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Abstract

Low speed wind tunnel tests were conducted to
determine the seroacoustic perfermance of several
wodel sonie inlets. The results were anaslyzed to
indicate how inlet aercacoustic churacteristics
were affecred by inlet design and operating condi-
tions. A system for regulating sonie inlet nodse
reduction wus developed and tested. Kesults indi-
cate that preesure losses at forwoerd velocity may be
substantially less than those at static conditicps.
This is particularly true for translating centerboedy
inlets with the cemterbedy extended im the approach
and landing position. Operation to simulated take-
off inecidence angles of 50" was demonstrated with
goed inlet performance. Results suggest that at
takecoff, with 0% incidence angle, sonic iniet total
prassure losses need not exceed those generated by
skin frietion {e.g., without large diffusiom or
shock induced losses) for sound pressure level re-
duetiens to at least 15 dB. Inlet sound pressure
level reduction was regulated to within approxi-
mately +1 dB by eontroliing inlet surface sratde
pressure meapured at the diffuser exit, This system
depends on a unique relationship between sound pres—
sure level reduction and gurface static pressure.

Introduction

Alrcraft engine noise radiated forward through
the inlet can be suppressed by accelerating the in-
let flow to sonie or near-gonlc velocity in the in-
let throat (-9}, fThis bigh inflow velocity dees not
allow the forward propagating sound waves to escape
from the inlet resulting in reduced engine noise.
However, in order to successfully use this method of
nolee reduction, the inler must be designed to
achieve the necessary high inflew veloeity with
pinimum acrodynamic penality. In additien, the
basie operating characteristies of sonilc inlets will
impose severe constraints on engine operation lend-
ing to the possible requirement Eor variable engine
or inlet peometry and ap sttendant contrel system.

This present paper presents the results of a
wind tunnel investipation conducted to determine
how the nercaccustic performance characteristies of
several gonie inlets were affected by inlet design
and operating conditions. The data have boen ana=-
lized te indicate: (1) the effect of forward veloc-
ity and incidence angle on inlet aercacoustic per~
foruance; (2) the level of total pressure loss that
uipght be expected with well designed sonie inlet at
takeoff where maximusm engine thrust is required; and
(3) how scnic inlet noise reduction can be repgulated
by measuring and controlling imlet surface statle
pressure. An evaluation of inlet mechanieal design
congiderations, such as welght and complexity, is
beyond the scope of this paper.

*
Aerospuce Engineer, V/STOL and Noise Divisdon.

The effect of forward velecity on the relacion-
ship between tetal pressure recovery and sound pres-
pure level reductlon wos investigoted. Thie wus
done in order to judge the inportance of testing at
forward velocity when evaluating sonie inlet perfor-
mapnee. In additiom, the cffect of operation at
eclevated ineidence angles on total pressure recovery
and total pressure distortien s preseqted a8 a
function of sound pressure level reduction. The
ability of the inlet to function well at incidence
angles other than 0¥ is lmportant. At tekeoff and
landing, where good aeroacoustic perforwonce is re-
quired, the combined effects of engine location and
wing upwash ~an produce large incldence angles be=
tween the inlet centerline and the local freestream
veloeity,

The neise reduction obtained with a fixed ge-
smetry sonic inlet wes related to measurements of
inlet surface static pressure and freestream total
prossure, A coentrol function was fermed from these
measurenents that was veed to regulate inlet nodse
reduction. No sttespt was made to siwulate engine
dynamie charscteristies. However, inlet flow wag
digturbed by inereasing wodel incidence to the
peint of inlet flow separation, This wds done in
order to check the repeatability of the test
regults.

A possible autematic contrel method for a
translating centerbody sopde inlet i5 deseribed.
The proposed conttel method wakes use of a schedule
relating noise reduction to centerbody poeiticn and
weasurements of inlet surface and freestream pres-
sure. Although this autowatic control systesm was
not tested, tests were conducted with an adjustable
position inlet to demonstrate the feasibility of
penerating the required contrel schedule.

