that blade.

‘The derivative of the circumferential total blade 1ift with respect -
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to time is shown in Figure 37, for both positive and negative vortex
sense.  Both curves are odd functions symmétrig about the vortex core.
circumferential position (Z==O) the two antisymmetric spikeé in the
region of the core result from the axial velocity defiéit. The
positive and negative magnitude shou]ders_outboard of the spikés are
caused by the positive (solid line) and negative (dashed Tine) sense
vortices. |

lBy evaluation of Equation 4.15, the resultant far field
pressure signal is obtained due to the 1ift fluctuations on the seven
bladed rotor. The waveform for one complete rotor cycle is shown in
Figure 38. The Corresponding nure tone spectra are given in Figures
39 and 40 for positive and negative circulation sense respective]y.
- For comparison with the predfcted levels, experimental values are
shown as a solid line. The'dofted lines on top of the solid lines
at 2100 and 2520 Hz in Figure 39 indicate that this measured harmonic
level dropped below the broaa band rnoise level. The solid 1lines rep-
resent the level after correction was made for the six percent
band pass filter. The true discrete tone levels at these fre-
quencies may lie anywhere in the dotted 1ine regime. The agreement
between spectra is‘good; that is, généra11y wfthin two to thfee db.
'HaQing foi]owed the progression of the mathematical develop-
ment through the initial stages of the problem it became apparent
that'the results made sense physically. The directions, relative
magnitudes and spatial extents 6f the fime varying Iift forces due

to the vortex encounter agree with our intuitive expectations. The
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- agreement between experiment and theory for this one case is very
respectable. The difference between prediéted and measured overall

levels in a set of twenty-five different comparisons rarely exceeded

5 db.

4.3.3 Variation of Sound Level with Vortex Entry Position

The radial position of vortex entry was varied (in the theor-
etical model) from a minimum radius of .35 ft(RO/Rt=-44).to a maximum
of .70 ft(RO/Rt=.88):A The calculated variations in overall SPL are
shown in Figures 41 and 42 for negative ahd positive vortex sense
respectively. Both .sets of curves show anvincrease in level with an
increasing radial point of entry. For the case of positive vortex
sense (Figure 42) -the rate of ihcrease of overall SPL rises as the fan
tip is approached (i.e., thé curve is concave upwards)ﬂ However, the
overall Tevel for negative vortex sense (Figure 41) droops downas
the maximum. radius is reached. The decrease is caused by a drop out
in the Tevel of the fundamental blade pass tone occurring at a
radial position of .70 ft(R)/R, = .88). |

An‘unexpected result such as this one (i.e., for a vortex
of negative éense) deserves some attention. The far field acoustic
pressuré is direcf]y proportional to the varyfng blade 1ift
(Eqﬁatioh 4.15) . By studying a sequence‘of the time history of dL/dt
curves for conditions of increasing radius of vortex entry (approach-
ing the drop-out radius), we obtain some ins%ght into the physical

nature of the anomaly.
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For the negativé sense vortex in accordance with Figure 35,
it is evident‘that the incfeasé in 1ift resulting from core velocity
deficit and outboard "upwash" effect is partially cancelled by a
reduction of 1ift due to the downwash effect experienced inboard of
fhe vortex core. For particular spectral components of the
distortion velocity field, it is possible to imagine a perfect span-
wise cance]Tatioh, such that dL/dt integkated over the blade span goes
to zero, when the vortex penetrates the rotor disc at a'uniqﬁe value
of R. (Figure 43). The consequence ofAthis cancellation is evident
in Figure 41 for the fundamental blade pass tone.

On the other hand,-for a vortex of positive sense, .such
- a dfopout cannot occur because the upwash field is now inboard of the
vortex coré. Moving the vortex-towards the tip increases the amount
of upwash.induced 1ift, énd produces an increase in the rate of change
in SPL. This effect produces the concave up curve observed for the

overall SPL, blade pass frequency, and its first harmonic (Figure 42).

4.3.4 Variation of Sound Level with Vortex Parameters

A set of computer ca1cu1ations were carried out to determine
the effect of vortex parameters onvthe overall sound pressure level
and its pure tone spectrum. An arbitrary vdrtex of core radius
0.6 in, (rC/RT==.O63) axial ve]dcity deficit of 25 ft/sec (UC/U0==39%)
and vorfex strength of 20 ftz/sec was chosen as a datum. The fan
opérating conditions remained as described in SectionA4.3.].' One
. of fhe vortex parameters was varfed in magnitude while the other two

were held constant. The resulting'éound levels were calculated.
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The parameters were varied as fo]]ows:.coré radius from
12 incheé tb 1.2 inches, axial velocity deficit_from 5 ft/sec (7.8%)
to 50 ft/sec (48%), and vortex strength from 4 ftz/sec to 40 ft2/sec,
for both positive and negative vortex sensé. The upper limits of
these ranges corresponded - to thevmaximuﬁ_measured experimental values.
' The vortex entered the rotor at a radial distance of .65 ft( Ry/R, = .82;
within the pfevious]y noted dropout regibn). This position corresponded
- to the distance used in most of the experimenta] analysis of the
vortex interacticn noise. The predicted overall and discrete tone
sound pressure levels are;p1otted against each varying parameter in
tirn. | |
The overall levels for positive and negative vortex sense
are shown in Figures 44 énd 45 respectively. They are plotted agains%
a combined parameter, I‘Ucrc, for convenience only and not to justifyv
a linear 1nterdependenée on the parametric grouping. - As discussed
already in Section 3, such'a simplistic dependence fs probably not a
realistic approximation for the general influence of the vortex
properties on the noise Tevels.
It is interesting to note that in Figure 44 (T positive)

for values of I'U, r. greater than 25 ft4/sec2

. > the rc-and UC curves
have approximately the same shape. Thus the overall SPL appears to
be equa]iy sensitive to changes in'UC and e However, the sound

level appears to exhibit much less variation with vortex circulation,

2

I'. Below 25-ft4/sec , the r. curve a]sd flattens but. In this

~region the overall SPL seems to be only sensitive to changes is UC.
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- Figure 45 éhows that for the case of negative vortex sense, the over-
all SPL is aimost totally independent of fhe vortex strength, and
equally sensitive to'changeé in UC and e |

As previously discussed the vortex-induced up and down wash
inboard and outboard of the vortex core causes resu]tant increases
and decreases in the span-wise loading on the fan blade (Figure 35),
as the vortex is encountered. In cases where the difference between
positive and negative loading is large, changes in vortex strength
will contribute significantly to changes in the overa]i SPL. (i:e.
for RO/Rtva1ueé appkoachiﬁg the hub or tip). However, if the
circulation influence cancels :Imost perfectly along the span, then
the effect of changing the vortex strength will be minimal, and the
core deficit effect will dominate'the-no%se radiation.

