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Abstract

Interaction tones were intenclonazly generated
by circumferentinl arrays of equolly spoced rods
that protrude radially from the inlet wall near the
face of the 28-blade fan. Arrays of 28 and 41 rods,
selected to glve specific fay field radiation pro-
perties, were tosced.  The expected properties were
readily apparent in the measured radiacion patterns.
A more detelled analysis of the test dato showed
both the precision and Mmivations of the applied
acoustie theory, Rods protruding 23 percent of the
vadiug predominantly pencrated only lowest vadlal
wrder modes, as expected,  Measured and predicted
radiation patterns were generally In good agreement.
The agreement, however, depended on a signiffcanc
degree of implied refraction duce to inlet valoeity
gradlents. Refraccion, 1l present, would Impoct
gtatle-flight nelse comparisons,

Sxmh(ll.li

Byu amplitude goefiiclent for (m,u) mode In
divectivicy functlon (eq. 3), ¥/md

B number of rotor blades

Cy veloeity of sound, misec

Cp apparent velocity of a mode, mfsce

£1 directivity transformatfon function
{eq. 6) _

Il ) Bessel function and its derivative of

Ju ) fi;st kind and prder m for argumant

’
K integer
13 frequeney parameter, equal te OBHp for
) BPF tone

km, mode eigenvalue, Jh(kY ) =0

m circumferential order of a mode

M mags flow Mach number {positive In engine
flow direction)

My tangential tip Mach number of rotor blade

P, far-field acoustie pressoere of (m,u)
mode, N/m

v number of stationary vanes or rods

i radial order of a mode

L cutoff ratio

Plabp incident and refracted angles ar an in-
terface, dog

Py far-fleld directivity angles of the

¢2, acoustic mode radiated pressure assum-—

43 ing no mass flow, mass flow cverywhere
and duct mass flow alonc, respectively

(¢1)3. directivity angles ¢y, ¢35 and ¢4 at

(@2?h{} the approximate pealk level of P,

\#’3)
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Introductdon

The radiatiop patterns of blade passage Fre-
quency (BPF) tones generated by two configurationy
of rods placed near the fan in an engine inlet are
apalyzed in this paper. The study was conducted
with a JT15D engine that 18 belng tested at NASA

LeRG as part of a comprehensive program with other
organizations. An objective of the overall pro-
geant i to resolve the discrepancies between the
far-ficld acoustic aighatures obtained during
{fiight ond during ground stptic tescs, Tests of
the englone at LekC are being conducced with varicns
inflow gontrol devices (ICD's) to simulate the
clean inflow and acoustie signatures of the englne
In Fiipht, The ICP's consist of screen and honey-
vonb structures thot must transmit both acoustic
radiation and the engine flow, As a part of that
study a dominant addiciopal BPF tone gencrated
within an operacing engine was required to evalvate
the acoustic tramsmission properties of the ICD's.
The additiopal tone was gencrated by the inlet
rods. Results of the transmission study are re-
ported In Ref. ). The generation of an addicional
tone with inlet rods, however, also provided an
opportunity to experimentally verlfy some theoreti-
cal predictions. of interaction tone generation and
propagation, The purpose of this paper is to com=
pare mensured and prediected propagation and rodia-
tlon properties of interactiop tenes generated hy
the rods.

In this paper the experimontal aspects of the
engine atudy relevant to the data apalysis are ini-
tlally summarized, Annlyses and results are then
presonted from essentially two perspectives. One
I8 qualitative ond the other more explicit, 1In the
qualitative approach the concepts and objectives
uwied Lo select rod configurations suitable for ICD
evaluation are discussed and some measured far-
fleld radiation patterns are shown that confirm
the expected resules, In the o ry the experi-
mental study i3 discussed with wne context of more
explicit acoustic theory and detalled analyses of
the meosured radiatiop patterns are presented.

Experimentnl Study

Tie test data analysed in this paper were ac-
quired In a study reported inm Ref. 1 where two
ICh's were evaluated in static tests of a JTLSD
engine. What follows is a summary, pertincent to
the present analysis, of the experimental aspects
of that study.

The inlet cenfiguration of the JTLSD cngine
used in the scudy 1s schemacically shown in Fig. 1.
Acoustic darn to be used were ohtained without rods
as shown In Fig. 1 and with circumferential arrays
of equally spaced rods protruding from the inlet
wall near the fan face as schematically shown in
Flg. 2. Datn from both the 28 and 41 rod arrays
will he used. Some test data with a short inlet
length, obtained by removing the 4 inch cylindri-
cal section shown in Flg. 1, will also be examined.