The experimental resulte presented in this
paper were obtained frow tests of one fixed geon=
etry and two translating centerbody type scuic in-
iets, The zeale model inlets, with a diffuser exit
diametor of 30,48 cm and deeign airflow of
11.68 kg/sec, were tested in the Lewls Rescarch
Center's 2.74 by 4.58-meter (9 x 15 foot) V/STOL
wind tunnelf20}, 9The tests were conducted without
a fan or engine by using a vacuum system and the ap-
propriate valves and controls to induce inlet
airfiow. A siren was used to simulate engine oa-
ehinery noise so that the nolse suppression proper—
ties of the inlets could be determined. Tests were
copducted at static conditions and at a tunnel
airflow veloeity of 41 w/sec (80 knots),  Data were
chtained at incidence angles of 0° to 50°, Sim-
ultdneous measurements were made of the inlet total
pressure recovery, total pressure distertion, and
the reduction of siren tone seund pregsure level.
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Symboly

fan nozzle exit area

inlet minimum flow area (throat area)
diffuser exit flow arca

cowl throat dimmetuer

diffuser exit dismeter

hub disister e diffuser enit

fnlet highlight diaweter

inlei pastimum outside diameter

inlet totw, nressure distortion [ (meximum
total pressure} - (mindoum total pres-
sure) )/ (average total pressure)

cowl Jength from highlight to diffueer exit
centerbody length

flow Mach nunber

average throat Mach nusber

eugine speed, rpm

engine corrected speed, rpm

inlet surface statle pressure

freestream total pressure

diffuser exit total predsure

Zan exit totel pregsure

fan pressure ratio at mwaxinuw ecorrected
Elew

dynamic pressure at inlet throat
radius

inlet throat radius

interpal wetted surface ares
freostrean veloeley w/sec (knots)
weipht f£low, kg/ees

inlet corrected welght £low

inlet choking corrected welght flow

axial distance measured from highlighe
centerbedy pegition
centerbody maximum cravel

difference between freestream total pres-
gure and surfoce statle pressure

reduction in one-third-cctave band sound
presgure level at siven blade passing
frequency, dB

incidence angle (angle between local ve-
leeity or frecstream velocity and inlet
centerline), deg

centerbody maxitmum wall angle, deg
diffuger suximum wall angle, deg

inlet corrected temperature, {inlet air
temperature in K)/(288.2 K)

freestream currecied total pressure,
Pollﬂl, 325 Nfu

Duousaion of Sopic Inlegs

Sonde Inlet Basde Characteristics

The shketeh at the top of figure 1 illustrates
the operating principle of the sonie inlet. Eagine
nolse suppression 1y achieved by accelerating the
inlet flow to sondle or near gonic veloeity im the
inlet throat. Thie high inflow velocity does not
allew the foruard propagating sound waves to edeape
from the inlet. The flow velocity gradient penerat—
ed within the inlet, indiceted im the sketch by the
arrevs, bends the sound waves toward the wall, This
refraction effect dg thought to further suppress cn-
gine podse and has been investigated in reference 11, -

Representative seroacoustic behavieor of a sonlc
inlet is {llustrated in the lewer half of figuve 1.
The figure indicates how scund pressure level redue—
tion and total pressiire recovery are typically af-
fected by changing inlet airflew, Airflow iz shown
s o percent of choking or liwiting airflew. A dual
wrale shows aversge throat Muech number coxputed as-
suming foentropic one-disenvional flow at the inlet
throat.

The figure indicates that sound pressure level
redection and preseure recovery are strongly
affected by emall chonges in inlet Elow or average
throot Mach number. Lorpe sound pressure level
reductions eon be obtuined by inereasing the inlet
Elow toward the choking value, but with progres-
ulvely peorer total pressure recovery. The rapdd
loss in recovery near choking flow oceurg with the
apperatunce of local shock hnmnd?I¥ }gger interac—
tiong within the inler diffuser’-<r . Well de-
sipned sonle lulets should sperate to the left of
this koee in order to obtain the maximunm nodse re-
duction with mdniewn sercdynsmic penality.

Porformanee Evoluation

In evaluating the sercacoustic perfermance of
g sonie inlet the Srude between pregsure recovery
and nodse reduction, is of prime fmportance, High
pressure recovery is requived at tekeoff for maxi-
muwn thrust and ot crulse for miniwum fuel censump-
tion. However, ot appreach and landing, pressure
recovery may be sccondary to malntaining an accept-
able level of distortion with the desired noise
reduction. Acceptuble levels of distortion must,
of course, be madntaiped at all conditions to mini-
mize adverse effects on engine operation and the
pessible generation of additienmal nolze.

Sonie inlet aercacoustle performance can be
readily eveluated by plotting inlet acrodynamic
perforusnce, for exanple, pressure recovery and
distortion, as a functiom of the nolse reduction
obtatned with the inlet. These dats can be gener-
ated by operating the inlet over a relatively nar-
rvow range of weight flows near choking. A flgure
of this nature indicates how the requirement for
varicus levels of noise redugtion will effect inlet
gerodynamic performance.