The bTade shape detérmines the sectional loading. Therefore
the characferistics of the design (i.e. vériation of blade chord from
root to tip, blade twist fuhction) and the radial position of vortex
entry do have a profound influence on the degree 6f cancellation
that is actually realized. |

With these points in mind, and referring to Figure 45 it is
apbarent that_for the case of négatfve vortex stréndth (with core
radius-of 0.6 inches and entering at RO/Rt=.82), the span-wise acoustic
radiation resulting from the vortex circulation must be mutually
cancelling. A change in vortex stfength produces very little change
in the overall sound pressure level. |

Figure 46 shows results for the fundamental blade pass

frequency levels with negative vortex sense. The results here
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confirm the foregoing explanation. As the core radius is increased -
the sound level passes through a sharp miﬁimum.at a value of

2; the value for the datum vortex. Variation

U r. equal to 25 ftt/sec
of the axial velocity deficit or the vortex strength appears to change
the value of the grouping I‘UcrC at which the drop out occurs.
‘Computation of sound level versus I‘UcrC at other harmonic frequencies
indicates that the fundamental tone is the frequency most affected
Ey the cancellation, as was the case with the drob out,dependent on
the position of vortex entry (Figure 41). However, the curves in
Figure 46 show that this ﬁu]] may occur for a variety of parameter
combinations at one position of vorteX'éntry ( Ro/Ri = .82).

The variation of the fundamental tone 1éve1 for positive
vortex sense is shown in Figure 47. For values of FL% e less than
20 ft4/sec2, a change in the vortex strength causes the greatest
changé in the tone level. For values greater than'ZO ft4/sec2, éhanges
in T, re and UC haye roughly equjva]ent'effects, with re shdwing
thé strongest influence. ,

Déta similar to ‘that gfven in Figures 44, 45, 46 and 47
were ca]cuTatéd‘and p]ofted for the higher harmonié levels (840 Hz,
1260 Hz, 1680 Hz, 2100 Hz, and 2520 Hz). At the highest frequencies.
(2100 Hz and 2520 Hz), the sound levels were dominant]y_ihf]uenced
by changes in axial ve]ocity deficit.» The curves forv1680 Hz are
shown in Figures 48 and_49. The harmonic level is seen to be equally
sensitive to changes in both axial ve]ocfty deficit and core rédiusﬁTﬁ
The lower harmoni¢ amplitudes (840sz.and 1260 Hz) are most sensitive

to changes in the vortex core radius. These curves are .tabulated in

Appendix F.
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4.3.5 Magnificatioh of Input Errors‘

The curves of SPL vs I'UC re a]sd serve to indicate the
sensitivity of the mdde] to errors in the specification of the input
vortex parametefs{ Thé degree of confidence in the ability of the
model t0'predict.accurate.noise']eve]s depends upon the amount by
which input errors in the vortex parameters are maghified. The
overall sound levels for both positive and negative vortex strength
seem to be relatively insensitive to.errors 1n'the input éircu]ation,
but more susceptadle to errors in the core radius and velocity deficit.
Over.estimation of the vortéx circulation (using 20 ftz/sec instead
oY 16 ftz/sec) produces an error_in'the predicted overall level of |
only +1db for positive vortex sense and +2 db for negative sense.

The frequency coméonent most sensitive to input error appears to be
the fundamental, for negétive vortex sense. Here a twenty percent
error in the vortex circulation strength would cause a 14 db error in
the predicted Tlevel. Thisvhigh magnification of error is caused

by the drop out discussed éar1ier where small changes in the distri-

bution of blade loading cause large changes in output.

4.4 Remarks on the Mathematical Analysis

The value bf this analysis of the vortex/rotor interaction
problem is dependent upon the degree of reaiism in the mathematical
simulation. There are humerous Timitations on the simple linearized
approach taken here. However, “the model is viewed as an essential

first step to understanding the problem. At this time, a more
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rigorous extension of analysis does not seem feasible. The following
section discusses the degree of agreément between'theoretica1 and

experimental results, and underscores some of the areas in which the

mathematical model might be viewed as inadequate.
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5. DISCUSSION OF RESULTS

Direct comparison of éxperimenta] and theoretical results
'can be made in the areas of cyclic blade loading, far field noise
spectra, and the dependence of the ﬁoise level on the radial position
of vortex entry. These feature§ of the study wf]] be discussed, and
an attempt will be made to exp]ain.the discrepencies between theory
and experiment. The capabi]itfes and limitations of the model will

emerge as a by.product of the discussion.

5.1 Blade Loading

It was not poésib]é to measure the chord-wise loading at a
section experimentally. However, the time history of the pressure
fluctuation of the imposed inlet vortex may be determined from the
polar diagrams, as in Figure 30. Recall that for these experiments,

_the vortex parameters Were r =20 ftz/sec, U#/UO =75%, re = 0.65 ft
and positfon of entry, RO/Rt = .82. The angular extent of the pressure
inCréase on the upper sufféce of thé airfoil was ab&ut 60 to 70 degrees
of rotétion (heasUred from zero crossing‘to zero crossing). The
measured extent of the corresponding decrease in 1ift predicted by
theory is 72 degrees (Figure 35). It is difficult to compare the
magnitudes of the-]oading'direct]y, as the chord-wise pressure