As will be detalied later the JT15D engine as
tested Is desigonated as having tone cutoff for the
fan in the bypass section. More specifiecally, for
the rotor hlade and the bypass stavor vane numbers
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listed in Fig. 1 the BPF internccion tone should
not propagate at subsonlc tip speads. Tha BPF in-
teraction tone for the core section, howevor, is
not eutoff. When tone cutoff 18 predicted Lo oceur
the phenomenon s generally obscured in statle en-
gine tescs by o vone cavsed by rotor interactlons
with inflow distortions. Two 1CD's wore tested
with the JT15D epglne At NASA LeRCl to eliminate
this distertion nolse source. An externul ICR,
desipgnnted TCD No. 1, proved to be most effoctive
for thle purpese. Flgure 3 shows 1cD No. 1 in-
stalled on the engine, A8 reported in Ref. 1, this
10D substopelally reduced the inflow distortion
tone level and had pgood nolse transmlssion proper-
tles, It caused little or no ¢hange in far-fleld
nolse level or divectivity of the vone noise pro-
ducad by the rods, The data obrained with ICD

No. 1, tharefora, will be execlugively analyzed in
this study becouse the tone nolse generated by tho
rods 18 more elearly abservable using this data,

The engine tests were conducted at the NASA
LeRC Vertlcsl Lift Fan Facllity which 48 equipped
to evaluate botly acoustic and serodynamic perform—
ance. Some of the englne performance variables
pertinent to the ncoustic analysis are shown ag a
function of engine speed in Flg. 4. An exhaust
muffler, evident in Fig, 3, was used to eliminate
off englne noise from the far-field data. Ground
level migrophones located on a 90 foot radius
throughout the forward quadrant provided the basie
acoustic results aleiough supplemental pole mounted
microphones were used oecasionally, Acoustic and
aerodynamlc performance data were reeorded on tape
ond processced using the system developed for the
factlicy, Acoustic data to be used primarily con-
slst of 1/3 octave band levels of the BPY rone ad-
justed to free-field and & 30.5 m (100 ft) radius
and with atmospherir acrenuation rcemoved, Tests
were made at several engine speeds for cach eonfig-
uration ond generally repeated at least twice,
Averaged ncoustiec data will be used when possible,

Qualitacive Objectives and Hesulits

The concepts dnd objectives used te select the
arrpys of rods to gvaluate the ICD's are discussed
in this section and some test data showing the
soundness of che approach are presented. 1In the
digcussion a qualicative knowledge of some aspects
of the acoustic theory te be presented later s
assumed,

Rod Selection

Selection of the numbér of rods used in the
arrays was hosed en a prelimipary acoustic analysis
where possible propagating modes and their far
field directivity patcerns were qualitatively pre-
dicted. Two separate arrays of rods were selected
in this process. One array consisted of 28 vods,
This nrray was predicted to give plane wave and
axisymmetric modes that are highly propagating and
thus was expected to glve o high tcae level. The
bulk of the acoustic energy from such modes was ex-
pected to beam aleng the engine Inlet exis. If,
however, the tone level from the 2B rods were suf-
ficiently high it could exceed thav of other engine
nolge throughout the inlet gquadrant of the englne.

‘1f not, tene dominanece and evaluation of ICD acous-

tic transmission would be limited to a reglon near
the inler axis.

In contrast Lo the nonspinping modes generated
by 28 rods, a tone wlth spinning modes, as often
experienced In engine noise, was also desired for
ICH evaluations. A 41 rod array wns sclected for
ehis purpose, Tha selection criteris invelved not
ouly spinning wodes but also s rodintion pattern
that would glearly shew directivity changes coused
by an ICD. Such directivity chonges are best de-
tected by the angular displocement of a distinetive
feature (nbrupt change in level wich angle) in a
directivity pattern, Ideally, the angular position
of the distinctive feacure within the direetivicy
pactern should be controlloble te fully evaluate
ICh transmission properties, Tonc cnergy contained
in a single spinning mode that {8 nenr cutoff at a
low engine speed and more highly propagating as
speed 18 increased satisfies the alove ceriteria.
For such a mode the radiation beams toward the
sideline at low engine speed and progressively
beams closer to the inlet axis as speed Inercases.