Effect of Soénic Inlet on Engine Operation

The significance of selecting o sonle inlet to
reduce nolse on engine operation can be illustrated
with the aid of figure 2. This figure shows a typ-
ical turbine engine fan or compressor performance
map relating pressure ratio and corrected weight
flow, The vertical crosshatched flow limit line



wag obtained by sssuming a Lixed geometry sonle in-
ler zized to choke at 100 percent engine cerrected
afeflow. Vertical lipes shewing constont volues of
gound pressure level reduction were then added using
the data of figure 1.

Figure 2 indicates that & fixed poemetry sonic
inlet impowes tvo sovere constraints on engine op-
eration, First, in erder te ebtuain a sizeable noise
rveduction, for cxample on the order of 20 dB, it is
neeggsay o operate the inlet at approximutely
97 percent of its choking afrflew. If the inlet is
sized to yleld this noize reduction st aireraft
takeoff, the enpine muxdmen corrected adirflow at all
other £light conditions will effectively be llwited
to the takeoff value. The inerease in corrceted
aleflow often encountered during climb and eruisc
would be prevented by inlet cheking, The inlet, by
virtue of thie potentdal flow ldmiting behavier,
becoues o eritical element in matching engine air-
flow and thrust te aireraft requirements,

The second constraint iwmposed by the inlet re-
gulte from the rapid ilcss in nviwe supprossion ex-
perienced with reduced engine airflow. This fm-
peses a lower airflow limit below which the sonic
inlet becomes ineffective as & noise suppressor.
Thig becomes of consequence when nolse suppresslon
ig desired at less thap woxdcws engine thrust and
airflew. This conditlon would wnormally ardse during
aireraft approach and landing.

These operating conztraintes impesed by a filxed
geometry sonlc inlet can be alleviated by restorting
to varlable geometry in the engine or inlet. For
example, figure 3 Indicates how a varioble ares
nozzle could be used with a turbofem engine to wain-
taln wolge reduction at less than 100 percent enpine
thrust and airflow., A fixed geowmetry soniec inlet is
agpumed., The effect of increasing nozzle exit area
on the relaticnship between engine thrust and air-
flow wits computed ut statde condicions for a turbo-
fan englne with a design fan pressurc ratle of 1.5,
The figure indicates that opening the exit nezzle
will pernmit a high weighs flow to be maintained
while permitting the thrust te be reduced. For
example {f the approach rhrust ie assumed to be
70 percent of meximum thrust, a sound pressure level
reduction at spproach of 20 4B c¢ould be obtained by
increasing the nozzle exdt area to approximately
140 percent of its design value {point A). With the
niozzle area fixed all noise suppression would be
lost at 70 percent thruet (point B). However, noz-
zle ares cannot be increased witheut limit, At scme
point flow problems resulting from separation or
choking will occur in the stators or downstrean duct
1imiting the effectiveness of this appreach. For
this reason, it ds deubtful if this technique could
be uzed to maintain nelse suppression for conven—
tional turbofan engines in wmost existing convet-
tional takeoff and landing eireraft where the ap-
proach airfla? %? normelly 65 to 75 percent of the
takeoff vaelue 1 +« However, nozele exlt area vari-
ation could possibly be vsed successfelly for short
takeoff apd landing aireraft where the approach
thrust am airflow are somewhat higher,

If the sonie inlet iy designed sy thao the
throat area ¢an bz varied, noise reduction can be
mpintained with changing enpine thrust and nirflow.
For constant nolze redustion the required change in
throat area 1s approzimately equal to the change in
engine corrected airflow. Thig change in inlet flow

ares allews the lipes of constant nolsc reduction
to be wmoved to the left In figure 3,

Sonie Inlet Types

Pigure 4 shows o nuober of gonie inlet types
that huve been tested by o number of Investigators.
The siuwplest inlet e the Fixed geowetry type, How-
cver, as juet deseribed, this inlet will fwpose
operating constrainks oo the cngine., The other in-
lote shoun have varieble flow area obtained by
translating o specially desipoed centerbody, con-
tracting the gowl wall, or by retracting or trans-
lating vanes and rings within the iulet, Numerous
variations of these bezic dnlet types, ag well s
several other inlet concepts, ?nva alse been pro-
poped and in seme coges tested WS/, In general,
inlets containing va?e§, vings, or other bedies
frmersed in the £low'8) huve net perforwed ds well
as the other types shown in £igure & and will not be
discussed further in this paper.

Test Apparutus

Test Confipurations

Datn is presented in this paper fer one Fixed
geometry und twoe translating centerbedy wonic inlets.
The translating centerbody inlets were tested wich
the centerbedy retraocted for takeoff and cruise and
with Lt exvended for approach and landing, The wa-
Jor peometric variables defining the design of the
inlets are listed in Table I.