distribution over the airfoil at the instant of peak suction is
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unknown. However, it ean be approximated by using known thin-airfoi].
loading functions. The measured decrease in suction on‘the ajrfoil
upper surface at 15 per;ent chord was .015 psi (an increase in the |
pressure coetficieht uf .09 on a steady value bf‘—T.Z). This woqu'
correspond to an angle of attack change of about -O. 4 degrees on_a
two d1mens1ona] th1n airfoil (dC /da = 5.72). The corresponding de-
~ crease in sectional 11ft is approximately 2.1 1b/ft. On our fan blade
at the appropriate span-wise point, the theoretical minimum-séctiona]j
| Tift (cdrrected for the Sears; function effect) was about 3.1 1b/ft
. for sihi]ar_operating conditions.  The circumferential sectional 1ift
(theoretical) and pressure (experimental) variations are plotted for h
compar1son in Figure 36 The exper1menta1 pressure plot is re]at1ve1y
‘.symmetr1c about I = 0 as is the section 11ft graph There is actually
a decrease in the pressure in the region of Z ) w/4 The negative |
fluctuation in the surface pressure is thought to be a result of the
decreese in veTocTty in the deTte wing wake below the vortex centre
(Figure 20). This anoma]y.in the axia]iveTOCityvdefitit profile is
probab]y caused by the shear Tayer be1ng shed from the tra1]1ng edge
of the de]ta w1ng vortex generator. A

| The doub]e humped bTade pressure signatUre observed on
the poTar p]ots for natura]ly occurring 1n]et cond1t1ons (caTTed |
natura] vortexﬂ, F1gure 32) was simulated surpr1s1ng]y weTT with the
ana]yt1c mode] The result is shown in Figure 50. - The radial bTade;
pos1t1on was seTected in the mathemat1ca] model so that it passed
through the core of a positive sense vortex, but far enough away
(on the outboard side) from the vortex axis to ensure that contri-

butiohs to thedfluctuatfng l1ift from both the axial velocity
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deficit and vortex circulation were approximately equal. (U/UC ='39.2%,
r =20 ftz/sec, re = .065 ft ’RO/Rt =;82).. The experimenta1 pressure
. signature was measured at a rad1u5"R0/Rt = ,94,

The spiky increase in 1ift in the core (predicted theoretic-
ally) is consistent with the experiménté]]y observed decrease fﬁ
. pressure.. However, the “humps"lof the experimental vortex are broader
than those of the théoretica] vortex. This result suggests that the
natural vortex is larger than the theorética] vortex, but the actual

extent of the naturai vortex may not be determined using only one

~blade-mounted pressure transducer.

5.2 Far Field Noise Spectra

"The theoretical model predicted the measured overall noiée
levels to within 5 db for twenty-five comparisons with experimenta]
data where the vortex pfoperties and the position of entry were varied.
The average discrepency was 3.5 db. In all cases, the measured 1éve1s
were higher than the caléu{ated,ones. As the theory considers the
“interaction of the rotor and one_vortex only, and the experiment
involves the generation of noise in excess.of the clean running fan
noise level (80;7 db) , the base noise level of the fan adds to the
noise produced by the rotor/yortex intefacfion. vThis may in part
account for the discfepancy between theory and experiment.

The comparison of levels at the‘discrete’toﬁe ffequencies
fell within the 5'db_1im1t with two ekceptions;at the'b]ade pass
frequency and the third harmonic frequency (1680 Hz), for negative

source strength.
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At the fundamental frequency, for T' = -20 ftz/sec, the
theoretical prediction‘fe11 10 db shdrt of the measured value
(Figure 40). Here the vortex was being introduced in the tip region
. of -the blade ( RO/Rt=182). As previously discussed in Section 4, a
'drop-out occurs in the theofetica]lprediction of the fundahenté]
level in the region. As the position of entry of the vorfex is moved
toward the hub of the rotor, the agreement between theory and experi-
‘ment 1mproves, to within 3 db (compare Figures 29 and 41).

Exper1menta]]y, a drop-out in level is not seen to occur at
1afge radii for negative vortex sense (Figure 29). To understand
this'dffference we recall the explanation of the drep-out phuznomenon
given in Section 4. As the negative sensé vortex:is moved outward
radially, the outboard, upwash-induced 1ift fluctuation is developed
over a dimihishing fraction of the total blade span, whi]e the
inboard downwash-fnddced hegative 1ift fluctuation grows increasingly
dominant. Thus the localized, coré—deficit induced 19ft fluctuation
can be tota]]y cance]]ed at some ‘circumferential positions by the
residual, circulation induced load fluctuation. (of opposite sign),
for a spec1f1c radial position of vortex entry

The foregoing'picture is predicted by our idealized two
dimehsioﬁal b]ade element theory. In actual fact, howéVer, the
outboard upwash éfféct of the vortex does nof merely vanish as the
outboard segment of the blade diminishes in size. As the vortex
circulation fie]d:is crowded into a narrowing space between the
core filament and the be11;mouth wall, the'1oca1'vdrtex velocit-

ies are amplified, so that an almost totaT cancellation of.vortex
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circulation effects remains operative. The residua] cofe-induced
lift f]uctuation ensures that a drop-out cannot occur.
~ This explanation of the re]ativé roles of the circulation
induced upwash effects, and core deficit induced load f]uctuations
helps to explain the éomewhat paradoxical results shown in Figure 26
and discussed in Section 3.3.1.

At small negative values of I'y the increasing circulation
seems to induce an increase in tone level. However, the fundamental
tone sound pressure level was Seen to eventually decrease as vortices
of equal core radius, but increasing negative strength and decreésing
axial velocity deficit were introduced into the fan at a radius of
.65 ft ( RO/Rt= .82). As the axfaj velocity defiqit decreased, the
contribution to the upwash produced 1ift on the b]adeva]so decreased.
The effect of fhe accompanying rise in the magnitude of the vortex
circulation tended to cancel over the span of the blade. The net
change_in 1ift over the spaﬁ due to the circulation, if any, was
sha]]. The resulting décrease in axial velocity deficit produced up-
wash has the same effect on the-far field noise as does the decrease in
upwash when a theoretical vortex is movediradia]]y outwards. That is,
there 1is a decfease’in the amplitude of the fundamental frequency.

Discrepanties.bétween theory and experiment at the third
harmonic (in some cases a difference of 7 db) are not immediately
explainable. Figure 25 indicateé a rapid increase of. sound level
.with negative senSe vortéx strength, whereas Figures 28 and 29 both_

show that as the vortex is moved radially outwards, the third harmonic
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frequency becomes dominant over e11 tone levels, except for that of -

the fundamental (b]ade pass) frequency.