The 41 rod array gencrates such a mode. An
apnlysis showed that no other number of rods less
thop 41 will give the deslred radiation properties.
In rveality, higher rndial order modes of the ex—
pected mode may also be penerated at high engine
speeds, TIF this occurs, the beamed radiation will
broaden in the direetion toward the sideline, how-
ever, a distinetive frontal d¢dge Iin the radiatlon
partern should always be evident.

Qualitative Discussion of Results

Figure 5 shows tonce radiation potterns mea-
surcd using ICD No. 1 both with and without the
arrays of rods,l The shaded avea in the figure is
the difference between the levels with and without
the rods and is indicative of the tone nolse gen-
erated by the rods, The 28 rod orray (Fig. 5(a)),
caused the lorgest increase in tone level in the
reglon near the engine inlet axis at all enpgine
speeds and qualitatively confirms the prediction
of plape wave and highly propagating axisymmetric
modes. The tone 45 also seen to be dominant nesx
the sidellne, however, this dominance did not oceur
in testks without an ICD.

The resultg for the 41 rod array are shown in
Fig., 5(b). The beamed radiation is seen to pro-
gressively advance toward the inlet axis with an
increasae in engine speed. The data qualitatlvely
confirm the prediction of a single tode near cutoff
at low speeds propagating toward the sideline and
its progressive shift toward the inlet axis with
increasing englne speed. ‘Results with both the 28
and 41 rod arrnys show that che qualitative crite-
ria specified for the ICD acoustic transmission
gtudy were satisfied,

This study using inlet rods is one of few
demonstrations wherein distinctive radiacion pat-
terns were obtained for a few known modes propagat-
ing from a relatively high flow Mach number inlet.
Although quailtatlve agreement between theery and
experiment was avident, the data warrant a more de—
talled acoustic analysis with regard to current
theories of modal generation, propagation and radi-~
atlen. Discrepancies, if significant, could impact
the predictions of aircraft Elight noise. A more
detnlled analysis of the results follows,
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Propagation and Radiation Cancepts

This section of the report describes the en~
gina study within the context of more explicit
acoystie theory and provides the theoretical back-
pround for the subsequent analysis and discussion
of tha test data.

Interaction Mode Generation

The tone nolge generated When either rotor
wakes intaract with stator vanes cr when stator or
rod wakes inveract with o rotor can bo deseribed
in terms of acoustic modes., As presented in Ref. 2,
a speelfic mode is identified by its clroumferen-
tial, m, and radlal, u, order and commonly desig-
ndated the (m,u) mode, The m order of the mede
for the BPF tone generated when V  rods ipteract
with B rotor blades is given hy

m=B~ RV M
where K 1s any intoger.

A basie diseriminator regarding mode propago-
tlon is the cuteff ratlo £ given by

BM., >
i;“-gl'/‘fl-n“ _ (2)
i

where Mp and N are the roter tip and duct flow
Mach numbers, respectlvely, and kj is the mede
cigenvalue, Propagation is only podsible when £
is greater than unity.

Basic Engine Confipuration. Figure & shous
the propagating interaction modes for the BPF tone

of the JT15D enginc without inlet rods. No propa-
pating modes are generated by the interoetion of
the rotor witl the bypass stators (Be 28, V=66)
within the engine operating spced range (the BPRF
tone is cutoff}. fThe interaction of the roter with
the core Btotor blades (B~ 28, V= 33) however, can
generate m=5 modes of increasing radial orvder

as fan speed 1s inercased as ghown in Fig., 6. The
rntor alone (A= 28, V=0) can also generate a propa-
gating mode above a fan speed of about 12,600 rpm
(Fig. 6), Although tiiese modes for tha BPF tone
may occutr with the basic engire conflguration they
should remain fixed and not influence dota compar-
isons with and without inlet rods.

28 Rod Array. Figure 7 shows the propagating
modes for the Interactlon of 28 Inlet rods with the
rotor (B= 28, V=28), Only sxisymmetriec (m=D) modes
are possible due to this interaction. The (0,0)
mode is commonly designated the plane wave mode
because its pressure amplitude is uniform over the
duck cross section, This plane wave mode in possi~-
ble at all fon speeds (€= =) with 28 vods. The cut—
off condition for the higher vadial orders of the
m=0 modes vary with fon speed ag shown in Fig. 7.

41 Rod Array. TFipure B shows the propagating
modaes for the interacti:n nf 41 rods with the rotor
(B=28, v=41), Ouly the m=13 modes are poscible
due ¢o this interaction. The lowest radial rder
mode (13,0) exceeds a cutoff rorio of unity ar a
fan speed near engine 1dle conditions. Higher ra-
dial order modes are possible at higher fan speeds.