The fixed peomctry inlet was designed witch an
overall length equal to the diffuser exit diameterv,
The diffuser avea ratieo of 1,21 ylelds a diffueer
exxit Mach number of 0.58 at choking airflew., The
large internal lip contracticon rutio was selected teo
obtaoin good inlet performonce at high incidence
mniles,  The diffuser conteour is defined by a cubile
equarica with a slope parallel to the inlet center~
Yine at the throae and diffuser exit. The —aximum
loeal wall angle of 8.7Y oeeurs at the midpoint of
the diffuser.

The two tranglating centerbody inlets differ
primarily in diffuser {(and therefore, overall)
length. Both inlets have the same diffuser areg
ratis, With the centerbody retracted, the diffuscr
area ratlo ds 1.19 yielding a diffuser exit Mach
muber of 0,60 ot choking airflow. With the center-
body extended the throat E£lew area is redyced
20 pereent resulting in o diffuser area ratio of
1.43. At thie condition the centerbedy extends
beyend the cowl, The maximum eentecbody and dif-
fugér wall angles are 10.2° and 10.7° respeet Lvely.

Foacility

A schewatic view of the test instellation gnd
fFacdilivy 1s shown dn fipure 5. The tests were con—
ducted in a 2.75- by 4,58-meter (9'x15') V/STOL
wind tunnel. A vacuum systes wis used in plece of
a fan or compressor to induce inlet Elow.

& venturl, calibroted in place againer 8 stan-
dard ASME bellmouth that had been corrected for
boundary~Llayer growth, wag used to measure inlec
alrflow, The scatter in the airflow calibration
data was approvimately +0.2 percent afr the design
inlet mass flow of 11.68 kp/see (25.75 lbw/sce).
Inlet aiwflow was remotely varied using twe flow



confitvel vialves arrepged to give hoth course and find
sdjustment. Inlet ineddence ongle was also remotely
varied by mounting the test epparatus on a turntable.
A swivel joint, copteining a lew-leskuge-pressure
seal, provided 380° potation copubllity.

Inler total pressure recovery was cowputed ut
the sisulated fon face using both hub and vip bound-
ary layer rakes a8 well ss total pressure rakes
spanning the entire cunulus., Eight full-span teral
presgure rakes were used with sis equal-arca-
weighted tubes per ruke. The hub and tip boundary-
layer rokes euch contoined 5 total-presaure messure-
mente, In conmputing total pressure distortion,
ﬂ*ux, boundary-luyer weasurements tuken closer to
tﬁe witll chan the nearcet tube on the sik-element
equal-area-welghted rokes were cmitted. This re-
sylted in exeluding those measurements closer te the
wall then 8.3 percent of the annular ares, The hub
to tip rativ of the simulsted fun face was 0.4,

To determine the scoustic suppression prop-
e¢redes of the inlet using the vacuum flow system,
2 siren was installed dipn the duct downstrean of the
inier. The siren was 4 1l3.97-centimeter (5.5 in.)
diameter single-stage fun with 16 blades wodified
by the addition of styuts and 4 sercen just upstreas
of the retor to increase ite snoise level. The sirven
produced a funduseptal blade paselng tone at 000 He.
The siren was located approximately three inlet di-
ameters downastresm of the simulated faw face
{fig. 5}, ¥Figure 5 alsc shows the mlcrophones lo-
cated in the wind tunnel approximately 20 metevs
upstrean of the test sectien. The micrephones were
used to measure the siren nmelse tranemitted through
the inlet. ‘The hardwalls of the wind tunpel approx-
imate @ reverberunt choanber and eliminate any direc-
tional nelse varlation due to changing incidence
angle.

The microphone outsuts were recorded on mog=
netic tape and then processed with a one-thicd-
oetave band apulyzer. The noize data presented in
subgequent fipures 1s for the one-third-vctuve band
containing the 8000 Wa siren tome. These data are
shown In terms of the noise reduction paravecer
4 (SPLYppp, where A(EPL)gpy 1ie the reduction in
sirven tone sound pressure level measured as the av-
erage throat Mach unumber is dncreased above 0.6.

A correction of opproximately 1.5 decibels wag made
in the siven sowrce noedse to acecount for convective
flow effects within the duct as inlet weight £iow
was incressed to the maximum value., A throat Mach
number of 0.6 was sclected to be representative of
conventionsl inlets where no apprecioble fan or
conpressor nolve reduction due to throat Mach num-
ber i ocbserved.