5.3 Radius of Vortex Entry

- The agreement between theory and experiment for positivé:”
'(F1gures 42 and 28 and negative (Figures 41 and29) vortex sense is
best near the blade tip, with the except1on of the fundamenta] tone

for negative vortex sense. Inboard of the radial position RO/R== 7,

't

however, the theoreticelly predicted soUnd_1eve1s tend'tovbe lower
'than‘thoée Measured; For example, et RO/Rt=v;5; the fourth harmonic
frequency (2100 Hz) experimentally meaéured 69 db (negative sense
: vortex) while its theoretica]]y predicted 1eve1 is 48.5 db, far below
~the ‘level produced for natura] 1n]et cond1t1on (no vortex) which
was 66.4 db.  Therefore, some other mechan1sm is dom1nat1ng the
noise levels for small R, even when the art1f1c1a1 vortex is
1mpo$ed. o

The experimental‘curves of harmonie sound levels tend fo
-Cross'over énd generally show no simple trend as the vortex is moved o
towdrddthe tip. In contrast, the predicted levels increase smooth1y
as the tip is approached, and.except for thekfundamental‘freouencv for
negative vortex sense; do not crosé over one_another.  This discrep-
ency iS most sure1y a consequence of fhe combdnation of a vortex
crowding effect at larger R, as discussed ear]fer; and aipossible
non-]inear (sté]]jng) effect, to be discussed in the next sub-

-section.
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5.4 Local Blade.Stall

The cross-overs in the curves of harmonic level versus radial
'position (Figures 28land 29), together with the unusual increase in
thé third harmonic sound 1eve1'may be explained by a local stall on
the blade. This stall w6u1d be induced by the sudden-incidence change
arising from the velocity deficit jn the vortex core. The vortex |
used to generate the curves of Figures 28 and 29 had a maximum axial
_ve]ocity deficit of 49.1 ft/sec. When coupled with the sfeady
velocity fields at éach rqdia] position, this core deficit could
. produce a momentary increase in angle of attack Which might exceed
the critical stalling angle for the blade section. The calculated
momentary peak incidences range from 17 dégréés at RO/Rt =.42 to 16
degrees at RO/Rt =.82. According to airfoil measurements on blade

profiles similar to ours (NACA 4412)3]

» stall should begin at an
angle of attack of about 12 degrees for our range of Reyno]ds'
numbers (340,000 to 560,000).

As mentioned 1h;the Baékground Section, local blade stall
can'providéva strong sound generating mechanism in helicopter, rotor/
vortex interactions. Howeyer, the detailed natufe of such a
phehomenon is not easily predicted theoretically because of uncertainty
about the timé dependenﬁ'behaviOur of three dimensional separated
flows. Since our Vortices péss right through the rotor disc, there
appears td_be a high Tikelihood for such non-linear localized effects.

If this conjecture were correct, then it would appear that fluctuating

blade sta]T may . affect the harmonic levels in diffefent'ways at



71
varying radii of vortex entry. For example, near the tip ( RO/RtESZ)
the stall could cause the dbserved emergence of the third harmonic
(1680 Hz) as the secend stronaest tone in the noise spectrum
(Figures 28 and 29). Pfesumingthis statement to be true, let us try
to explain the resu]te of Figqre 25 where at RO/&::;BZ, increases in
the negative sense circulation results in a more rapid increase in
the third harmonic levels than for the other pure tones.

For the four half delta wings operating at angles of attack
.of 30, 25, and 20 degrees, the‘generated vertices all had "burst"
cores and exhibited large ‘axial velocity deficfts at the rotor plane
‘distance; It is at these Targe angles of half delta wing incidence
that we observe the rapid increase in harmonic level with increasing
vortex strengthﬁ ‘Perhaps the core deficft is large enough to
initiate the cyclic stall.

The effect ef the tangential velocity of the negative sense
vortex is to increase the local angle of attack outboard of the |
vortex centre.4 Here the relative velocities are higher than on the
ianard portioﬁs of the wing. This situation may be exaggefated by
the boundary—induced crowdfng of the vortex rotational velocity.

The effect of 1nckeasing I'is to 1ncrea$e the tangential velocities,
and so, there will be-a-spreading of the extent of stall in the tip
region. Since fhe-re]ative velocity fs higher as we approach the
tip, the stall becomes more intense with increasing RO'

For a‘positive'sense vortex, the circulation tends to
reduce the angle of attack outboard of the vortex core, and to increase -

it on the inboard side. However, the increased angle of attack is
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ina region of 1bwer're1ativebve1ocity, and so the nbise radiated by

the stall, even if it occurred, would be expected to be-]esé intense

compared to the case.fqr négative vortex sense.

This physical explanation may account for the rapid'increase_
in harmonic 1eve1vwith increasing vortex strength for negative sense
vortices. A somewhat weaker increase is observed for positive sense
vortices. Such a non-linearity 1ﬁ the blade 1fft function would |
appear to have its greatest effect at the third harmonic.at RO/Rt= .82.
Perhaps this occurs because the circumferential spatial extent of the
sebaration is such that i£ contributes energy preferentially to the
tnird harmonic. Stated very simply, at RO/Rt = .82 the relative vé]-
ocity seen by a blade section is 253 ft/ééc. For this velocity, thg
circumferential w5ve ]ength that contributes most efficiently to the
1680 Hz harmonic is 1.8 inches. The extent of the stall producing
axial velocity deficit (core diameter), for the vortices generated,

ranges from 1.3 inches to 2.3 inches.
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6. CONCLUSIONS AND RECOMMENDATIONS

_The phenomenon of rotor/vortex interaction in an axial flow
fan was studied both experimenta]iy and theoretically. The effect of
naturally occurring and artificially generated vortices. on the unsteady
blade loading and on the far field sound was examined.