The design intent f[or the 41 rods was to gen-
erara o glngle spinning mede at or near engine idle
conditions and to mipimize the number of modes at
higher apeed, The intent was satisficd as shown in
Fig. B+ 'The intent cannot be eotisfied by any num-
ber of rods less than 41,

Modol Power. The preceding annlysis of cutoff
properties primarily Indicates whether modes can
propagate, The acoustlc power content of the propa-
goting mode depends on details of the interaction
proceRs, Such an analysis has been yerformed” al-
though tho results have not ag yot been caordinated
with this study., The gengral ppproach in sueh onal-
yees, however, i to match the radinl profile of the
forcing or excitation process with weighted combina-
tions of the possible modes each with its unique ra-
dinl variatfon in acoustic properties within a duyct.
Qualitatively, modal ganeracion is thought to be
most efficient when the radinl profiles of the acous-
tie source strength ond that of the pressure ampli~
tude characterizing a mode are identical.

Radial profiles of sound preasure level inside
a elroular duet for families of me0 and me=13
modes are shown in Flg., 9{a). Except for thc plane
wave mode (0,0) with its uniform level, the modes
ave characterized by radial lobes. Eaeh of these
lebes are lahelled positive or negative to irdicate
relative reglona of reinforcement and zorefaction
8% Jlar to that in organ pipe resonance. The modes
as labelled are in-phase relative to each other ac-
cording to normal snalytienl convention. A succes-
aive in-phasc summation of radial order mddes as
laballed in Fig. 9(a) would alterpately increase and
decrease the pregsure at the wall,

For the m=13 order modes the concentration of
acoustie cnergy is seen to progress from the wall
toward the axis with increasing radisl order. The
interaction process from rods protruding 2.7 inches
from the wall (28 percent of the rodius) vould ap-
pear to preferentially excilte only che lowest or
lower radial orders of the m=13 modes.

For the m=0 ovder modes, similar arguments
are not obvlious hecause agoustlc power is substan-
tlal at the oxis for all modes., Acoustic energy can
be concentrated at the wall, however, by a summation
of modes. Flgure 9(b), for sxample, shows a summa~
tion of the (0,0) mode and the (0,1) mode phnse
shifted 1809, The summation supprusses the acoustie
gtergy at che axis. A summatlon of additional
modes, properly phased, would increase the concen~
tration of acoustic energy at the wall. Tt is pro-
bable, thervefore, that 2.7 inch rods will dt least
excite the (0,0) and either the (0,1) or another
low radial order mode phase relatad by 180°.

Amplitude profiles for m=5 and mw= 28 modes
of the BPF tone expected from the sngine core and
from the rotor alone, respectively, are similar to
those fer m=13 shown in Fig. 9. They sugpest that
the core tone sources will preferentially excite
higher radial order modes since the excitation is
located near the hub. Tones generated by rotor in-
teractions with inflow distortions (pressumed to be
prabable at all radii) appear to exhibit no modal
preference.
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Far~Fleld Radlation

An objective of this paper is to comparc men-
eurod and rredicted far-field radiatdon pattarns,
Thare {g. however, no reported method that glves
precise radlatioa pacterns of a mode propaguting
from a belimouth Inlet on an oparating engine under
statle tost conditions., Some approximatlons musc
be used. The pradictions te be used in this srudy
ara based on the techniques employed hy Candel,?
Homlcz and Lordib and expanded upon by Rice, etal.?
The prediction procedure used and to be described
consists of the following steps: (1) Colculate ra-
diastion patterns assuming no mass flow anywhere;
{2y Adjuse the patterns for the ease of flow every-
Where (dutt and environment) by a transformation of
varishles; (3) Adjust the patterpns for the case of
internal duct flow alone by removing the external
environmental convectlve effect; and (4) Examine
mass flow processes neat the inlet fage for possi-
ble refractivae effocts on directivity. Anpular ad-
justments alonc are used in steps (2) and (3).
Laevel chonges will be npeglected.

No Flow. The closed form analytical solutions
for the radiation from a flanged duct without Flow
will be used for convenience. Wlener-lopf golu-
tions for a flangeless duct may be moro appropriate
for the engine inlet, however, the complexity of
obtaining such solucions is not worranted at this
time, Patterns predicted with and without a flange
differ nagligibly except in the region normal to
the duct axis.