Ferformanee

The cffect of freestream veloclity snd Incidence
angle on sonie inlet aercacoustice performance ig
presented in this section. Inlet serodynamic per-
formance is plotted versus scund pressure level re-
duction. &z wmentioned esrlier, this method of data
presentation indlcates how the requirement for varl-
ous levels of noise redostion will affest inlet
serodynanic performonce.

Bffect of Froestream Veloeity

The change in inlet total pressure recovery due
to freestreawm velocity is shown inm figure 6, A

comparison fe wude between the performanco dt statde
sonditions and at a freestreus veleelty of 41 w/ece.

Filgure &6{a) indicates that the preseure recov-
ery weosured with o fined peometry (or tokeoff con-
flpuration contracting cowl wull) inlet is substan-
tially imcressed at freestresm veloclty compared to
static conditlons. ‘the effect of Freestreaw veloe-
ity is preatest ot higher values of sound pressure
level reduction where the faflow veloeity 1o highest.
This effect of freestream veloclty vesults frow the
lover surfoce Mach numbers generated on the inlet
surface at forwawd veloeity(15),

Results obtained with the shorter transluting
centerbody inlet are shown in Flgure 6(b) with the
centerbody in the retracted and extended positions.
With the centerbody rotracted in the tokeoff and
cruise position, stsotic vperation ylelded a slightly °
lower preysure vecovery than thaot messured at for-
ward velocity for sound pressure level reductions
below approximetely 16 dBi, At hipher values of
sound pressure level reduction, statle operation
resulted in & more ropld reduction in total pressure
recovery. With the centerbody entended at astatie
conditions, s rapld loss in pressure recovery wag
encouritered at even the lowest wvoluwes of gound pres-
sure level reduction., This behavior resulted from
flow separation within the diffuser. This diffuser
veparation was not present with forward veloeity
where the dats for the centerbody retracted and ex-
tended positiens show similar levels of total pres-
sure recovery. Although net shewn, similar results
were alse obtained with the longer translating cen-
terbody inlet.

In supsary, the results shown by figure 6 for
these model tests dndicate that static operaticn of
a sonic inlet way yield pessimistic levelu of totul
pressure recovery. This is particularely true for
the trapslacing centerbody inlet with the centerbody
extendud in the approsch snd landing positien, Siwm-
ilar vesults might be expected with e contracting
cowl wall inlet with the threat ares contructed for
approack and landing.

Effect of Inetdence Anple

In general, sonic inlets will be Eorced to op-
erate durfng takeoff and landing at incidence angles
other than 09, Figure 7 1llustvatey how the com-
bined effects of engine location and wing upwagh con
produce larpge incidence ongles between the engine
centerline and the logal veloelty vector at the in-
let entranee.  In defining this angle the loeal ve-
loclity vector is assumed te be unuffected by the
guction of the inlet. Under some cgermtimg condi-
rions incidegca angles of 40° to 507 could be en-
countered (261,

Figure 8 illustrates the effeect of incidence
anle on the radial Mach number distribution at the
throat of a fixed geowetry sonic inlet. These radi-
al Mach number profiles were cbtained from ipcem-
pressible potential flow calculations corrected for
ccmpressibility(17 . The skewed profile obtained at
507 incidence angle results In an increased surface
Mach mumber 2t the bottom of the inlet and a reduced
Mach number at the top of the inlet. In addition to
posaibly generating flew problems om the inlet lip,
the diffuser is presented with a more severely die-
torted flow than encountered dt O incidence angle,
Kote alse that althoughl the average throat Mach num-



ber is 0,75, wide Mach nupher variations ececur
acrose the inlet throat. Thie wight be expected to
affect the acoustic performance of the inler,

In order tur o sotde inlet to operdte success=
fully et high {ncidence angle, special care must be
vaken in designing the entry lp ond diffuser die
opder to avoald flow separation. Theosretical analy-
gls of inlet entry 1lips(13,18) fndicates thur tol-
erance to high incidence angle operation can be
greatly improved by proper design. These references
show that, with proper chodee of dulet lip propor-
tione and contraction ratde, the dnercoase in surface
Mach number and odverse pressure pradient encoun-
tered with increusing incldence ongle {(which may
lesd to Flow seporation) can be minimized.

Fixed Gegpuetry Inlet — The acroacoustic per-
formupnee obtained with the fixed pevmetry inlet,
uhich ineorporated an inlet 1lip designed for high
incidence augle operation, is shoun in Edgure 9.

The wodel tet results of £ipure ¥ indicate
that increasing incidence angle results in a loss in
total pressure vecovery and inerensed distoreiion for
uny given value of sound pressure level reduction.
However, oven at the zevere 50 incidence angle con-
dition at 41 mfsec frecotrveaw veloeity, the general
level of acroacoustic performance is quite good.