The quantitative agreemeht_between predicted and measured
overall and discrete tone sound levels established the value of using,
as a first model, the case of a steady spatially fixed vortéx passing
through a fan rotor. The chdsen model is entirely linear in its
formulation, and does not account for boundary or blade to blade
confinement effects. It is incapable of predicting the non-linear
consequences of cyclic blade stall, éhou]d these occur in reality.
There is no eviaenée to confirm that such stall actually occurs when
a large scale natural vortex is drawn through a fan. However, where
the point of vortex origin is close to the fan (as 1is the.case When
vortices driginate on a runway or on the fuselage of an aircraft and
are drawn through the intake fan) the magnitude of the vortex axial
velocity deficit in the plane of the fan rotor may be great enough
to cause a local stall, and_significanf increases in the tonal
sound radiation.

| Measurements of the naturally occurring "floor vortex"

field showed that the inlet disturbance fluctuated slowly and
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randomly about certain mean positions of entry into the fan. There
was also some low frequency moduiation of the vortex strength,
apparently being influenced by the large scale external disturbances
.in‘the aerodynamics laboratory. These time yakying characferistics
account fof some of the observed irregularity in the overall and
~discrete tone levels. |

The mathematical model does not accantAfor temporéf modu-
lations of vortex strength and position. The theoretical acoustic wave-
form is steady with time. When the honeycomb was placed over the
anechoic chamber inlet hatch, a 3 db decrease in the overall sound
level was realized. Thus the externally generated "floor vortex" was
at least partially suppressed. However, it is probab]e that additional
inlet.vorticity was still being generated from corners and obstrucfions
within tHe chamber itself. Therefore, a more réa]istic model would
| be one incorporating more than one inlet vortex. Each would possess
Vtime varying vortex properties and position of entry into the fan.
This model would then exhibit the band spreading of the discrete
tones observed experimenta]]y, and would also produce a broad band
contribution to the noisé specfrum (as in Hansons).

_ Artificia]]y’generated vortices were emp]oyed to check the
validity of the model. In reality, however, the model should be useful
for describing the interaction of natural vorticity wifh any rotor.

A knowledge of the structure of natura]ly occurring vortices is there-
fore required. VQrtex characteristics may be determined by the
simultaneous measurehent and polar display of blade surface pressure

signals from more than one surface.position; or a]tefnative]y by. using
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modern techniques of laser velocimetry (non-intrusive detection of
velocity fields). Comparison of the two dr more polar plots at the
same instants of time over a periéd of many fan revolutions would
enable the tracking of fhe magnitude of the vortex strength and its
position of entry.

:Evaluation of the spatia] extent of the blade/vortex inter-
action is possible using cross-correlation between two surface
pressure signals. Measurement of the pressures near the blade trail-
ing edge might also indicate if the naturally occurring vortex is
producing a local, tfme mbdu]ated stall.

The vortex circulaticn and axia] flow deficits-combine to
produce a counter-phase unstéady loading over the.blade span. The
description of the instantaneous distribution of b]ade load serves
to confirm the validity of the source strength curve (Figure 7)
obtained by Leggat and Siddon.  The postulation that a floor vortex
was entering the fan at a preferred position (RO/Rt =.75) now
appears to be confirmed: | ’

Thelfesults of the experiment and theory indicated that the
~changes in the far field sound level resulting from changes in vortex
strength were-confined to the b]adetpassage frequenéy (neg]ecting
the effect of stall). The magnitﬁde and spatia1 extent of the
axial velocity deficit determined the sound levels at the higher

harmonic frequencies. Previous models of inflow distortions inter-
2,6,10 |

acting with rotors have been successful in predicting the

blade pass frequency and its first harmonic levels but have been
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unable to calculate the observed peakS aththe higher harmonic fre-
quencies. The present model, however, does predict significant sound
levels with reasonable accuracy up to the fifth harmonic of the
b]dde pass frequency for the cases considered.

In view of the above discussion, the following recommendations

“are proposed.

6.1 Theoretical Extensions

1. The single vortex model should be refined to include
the effects of the bell.mouth boundary'on the vortex
tangential velocity. This addition to the model may

"be'made by including an image vortex of opposite
sense the same distance outboard of the blade tip, as

the real vortex is -inboard.

2. The rotor/vortex interaction model should be extended
to include the effects of more than one vortex,and
also to- account for the time varying voriex properties -
and position of entry.This modification may»be implemented
by usihg random functions of vortex.properties or
a]ternatively by employing a statisticé] approach similar

to that carried out by Hanson6.



77

6.2 Experimental Extensions

3. The present two éhanne] instrumented blade should be

redesigned to enable a more rapid means of relocating
the pressure transducers.jn thé b]ade: In the present
system, the brass casing which protects the transducers

- must be placed in the milled blade slot so that the
hole penetrating the side of the casing is aligned with
“the hole communicating to the upber surface of the
blade. A proper alignment of the two holes proved to
be difficult to achieve and therefore was time con-

" suming. Having completed the redesign, pressure measure-
ments could be made conveniently at many blade surface

“locations. Experiments to determine the structure of the
observed floor vortex, and to test for local blade stall

(as described above) could then be carried out.

4. Fufther investigation intb the origin of the on-axis
discrete tone noise,is required. Elimination of the
Ff]oorvvortéx" by inserting the honeycomb did not cause
the blade pas§age'ffequ¢ncy and its harmonics to
disappearf The installation of a fine wire mesh cone
over the fan inlet may help to feduce Vorticity

originating inside the chamber.

~ If the mathematical model is modified, and if the blade instru-
mentation is improved, a powerful means will exist for the

continuation of research on the sources of discrete tone fan noise.
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APPENDIX A

RADIATION SOLUTION AND SOURCE ANALYSIS.
~ BY CAUSALITY CORRELATION*

'FIn the diagnosis of mu]t{Stage systems‘such‘as turbomachines
one is frequently faced with determining'which components of a system
contribute most to the overall generate sound. ’Spectfa] analysis of
the noise and systematic modification of machine parts have in the
bast provided limited information. = A proven means of sourée localiz-

7,18=]9f It establishes

ation is the causality correlation technique
a.causatiye re]ationshfp between individual noise source phenomena
énd'the overall sound radiated-in a given direction; thus yielding
quantitative information oﬁ acOustiC sdurce‘distributions; their
local spectra and scales of coherence. The theoretical development
of the causality approach was carried out by Siddon. A complete

derivation of the technique,app?ied to surface generated aerodynamic

noise,may be found in reference 18. A condensed version follows.