A directiviry exprasslon for the far-fleld
acoustic pressure, pp,us 88 4 function of inlet
sngle ¢, o8 used 1n Hef. 9, is glven by

L] r
Jm(km’u)ﬂf sin ¢1)Jm(E 8in ¢,) )

y N2 3

(km,u) (K sin él)

oy ™ Aon

The propertics of chis funcetion are displayed in
Fig., 10 for famllies of m=0 and m=13 modes,
Acoustic sound pressure level 18 shown as a func-
tion of ¥ sin ¢y, with A,y 0ssumed constant fur
ench Eamily of mades. These displays can be visu-
alized as far-field directivity patterns. The pat-
tern for each mode is secn to consist of a princi~
ple lobe that dominates over a varlable number of
pide lobes. The mode levels as shown with Ap,p
constant are defined as equal amplitude modes.

The approximave angular location of the peak
of the principle lobe (¢;) , 1s simply glven by
o

kl
(b @ st )

with no Flow, k&’ulﬁ i5 reduced to 1/E (Eq. (2)
with M=0) and thus

~11

(bp, = sin (5)
As scen in Fip, 10 the peak for some principle
lobes actunlly occurs at a value of K sin ¢y
larger than, and, therefore, ot a larger
angle thun that'given by Eq. (4). The determina-
tion of the exnct peak loeation was disecussed by
Saule in Ref. 9.

The nngular locatden of the prineiple lobe
peak L8 n property often used te identlfy a mode in
far-Ticld directivity patterns., As a point of ref-
erence for subsequent adjuscments, the location of
the peak with no flow ($1),,, for the (D,1) and
(13,0) modes varien with Engine speed as shown in
Fig., 11. The plone wave (0,0) mode is not shown
beenuse 1f peakd on axis at all speeds and raquires
no adjustmenta.,

Flow Everywhere. Candeld hag shown that the
radiation patterns with flow in the far-field equal
to that in the duct can be related to the radiation
obtained without f£low by o cooriiinate stretching
technique, As a result of his analysis the dirce-
tivity angle with the same flow everywhere, ¢4, is
related to the angle withour £low, ¢;, and the flow
Magh number, M, by

.1 &in ¢
¢2 = tap 1 F L (6}
1
where £5 = [1 - sin (1 - 82))1/2

As given in Ref. 7, this transformation of vari-
ables locates the principle lobe peak as a function
of cutoff ratio, £, as follows,

2 ALK
®,) = cos-l{(l - 1~12}[1 - (1/3 )}} o
P 1-H7[1 = (1/E7)]

The anpular locations of the principle lobe peak
(¢2)p, are also shown for the (0,1) and (13,0)
modes in Fig, 11, Flow cverywhere 18 scen to cause
relatively smnll angular displacements toward the
axis,

Duct Flow Alone. As discussed by Rice, et al.’
the rvadlation directivity with flow cverywhere in-
cludes a convective effect due to the flow in the
Far-field. 1The directivity angles with far-field
convection, $o, and without the convection, $3, are
ralated te cach other by

Lan ¢3

tan ¢2 * 1= Hfcos $q (8)

Using this relacion, the directivity angle ¢3 can
be related to the no flow angle ¢y, by ‘
M+ fl

1 + Mfl

i (9)

¢3 = cns

where fq 1s the directivity transformation func-
tion used in Eq., (6). The approximate apgular lo-
cation of the principle lobe peak7 15 related to
the moede cutoff ratlo, &, by

1+ V-2

1+M V1-1/52

(¢3§ = cos (10)
P

For convenience, a flow direction into the inlet
was designated as positive in expressing LEgs. (8)

to (10). The opposice designation 1s often used.3~7
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 Flg, 11,

The variations of (#3)p are also ahown in
With duct flow nlone the principle lobe
peak beams sipnificantly closer to the Inlet axis
than for the case of flow everywhere.

In Ref. 7 modes were charncterized by divec-
tiop ongles within the duct. The angle (r&g)p in
{dentieal to the direction angle of the mode with
respect to the duet nxis, It was postulated in
Ref, 7 that the mode would bLeam from khe duct and
into the far-field at this angle.

Refraction Effoets. The cffects of transmit-
ting rodintion from within o duer with flow to a
roglon of no [low putside the ducr have beon ne-
glected in defining the duct flow nlone angle, ¢j4.