For cxample, at thie cendition, & sound pressure
level reductlop of 20 dB could be cbtoined with a
total pressure recovery of 0.987 und o gotal pres~
gure distortion of 10 pevcent., Additienal deteiled
experimental and analytical results cbtained with
thiz dnlet can be found in references 13 and 1B,

Trapslating Centerbody Inlet - The effect of
inereaging incddence anple on the performance of the

translating centerbody imlet with the long diffuser
ig showa Iin figure 10. With the centerbody re~
tracted, Figure 10{a) Indicates a total pregsure
recovery of 0,982 at 507 incldence sngle for a
sound pregsure level reduction of 20 dB. At this
conditien che total pressure distortion is approxi-
mately 12 percent. UWith the centerbody estended in
the approach snd landing position, flgure 10(b),
diffuser separation was encoutntered as incideance
angle wos inereased beyond approximately 257, This
resulted in the Increaged total pressure loss aond
digtortion shown at 20° fncidence angle, Good aeros
acoustic performance was obtained with the senter—
body extended at Incidence angles of 20° and below.
Results presented in reference 9 sugpest that im-
proved performance might be obtafned at high inel-
dence angles by g slight retraction of the inlet
centerbudy with little decrease in the available
throat area varistien between thoe takeoff and ape-
proach positions.

Pressure Loss Cortelation

Parameters relating total pressure loss to
gound pressucre level reduction were investipated for
the three inlets in the takeoff confipuration where
minimwum total pressure %ns&es ace desired. The dota
uged were chtained at O and 307 incidence angle
and 41 mfsee freestream velocity.

The First imlet total pressure loss cowfficient
investigated, defined as the loss in inlet total
pressure divided by the throat dysamie pressure, is
plotted in fipure 11 versus sound pressuce level
rveduction. 'This pressure loges coefficient ghould

remadn approxiuately constont with inereosed wedght
flov or nelwe reduction if the total pressure loss
results frow sluple pkin friction. The data at 00,
£lpure 11(a), and 30%, figure 11(b), incidence angle
shew this trend for the three iplets to @ sound
pregsure level roduetion of approximately 15 dB. At
this point the lopger trunslating centervbody inlet,
with the higher loss ceefficient, shows a rapid in-
crease in pressure loss while the other inlets show
a rugh smaller inereose. This increased loss re-
sulty from inercased boundary layer thickness at the
diffuser exit, This {ncresse in boundary layer
thicknesz i belleved te result from the appearance
of loecal shock-boundary layver inteructions and dife
fusion losees within the inlet. 7The likelihood of
this oecvrring in Inlets with & high average throst
Moch sumber is discossed in references 12 and 13,

With the assumption that dnlet total pressure
loss at moderate levels of sound pressure level re-
duction results fosm only ekin frictdon, it follows
thut the reessure loss coukficdent for different
inlets slhould be similar when adjust to aceount for
differences in inlet wetted surfuce area, This ad-
justed pressure loss coefficlent is uhawg in fig-
ure 12 for the three inlets ot 0° and 30° ineidence
angle, Results ac 0° incildence angle, Eigure 12{a},
indicate good agreement in the adjusted loss coeffi-
clent for the three inlets over o wide range of
sound pregsure level reduction., This result indi-
cates that the hipher lose neasured with the longer
tramslating centerbody inlet, even st moderate level
levels of sound pressure level reduction, can be
attributed to fts greater wetted surface area.  How
ever ot higher values of sound pressure level reduc-
ticn the rapid incresse in presgure loss vesulting
Erom diffusion losses snd shock boundary layer ipn-
teractions is again cleurly evident.

The data obeadn d ar 30° fucidence angle, fig-
ure 12(b), indicate that losses sre Incurred with
all three inlets in excess of those generated by
skin friction. Unlike the data obtained at 0° inel-
dence angle, the data at 30Y indieate n progressive
fnerease in the losy coefficient with increasing
sound pressure level reduction. This indicates that
diffusion and shoek induced losses may be present at
even the lewest valuwes of seund pressure level re-
dueticn.

An cxplanation for this behavier can be ob-
tained by returning to fipuve 8. This figure ipdi-
cated that, at constant average throat Mach number,
increasing dncidence angle will vesult in locally
high surface Mach nuxbers compared to the 0 case.
Thesze local regions of high Mach number contribute
to the generation of additional total pressure
logses.,

It surmary fipure 12{a} indicatesz that, at o°
incldence angle, well designed figed-geometry (or
contracting cowl) end trowslating centerbody wondc
inlets at takeoff wmay yield noise reduction to at
Lleast 15 dB without experiencing votal pressure
losses above those expocted from skin friction.
This £ipure glss indicates that similar trodes may
exigt between noise reduction and pressurc loss for
inlets of different types, but with cowmparuble in-
ternal wetted surface area.