Al. Relationship Between Surface Pressure and Far Field Sound

33 {0 the Lighthill

~ Starting with Curle's generalized solution
equatioh34, it follows that the sound resulting from the interaction

between a flow and éurface S is given by the following far field

*Thistppendix is included to provide the reader with an
abbreviated presentation of the derivation of Equation 4.15 and an ex-
planation of the technique used to obtain the curve in Figure 7.
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' 5 X,
2t) = —— 18
p(iut) = g | Doy + 5 S (f+ouu)l & L)

c

(Here we have discarded thé volume-distributed quadrupole sources). In
cases where the surfaces are non-vibrating and have rigid steady motion,

the terms involving surface velocities U, and u, vanish. If the

surface stress is dominated by its normal component (and it generally

1535) a simple relationship resu]té

i 8Py o |
p(%,t) = f cos 6 [ == (t-%)]ds . . (A2)
. S

If the dimensions of S are small compared to the wavelength
of the highest frequency of interest in the radiated sound, the
variation in retarded time over the surface may be neglected, and
R = x. The integral in Equation A2 riow deécribes the resultant force
.exerted. by the fluid on the surface. If the surface fs an airfoil in
a f]dw, the force on the airfoil may be resolved into instantaneous
1ift and drag force componenté. When the drag force is negligible,

Equation A2 may be written as
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.« . (A3)

A2. Causality Formalism

If both sides of Equation A2 are multiplied by the acoustic

pressure at a new time t', time averaging yields:

]

- Sp '
p(t)p(t') = L f cos 6 (y) [ —af (y,t = 2) p(x,t')] ds(y) .
‘ s

C(ne)

Then assuming p and pg are statistically stationary random variables

pplt) = - 4 f cosefs—(s;psp (t-2)] ds; 1=t -t . (A5)

We evaluate the meén Square acoustic pressure by setting =20
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" Jmuxc

p2(x) = o] f cos & [ é%—;;ﬁ 1, ds . | ... .(R6)
S =
Thus fhe contribution to the mean square sound pressure at
a far field point x, arrivithfrom the surface element ds(y), when P
is being measured, is given by theintegrand of A5. This quantity
may be viewed as the étrength of the acoustic source at that point,
and for the case where the dipole radiation from tne surface is
predominant, (as is the case in applications suéh as rotor noise),

it is called the surface dipole source strength

2 :

d - cos 0 —
S T T dme LaPe X ce (A7)

LS
The distribution of source strength resu]tsAfn an acoustic
model fixed to the geometry of the surface. The surface may then be
considered as'an arkay of acoustic sources of various strengths.
Inftia]-experiments showihg the validity of this approach

were carried out by Siddon!®

in fhe investigation'of broéd band noise
.radiated from a flat circu]ar'plate.embédded in an air jet. The
success of these experiments poinfed thé way towards the analysis

of more comp]icated.situationsvinvo]ving surféce interaction noise

as were carried out by Siddon and Leggat at a later date8.

| Typically the surface related correlation function_E;E(T)v

will have a characteristic antisymmetric shape for source fluctuations
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which are broad band in spectral nature.This trend results because
 the acoustic radiation is proportﬁona] to the time rate of change of
the surface pressure. One merely evaluates the slope of many such
functions at points on the surface at approbriate time delayss,in

order to generate the contours of source strength over the surface.

In certain cases involving anticoherent sources,  some elements of

area may exhibit an apparent negative source strength. When source

strengths are integrated over the surface, these negative strengths
will cancel a portion of the positi&e strength, but the resulting
integral will always be positive. In the special case where two
counfer phase sources exactly cancel one another, there will be no
far field sound, and hence no correlation.

Where there is a strong harmonic ﬁoub]ing between source and
.far field pressure spectra, the resulting cross-correlation function
will not decay qufck]y with time delay, but will be periodic in

nature.

A3. Periodic Correlation Functions

‘It.is uséfu] to filter both the surface'pressure‘and the far
field signals wfth frequéncy and phase matched filters if the far
“field spectrum is dominatediby particular frequencies, or if the
distribution of a compdnent frequency of broad band noise is to be
analysed. Thié,approach allows for the examination of the distri-
bution of sources producing the filtered frequency. For filtered
source analysis,the relative pulsation phases of sources at various

positions are important. -
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A4. Accounting for Phase

Variatibn in the phase of fluid difitations on the surface at
a particular frequency can be most important when relating the source
distribution to the net overall sound (at that frequency) by integration
over the surface in questioh. If_the‘source and far field signals
are filtered, then the cross-correlation function will be sinusoidal,
having a frequency identical to the centre fréquency of the band pass
filter. The correlation function can be ‘represented mathematically by the
expression. |

-[PPi sin [w (1 - %) + ¢] . .. . (A8)

pP(T)

Here ¢ is the phase angle between the measufed correlation
function and a correlation function of the same period but with a zero
crossing of negative slope at the correct time delay é—.

Differentiation with respect to time gives

é%5PSP(T) = -_IPSP|_(u)cos [w(r'+»§)] cos ¢
~wsinfw(r 4~%)] sin ¢ ;.. . f(A9)

evaluation at the correct time delay gives

X
Z‘;é?'”sp(T =) = P.P| wcos¢ - . . . .(A10)
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substitution into A6 gives

7 —_
%S ) cos4ﬂx§os " IPSPI ) <. (AT

Thus for a fi]teréd correlation, it is pdssib]e to predict
the souréé‘stréngth at a particular source 1océtion by knowing the
amplitude of the cross—borre]ation function, fhe frequency, the angle
between the surface normal and the far field point, the phase angle ¢,

the speed of sbund, and the distance to the field point X.
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APPENDIX B

LOCATION OF THE VORTEX CORE

4In order to position the'p1Vot point of the ball vortimeter
correctly, it was necessary to know the location of the vortex core
éentre'relative to the trailing edge of the half delta wing.