Potential flow solutions provide explicit flow
varlatiens in this transirional region that may be
ugeful in caleulating its cffocr on directivity.
The ¢ffeer ean alse be approximated as a refraction
process at an interface, as supgested in Ref. 10,
with the interface being similar to a poteantial
contour relatively close to the inlet.

Such a reFractive process s 1llusirated in
Fig, 12, The refracted angle, 4., ig larger than
the inclident angle, ¢y, because the acoustic wiave

travals at less than the speed of sound In approach-

ing the interface. Refraction, however, can have
opposlite efface on directiviry angles as shown in
Flg. 12, PFor tha interfgee shown refractlen is
toward the axls when the radiatleon angle 1ls greater
than 45° and toward tle sideline when smaller, It
is interesting to note that an dnterface normal to
the inlet axis gives a calculated refractlon that
is nearly ddentical to the far-field convective of~
fect. No anttempt will be mode to quantify the re-
froctive process in this study but its qualltative
affeces on dirveetivity will be recognized In com
paring predicted and measured radiatlon patterns,

Modal Phase. The radiacdon potterns resulting
from two or more simultdneously propagating modes
vequire that far-field pressures be summed os com~
plex variables. In performing the summatdon, the
principle and side lobes of a partficular mode can
be considered reglons of reinforeement and rarefac-
tion as described for radial pressure profiles
within the duet (Fig. 9). Adjacent far~ficld lohoes
of n single mode ore 180 degrees out-of-phase. The
relative phase between the modes, however, must be
established ro perform a summatidn.

Although two modes may be generated at a poar-
ticular relative phase, a continvous shift of rela-
tive phase oecurs ng they propagate through a duet,
The phade shift 1s caused by the difference between
thelr axial wnve number or nxial phase veloeities.
The calculated phase shift between the (0,0) and
{0,1) modes after prapagacing through the 0.55 m
(21.75 in.) eylindricnl section of the engine inlec
varles with engine speed as shown in Fig, 13(a).
The phose shift is significant but relatively
small for these two highly propagating modes. The
phase shift becomes negiigible for modaes with
E>» 1.

A change in inlet length will also alter the
relative phase between two modes. Tests made with
a 0.1 m (4 4n.) length change for the 41 rod array
were made for this purpose. The caleulated shift
in relative phase coused by this length change var-

e

ies with speed as shown In Fig. 13(b). The phase
shift shown can slgnificantly alter far-field radi-
actiop patterps., This 1s illustrated in Fig. 14
vhere summations of the (13,0) and (13,1) modes for
severnsl relative phases are shown. The region be-
tween the two prineiple lobes 1s seen to be most
sensitive to chonges in relsative phase, The cffect
would be less evident if the modes differed sipnif-
icantly in pmplitude, The tests with n 0.1 m

(4 in.) change in inlet length were on attempt to
test these popcepts,

it should be noted that whereas comblped pat-
terps are axisymmetric for modes of the same m
order they are generally asymmetric for modes of
differing m order,

Resulgs and Discussion

A more detniled apalysis and discussion of the
tone nolse gencrated by the rods will be presented
bascd on the concepts of the previcus section, In
grder to more clearly lsclate the tone nolsa gen-
erated by the rade, the dates to be used are sound
pressure levels of the differences in one-third-
oetave band presfures of the BPF tonc measured with
and without rods, Small differences piving erratle
resules will be neglected,

28~-Rad Array

The 28 rod array wag pradicted to generate the
rlanae wave (0,0} mode and at lease one other axi—
gymmetric mode. Magqurements made with pole micro-
phones clusctered near the inlet axis are best used
to identify such modal propertics. Flgure 15 shows
the data and predicted principle lobes for the
(0,0) and (0,1) modes at levels adjusted to Fit the
data. The (0,0) mode alonc has a lobe centering on
the axis whereas all other modes do not radiate on
the oxls, The comparisons shown in the figure in-
dicate that the (0,0) maode 1s present at all specds
and doeminant except at 10,500 rpm. Presence of the
(0,1) mode 1s also impiiled but at a lower level ox-
cept at 10,5006 vpm. Why this 10,500 rpm condition
is np exccption is not known. In general, the
(0,0) and (0,1) modes differ fin level by roughly
15 dB. The result {mpifes equal amplitude modes
(A, constant) where, as displayed in Fig. 10¢a),
che’ (0,1) mode peak is about 16 dB below the (G,0)
mode peak when amplitudes are equal,

The (0,0 and (0,1} modes were axpected to be
generated at o relative phase of 180° and prcpagate
to the far-field following some phase shift within
the Inlet duct. Figure 16 compares the data at

‘6750 and 8450 rpm with predicted patterns that ae-
counts EFor the expected relative phase of the (0,0)
and {0,1) modes. The expected relative phase at
thase two speeds after traversing the duct is about
the 1352 shown, (Figure 13(a) indicate a phase
shift within the duct of about 45° in this reglon
of engine speed.) As will be shown later, direc-
tivity angles can not be too closely scrutimized in
sueh comparisons hecause of refraction at the inlet
face. Figure 16, however, implies that the initial
generation of these modes with a relative phase of
180° is probable.