Operation at elevated ineidence angle, figure
12(b), resulte in increased pressure leows owing to
the Formation of loweal vegions of high surface Mach
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number and the appearance of diffusion losses. A
comparisen of the adjusted prewsuve loss coefficiont
for different inlete could possibly bu used to
1dentify these inlete suffering cicvss pressute loss
resulting from poor design, or from severe operating
conditiony.

Inlet Comtrol

In order to effeccively utilize & gonic inlet,
soe zethod must be provided to contrel or repulate
the noise reduction. The need for a control systewm
c¢anp be 11lustrated with the aid of Figure 13. This
figure shows sound pressure level reduction as a
funetion of percent of inlet choking corrected flow.
The date fndicote that if a sound pressure level
veduction on the order of 20 db ig desived, it is
necessary to operste om the stoep portion of the
curve where a 1 percent uncertainty or error in
correeted alrflow or throat ared will resule in a
variution in the sound pressure level reduction of
approximately 6 dB.  This large vuaviation in noise
suppression 1s unacceptuble, which leads to the
requiresent for an gecursate control of inlet specif-
ie corrected flow, The contrel aystem way oaly nced
to function to make swall trim adjustwents in flow
or inlet throat ares obout nominal velucs detere
ulned by the enpgine thrust setting. The inlet con-
trol problem could be eased by operagipg the inlet
toword hard choke te ensure chtaining the required
noige reduction, However, as 1llustrated in fig-
ure 1, this weuld result in increused inlet pregsure
lege with reduced engine thrust.

Approgches

One of two basically different methods could
possibly be uged to regulate sonic Inlet nolse re-
ductdien. ith the first method oupine cxternal
noise would be measured directly, and sdjustrents
wade In engine airflow or inlet throat area to main-
tain a specified noise level. This system requires
tiierophones on the afrfrawe ov nacelles positioned
8o ug to detect the nolse cmapatdng from a particu-
lar inlet with winleum dnterference from adjscent
engines und nther potential nolse sources. Wich the
gecond method the desired level of external nolse
would be sudntained by operating the engine and in-
let according to o pre-determined schedule relating
gonde dnlet neise reduction to an acrodynamic pa-
rameter guch ey percent of inlet choking alrfiow.
The discugsicn to follow describes an inlet control
system using the latter approach.

Control Signul

An Inlet contrel system reluting noise sup-
pregelon to percent of inlet cheoking airflow re-
quires a measurement of beth inlet or engiune airflow
and inlet throat area. For fixed geometry imlets,
the throat area is obviously known and presented no
preblem, For variable geometry inlets, throat area
could be determined ag a fupetlon of inlet posieion,
The were difficult measurement to wake i ergine
welght Flow.

As depleted schematically dn fipure 14, inlet
corrected flow could be derived either from measure-
went of engine operating conditions ot From peagure-
ments wmade within the inlet itself, With the inlet
airflow determined, inlet throst arves is then used
to compute percent of inlet chokilng airflew. A
gchiedule gimiltar to fipure 13 then vields the sound

presevre level reduction obtained with the inlet,

Thig, when corbined with the engine neise chorac-—

teristies, deterwines the rosulting external noluoe
lgvel,

Derivation of inlet corrcoted flew from enpine
medsurerents wuy tequire the monitering of several
engine conditlons. Severul factors that affect
ongine airflow ave listed at she top left of fig-
ure 14, Bozsle area and Plade ungle, cither stator
or rotor, hove been listed to indicate thut any en-
glpe vaviable gromctry festures wust be accounted
for., For some englnex, corvected aivflow could
pougibly be obtained from & measurerent of just en-
gine corrected speed.