A hot wire was traversed vertically and horizontally through the
vortex produced when the 5 1/2 inch wing was mounted in the wind tunnel.
Two sets of orthogonal traverses were conducted. One with the wire
oriented perpendicular to the axial flow, and the other with it parallel
to the axial flow. The wire served to indicate the point of minimum
Ve]ocity: 1h the first ﬁase, for the resultant of the éxia] and vortex
tangential velocities and in ‘the second for the resultant of the vertical
and horizohta]lcomponents of the vortex tangential velocity. The results

of the two methods agreed well and are presented below.
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APPENDIX € |

HALF DELTA NING VORTEX CHARACTERISTICS

Angle of Attack

T (ftz/sec) re (ft) Ue (ft/sec)
4.25 inch wing
10 7.5 .053 42.7
15 .25 .059 51.0
20 15.0 .065 46.5
25 18.75 .073 49.7
30 22.5 .081 56.6
5.5 inch wing
10 ©10.0 .057 28.1
15 15.0 .059 139.2
20 10.0 .065 47.8
25 25.0 - .070 - 49.6
30 30.0 .078 49.1
6.875 inch wing
10 1.9 .056 -
15 17.5 .063 38.2
20 23.75 070 47.8
25 30.0 .079 51.0
30 36.25 ©.089 52.9
8.25 inch wing :
10 13.5 .057 -
15 20.3 .065 -
20 26.8 .074 38.3
25 - 33.75 .084 40.8
30 43.7 .096° 49.7
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D1. Data from Vortex Parameter Tests ( all levels are SPL in decfbe]s)

8.25"

70.8

Clean Fan Frequency Hz
. Overall 420 840 1260 1680 2100 2520
80.9 72.2 66.1 68.9 69.6 - 66.4 . 63.8
Wing angle of attack +10°
Wing Overall 420 840 1260 1680 2100 2520
4.25" 82.4 75.2 70.6 72.1 73.2 68.9 65.9
5.5" - 82.3 75.2 69.9 711 73.3 67.7 65.5
6.875" 83.0 75.9 71.2 72.9 74.0 68.8 66.7
8.25" 83.2 76.1 711 72.5 74.8 68.8. 67.0
Wing angle of attack -10°
Wing Overall 420 840 . 1260 1680 2100 . 2520
4.25" 81.7 74.0 70.3 '70.5 _ 71.8 67.0 65.0,'
5.5" 81.7 73.9 70.1 70.3 72.0 66.7 64.7
6.875" 82.3 74.6 70.3 70.6 72.2  67.3 65.9
8.25" 82.0 74.2 69.7 70.3 72.7 67.0 65.8
. Wing angle of attack +15°
Wing Overall 420 840 1260 1680 2100 2520
4.25" 83.5 77.2 - 71.9 72.7 74.4 70.6 66.9
5.5" 83.0 76.9 - 70.1 71.6 74.4 70.0 67.7
6.875" 84.2 77.9 °  71.4 ' 72.8 76.0 71.1 67.7
84.4 78.0  71.6 73.0  77.7 69.0



Wing angle of attack -15?

Wing

4.25"
5.5'"
6.875"
8.25"

Wing .

4.25"
5.5"
6.875"
8.25"

Wing

4.25"
5.5"

. 6.875"

8.25"

Wing
4.25"
5.5”

6.875"
8.25"

Overall - 420 840 2100 2520
- 82.0 75.3 70.6 70.2 71.3 67.6 65.6
81.9 74.8 - 68.9 - 69.3 71.4 68.8 66.7
82.5 74.6 68.2 69.8 73.5 69.3 68.5
82.7 73.4 67.2 70.9 76.0 70.7 67.7
Wing angie of attack +20° ‘
Overall 420 840 . 1260 1680 2100 2520
83.2 78.6 71.1 73.2 73.0 67.5 66.3
83.3 78.0 69.9 72.4 75.1 67.7 66.9
84.2 78.3 71.4 72.7 77.6 69.1 68.0
84.6 78.7  72.4 726 78.3 . 6e.1 67.7
Wing angle of attack -20° |
Overall 420 840 1260 1680 2100 2520
83.2 77.2 72.0 71.1 73.6 70.1 69.4
83.4 76.6 70.0 70.2 76.5 71.8 68.8
84.1 75.7" 70.3  72.1 78.4 72.0 69.6
84.1 73.3 71.5 74.5 78.9 72.2 68.1
Wing angle of attack +25°
Overall 420 840 1260 1680 2100 2520
| 84.1 80.2 70.8 ° 73.4 73.4 67.4 65.7
83.6 1 78.9 69.1 72.2 76.4 66.6 65.4
84.9 79.6 72.7 72.7 78.0 67.7 67.0
85.0 73.9 67.9° 67.1

1260

1680

93

79.5

75.0

78.6



Wing angle of attack -25°

1680

94

Wing Overall 420 840 1260 2100 2520
4,25" 85.1 80.5 74.7 74.0 75.9 70.8 69.3
5.5 84.8 79.9  73.6  70.5 79.1 70.5 70.2
6.875" 85.9 78.7 75.5 73.4 80.5 70.7 72.1
8.25" 86.3 77.1- 76.7 76.4 81.8 70.4 71.7
Wing angle of attack +305.

Wing Overall 420 840 - 1260 1680 - 2100 2520
4.25“ 85.6 82.7 70.4 74.0 75.2 69.2 66.2
5.5" 85.5 - .82.4 68.8 72.9 76.4 69.9 68.1
6.875'" 85.6 82.1 72.6 72.4 76.1 68.3 67.1
8.25" - 86.2 81.3 77.6 75.2 77.5 68.8 67.0
Wing angle of attack -30°

Wing Overall 420 840 1260 1680 2100 2520
4.25" 87.1 83.5 77.6 76.7 76.7 69.7 71.2
5.5" . 87.7 84.3 77.5 71.5 80.1 71.6 74.4
6.875" 88.2 83.0 78.4 73.7 82.8 73.3 74.1
8.25" 88.9 82.0  78.6  78.8 84.0 76.5 75.0
D2. fTFar Ffe]d Nofse Levels with Mounting Plates Inserted

: P]ate.(Jiq ‘ ‘ _

Radius Rt’ Overall 420 840 1260 1680 2100 . 2520
Clean fan| 81.6 72.7 67.6 70.0 71.2 67.1 65.1
.94 81.7 72.4  68.0 69.9 71.7 67.2 65.2
.89 81.8 72.4 68.1 71.0 72.1 67.7 65.6
.84 81.8 72.7 68.1 69.9 72.5 67.9 66.0
.78 81.7 73.0 68.8 70.3 72.7 68.1 65.9
.73 81.8 -~ 72.4 68.7 70.1 72.1 68.3 65.8
.68 82.2 73.4 69.5 70.1 72.9 68.3 66.1
.63 82.4 74.5 69.9 70.9 71.9 68.3 66.5
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APPENDIX E