Directivity patterns obtained with the ground
based microphones are compared with predictions in
Fig. 17, (The previous pole microphone data are



not gombined with this daca because of uncertaln
ground taflections.) The angulap spacing of the
microphones for the doto in Fig. 17 18 too large to
veveal detailed modal structure, The predicted
curvesy therafore, are simply eavelopes of the
prinelple lobe peaks of the prssible modes at equal
amplitudes (Ap , constant). Envelopes assuming
duct flow alone, $3, as well as flow everywhere,
v2, are shewn., Both envelopes nre shown because,
a8 described later they essentially hrocker the ox-
pected radiation pattern with refracelon at the in-
lot,

In general, the data in Flg. 17 imply that the
decrease In modal level with increasing radial
order is larger than thot for cqual amplitude modes.
The exceptions involving individual data polnts
imply an absence of a partlcular mode., For exam=
ple, at 6750 rpm the (0,3) mode and at 8450 rpm the
(0,4} mode appear to be abaent. The absence of
modes depands on detnils of the tone generation
process. The spareity of thic data does not permit
a detailed evalustlon of modal struccure, These
data, however, do not vefute those from the pole
microphones where the (0,0) and (0,1} modes were
identifiad,

41 Rod Array

Measured and predicted directivities for the
41 prod array are compared in Fig. 18. The predic-
tions consist of the principle lobe of cthe (3,0}
mode assuming both duct Flow alone and flow cvory-
where. A particular discrepancy between theory and
data to be noted first is evident at the 6750 cpm
speed. ‘The measured pattern 1s scen to be lobular
whereas the predicted patterns arc not. This dif-
forence 1is at least in part the consequence ef uufupg
the flanged duet radiatlon function for a near cut-
off mode as generated gt the 6750 rpm gpeed. Far a
flangless duct the predicted levels would eontinu-
ously decrease toward and past 90° and the pattern
would be lobular. This limitation of the flanged
duct predictions, however, does not apply to che
prineiple lobes of the more highly propagating
modes at the other speeds In Fig. 18.

Observing for the moment only the angular band-
width of the predicted lobes, a dominant feature
oppears to ba that the data correspond to the prin~
ciple lohe for 4 single mode. Although more than
one mode can propagate ohove BAS0 rpm che data fmply
relatively low amplitudes for the higher radial
orders of the m equal 13 modes, The (13,0} mode
appears domipant as qualitatively expected from ex-
citation by rods located near ,he outer wall.

With regard to the two predictions the data do
not consistently agree with elther predictlon. The
predictlion for duct flow alone was cxpected to apply
if refractlon ot the inlet face was negligible or
smull., Agreement cxists at B450 rpm but at hipgher
speeds this predietlon fs binsed more townrd the
inlet axis than the data, The flow everywhere pre-
diction is as good or better at the higher speecds.

Refraction at the inlet Eace can he used to
explain the deviations between predicred and mea-
syred patterns shown in Fig. 18. It was nored in
Fig, 12 that reflraction should be toward the side-
line for small, radiatieon angles and comparable to
that obtained from flow evervwhere. At larger ra-

diatton angles no refraction or refractlon taward
the axis moy be expected. Inspoction of the pre-
dicted ($,) ond measured patterns reveals that re-
fraoction ac an interfacce compsrable to that 11lus-
trated in Fig., 12 would qualitatively explain che
ohsorved prineiple lobe peak directivities. At 459
(8450 vpm) thare 1% no refraction becouse the lobe
penk beams normal te thoe interface. At smaller
angles (higher speods) the peak 18 vefracted toward
the sldeline and at larger ungles (6750 rpm) ve-
fraction 1s toward the axls. It appesvs that ¢4
toes characterize modal radiation upon leaving the
duct (no refractiop) as postulated in Ref. 7.

Although refraction is implied it haos not been
proven and vequires additional study. HRefractlon,
howaver, would impoct the prediction of flight
nolse Erom ground static teast dara, The veloelty
gradient at the inlet face that con cause refrac-
tion hecome less severe during forward motion and
essentially disappear at some flight speed, The
statlc test dacn, therefore, would require adjust-
ments for changes in refraction when applied to
flight enlculations, Figure 18 indicates ongular
adjustments a8 large os 109 may be needed for radi-
atlon at intermediante angles from the inlet axis.

The measured patterns bayond the principle
lobe can not be exactly diagnosed because of both
the variety in possible modal . »mbinations and the
limitations of the flanged duct radistion theory.
Figure 19, however, schematically illustrates com-
binations of approximate modal directivity patterns
chat may simulate chis region for the 9,600 and
14,500 rpm tests, It appears that the level of the
(13,1) mode i# at least 10 dB lower than the (13,0)
mode, Tha data should agree with the Summation of
these modes. The sumnation, lowaver, is dependent
on relative phase. The reglon most sensitive to
relacive phase ie at the intersection of principle
lobes where clther complete cancullation or rein-
forcement eoan oeccur, Sensledlvity of this region to
modal phase will be evident in the subsequent re-
sulte obtalned with an lnlet length change.

Inlet Lenpth Change

Tone dlreetivicies obtained wich inlet lengths
differing by 4 inches are compared in Fig. 20. The
length change was predicted to change the relative
phase between two modes and thus thelr dirvectdiviry
pacterns. No clfcer was expected at 6750 and 8450
tpm because only a single mode propagates. The
data at chese speeds are similar although there are
gmall differconces for unknown reasons. The pref-
ence of some lower circumferential order modes
caused by imperfect rotor blade or rod spacing
could glve the observed chapge. An expected change
in directlvity as deseribed in discussing Flg. 19
is gxhiblted at 9,600 and 10,500 rpm. Changes dre
strongly evident near the interseetion of (13,0)
and (13,1) mode principle lohes. Variable summing
of slde jobes Is the probable couse ¢f the varia~
tions evident at the higher inlet angles. These
results at 9,600 ond 10,500 rpm appenr to confirm
that relative modal phase is altered by an inlet
leangth chonge.

The results at 13,500 rpm in Fig. 20 are not
aimply cxplained. Tone noise generated by the raods
at this speed was evident at inlet angles as low as
6%, This infers that highly propagating modes,
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other than the m=1) family, are present, With
ndditiennl modes such direccivity changes arc pos-
sible.

Rotor Alone Tong

A final ohservation regording modal directivi-
ties concerns the rotor alone tone. At 13,500 vpm
this tone should slmply propagate as the (28,0)
mode at a cutoff ratio of 1.08, This modae 1s
clearly evident in the directivity patterns both
with and without reds in Fig, 5(b). The prineiple
lobe of the (28,0) wode 1B the lobular pattern
peaking ot about 60°, It is ipstructive to compare
the divectlvicy of this mode with that of the
(13,9} mode generated by the 41 rods at 6750 rpm,
The cutoff ratio of the (13,0) mode at this speed
1s 1,05, ‘The caleulated direetivity patterns for
the two modes are nearly identical, [he meagBured
patterns are compared din Fig., 21 and near identicy
of the patterns extends to an inlec ongle of 1209,
Thls pattern, therefore, appears to characterize
the radiacdon of a near cutoff mode From the bell-
mouth inlet used on the JT15D engine. This pattern
differs significantly from that calculated for a
flanged duct (Fig. 18) ne was discussed earlier.

Concluding Remarks

These experiments with inlet rods in the JT15D
engine demonstrate the general valldicy of modal
generation, propagation and radiation theory under
aetual engine operating conditions, The data pro-
vidod ore of few opportunities Lo analyze dominant
modes prupagating under relatively high duet flow
conditionn, As postulated in Ref. 7, with duct
flow slone {as in statie engine tests) the dlrec-
tivity angle of the beamed radlatfion of a mode,
upon leaving the duct, appears to agree with the
axial propagation angle charactarizing the mode
within the duct. A qualitative accounting for of
relraction effects at the inlet facc was vued, how-
ever, to oktain the agreement. The refraction ef=-
fects require n more thorough study in conjunction
with more precise solutions for modal radiatlon
from an engine inlet., Refraction, 1f ag signifi-
cant as indicated, could impoct static/flight noise
comparisons and predictions.
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