PARAMETRIC ANALYSIS OF LIFT FLUCTUATION ON BLADE

— The pressure in the far field produced by a force fluctuation °
‘ on a surface is proportional to the time rate of change of the total

force acting on the surface.

dL -

p '\JEE ’ | . - . » .. o . .(E])
From Equation'4;14,
Ry
Ldc S - *
. | _
L) = 3o 2 (1 S Ch 2 + a8 - v(r) cos )7
S U V(r) cos ¢ R ... .(E2)

W R + WR V() cos ¢ + (U - U_)2

Thévresu1ts of the theory_indicated:that the noise was primarily a
function of the angle of attack fluctuations over the blade. Therefore'
if

U, << U and V(r) cos ¢ << R,
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then,

A L. L L(E

ie,

p o, de (U - U.) V(r) cos ¢ ]
2° @ %z Z

L .(E4)

o1, % U V(r) cos ¢ + U V(r) cos oA . .. (5)
*-z70 g a | Y% Ye 1A

'Now the area over which the vortex acts is proportional to re and-

V(r) cos ¢ is proportional to the vortex strength divided by the core

radius

A=~rpr . . .. - .(EG) |

V(r) cos ¢ = él _ .. ;k.(E7)'
c .

o dc ‘ : . '
el 2 d TV | |
p‘f- 70 G @t [UOT Y‘C+UCF VC:' .. . .(E8)
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dc | Cdu
N N ) dr dr _c
PE " 2° [Uorc at " Ve at t e & ]

- . ;(EQ)
‘Thus, we see that where (dUC/dt) is large, then Ucl“rc will bé the
parameter grouping having the strongest influence on the far field
~noise. However, if (dUc/dt)'is'small, then because UO~> Uc’ the

UOPrC.grouping will dominate.
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‘TABULATION OF HARMONIC AMPLITUDE DEPENDENCE ON.VORTEX PARAMETERS

, (Theoretical)

Frequency 840 Hz

Positive Vortex Sense Negative Vortex Sense
'U.r_ |T Varies |U_ Varies |r_ Varies I' Varies | U_ Varies r _ Varies
46 S, c c c c
(ft/sed)  (db) (db) (db) (db) (db) (db)
5 63.4 51.0 57.9 " 63.8 48.8 25.4
10 64.0 . 56.8 56.0 " 63.6 55.2 35.8
15 64.0 60.0 57.9 63.5 59.2 53.2
20 64.2 62.2 61.0 63.5 61.6 59.6
25 64.2 64.2 64.2 63.5 63.5 63.5.
30 64.2 65.0 62.8 63.5. 65.2 66.8 -
35 64.2 67.0 69.2 63.5 66.4 69.0
40 64.2 68.0 71.0 63.4 67.6 71.2
45 64.2 69.0 73.0 63.4 68.8 72.8
50 64.3 70.0 74.0 63.3 69.6 74.0
Frequency 1260 Hz
5 64.0 50.8 47.8 64.6 . 50.6 40.4
10 64.8 56.8 50.8 64.6 56.6 50.0
15 64.7 60.9 - -56.8 - 64.6 - 60.2 56.6
20 64.7 62.0 '63.2 64.6 62.6 61.2
25 64.7 64.7 64.7 64.6 64.6 64.6
30 64.7 66.4- 67.2 64.6 66.0 67.2
35 64.7 67.6 69.2 64.6 67.6 69.2
40 64.7 68.4 70.4 64.6 68.6 70.8
45 64.7 69.6 70.8 64.6 69.8 71.6
50 . 64.7 70.8 72.4 64.6 70.4 72.4
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Appendix F{(continued)

Frequency 2100 Hz

Positive Vortex Sense Negative Vortex Sense

I‘Uc\r‘c_2 I Varies UC Varies eC Varies I'Varies UC Varies re Varies
(fth/sec?)|  (db) | . (db) (db) (db) (db) (db)

5 . 62.4 50.0 40.0 64.0 49.6 38.4
10 64.0 56.0 1.2 64.0 54.6 51.2
15 64.0 59.2. 57.6 64.0 59.2 56.5
20 © 64.0 62.0 61.6 64.0 " 62.0 61.4
25 64.0 64.0 64.0 64.0 64.0 64.0
30 64.0 65.0 64.9 64.0 65.2 65.2
35 64.0 67.0 65.9 64.0 66.8 66.0
40 - 64.0 68.1 65.2 64.0 68.0 65.6
45 64.0 69.0 64.3 64.0 68.8 64.5
50 - 64.1 © 70,0 62.8 64.0 70.0 62.8

Fracuency 2520 Hz

5 - 62.3 48.3 40.0 62.3 48.4 38.4
10 62.3 54.6 51.8 62.3 54.6 51.4
15 62.3 58.2 57.6 - 62.3 58.0 59.2
20 62.3 60.9 60.4 62.3 60.4 61.0
25 62.3 62.3 62.3 62.3 62.3 62.3
30 62.3 64.1 62.3 62.3 64.0 65.1
35 62.3 65.6 62.3 62.3 65.6 62.3
40 62.3 66.8 60.8 62.3 66.8 61.0
45 62.3 67.5 58.2 62.3" 67.6 58.1
50 62.3 68.7 55.2 62.3 - 68.6 55.2
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Figure 3  Sears' Aerodynamic L1ft Transfer- Function for an A1rfo11
Encounter1ng a Sinusoidal Gust -
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R p—— —

fan rotates counter clockwise

Figure 30. Blade Pressure Polar Plots

A. Negative Sense Vortex

B. Positive Sense Vortex

C. Clean Running Fan (no honeycomb)

D. Clean Running Fan (honeycomb in hatch).

(Exposure: 1/50 sec)



C

31. Sequential Blade Pressure Polar Plots

A. Negative Sense Vortex

B. Positive Sense Vortex

C. Clean Running Fan (no honeycomb)

D. Clean Running Fan (honeycomb in hatch).

(Exposure: 1/50 sec, 18 frames/sec)




Figure 32. Sequential Blade Pressure Polar Plots.

Clean Running
Fan (no honeycomb).

(Exposure: 1/50 sec, 18 frames/sec)

(White markers show vortex signature.)
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Figur'e 338  Superposition of Velocity Fields
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Far. Field Acoustic Pressure Level, ubars
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Figure 38 Far Field Pressure Signature Caused by Vortex Interaction
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