Derivation of inlet corvected £lew frow wmea-
suréments wade within the fnlet may be, in some in-
stunces, 8 simpler approdch and was the method
adopted here. With thie wethod the inlet iy made
to function semewhat 1ike o flow meter., Inlet cor-
rected Flow 18 related to seasurements of inlet sur-
fuce statie pressure and freestream totol pressure.
The selection of the location for the static pres-
gure medeurenents within the dnlet 1g lwportant and
is considered in figure 135,

Figure 15 shews the ratic of surfoce statie
pregsure to freestroanm total pressure 4g s functien
of axial positden within u fixed geomeotry sonic in-
let, The eff:t of freestream velocity and inei-
dende anfle are shown for twe values of inlet cor-
rvected weight flow. In order to use surfuce statie
prussure te deterv@ine corrected weight flow it im
necedgary to ouke the static pressure measureuents
in o portion of the inlet unuffected by either Free—
strean veloclty or incddence amgle. For this inlec,
figure 15 indicates thut thege comditisns are wet if
the gtotie pressure is neasured downstredt of the
0.4 lec position. ¥n this porcion of the fnlet, o
measureent of surface statie pressure con be uvged
ag 8 econtrol signal te regulace inlet alrflow, and
hence sound pressure level reduction.

With this control techndque it {8 possible to
directly relate sound pressure level reduction to
measurenents of Inlet static pressure withouwt the
intermediate step of computing corrected weight
flow. This was done for the datn of figure 13 and
the result dw shown in figure 16. For case of mep-
surement it is convenlent to expreso the static
presgure in terms of the simple inlet control fume-—
tion APIPO. where:

g o - F

-_-n._._..ul._.__.

g ¥
o o

The inlet static pressure wag medgured near the dif-
fuger exit (x/ly = 0,92, see fig. 15), Unlike cor-
rected veight flow (plotted in fig. 13} chie stardic
pressure control function will continue to increase
even for large valuces of sound pressure level redue—
tion where inlet choking is approached. As defined,
the contrel function iz obvicusly not related to in~
let flow when choking or large losses in tetal pres-
sure sceur within the iplet, It can more accurately
be though of as méasurement of the suction force
applied to the inlet by the engine. In thig lighe
it is siwply a convenicnt measurement that can be
correlated against the sound pressure level redue-
tion generated by any poarticuler inlet. The vela-
tionehip of the level of the control function ie



neise reduction will differ from Inlet to inlet de-
pending upon -alet design, and the location of the
statlc pressure wessuresent, Neverthelews, o unique
sehedule should exdst for edch Inlet. The next
section durcribes how meosurcment and control of
this static pressure was wesed to regulate the sound
pregeure level reduction of a fixed throat area
sonie inlet,

Fixed Arca Inlet < Flgure 17 shows o schematic
of the control system tested with o £ixed geometry
sonic inlet, The weasurewent of the ifnlet control
funetion, AP/Pﬁ. was acconplished waing the differ-
entisl pressuré transducer A and the dbsolute
pressure transducer E. Surface static pressure was
measured at the diffuser exlit, The contrel function
was obtalned by dividing the tronsducer outputs.
Note that with this veasurcment system, no obstruc-
tiong are placed within the inlet airstream upstroeam
ef the englae.

Aw indfcared dn figure 17, the measured controel
function was cempared to 4 pre-determined value
galuated to give a specified wound pressure level
reduction. The difference between the two lavels
wae nuiled by adiusgting Inlet airflow. For the test
rig this was accomplished with a throttle valve in
the duct downetrean of the inlet. With an englne
thig flow command could be used to moke small ad-
justwents in engine speed, nowzle area, or possibly
gore other variable affecting engine wedight flow,
The desired engine thrusr and acceptable operating
limite would of course have to be maintiined.

Results obtulned with this control systet are
ghowt In figure 18. Sound pressure level reduction
and inlet total pressure recovery ave shown as o
function of incidence angle gt a freestream veloecity
of 41 wises. The scoustic results, flpgure 1d3{a),
indicate that a desired level of sound pressure
level reduction could be nadnteined to within ap-
proximately +1 dB oy incldence angle wes increasced
frem 0° to 500, In erder to check the repeatability
of the ruesults, the inlet flow was disturbed between
the 0° incidence angle date points and all higher
angle polnts by increasing the incidenve angle to
an excess of 707 resultimg in entry lip and diffuser
flow separation, The incidence angl was then re-
duced so that reattachment securred. Data were then
recorded at 2537, 400, and 50° fncidence angle.  Thig
procedure indicated that specific values of sound
pressure level reduction could be repeated to within
approwimetely +1 dB.  Figure 18(b) indicates the
drop in total pregsgure recovery that resulted from
waintaining o constant sound pressure level redug-
tion with incressed Incldence angle.

Varisble Area Inlet - A possible comtrol sys-
tem for a translating centerbody sonie inlet is
shown in Eigure 19. 1Inlet stutic pressure ig med-
sured in the manner previcusly deseribed. Inlet
agirflow, and hence AP/Pg, would be dictated by the
engine thrust secting. The centerbedy position
would then be adjusted to yileld the desired sound
pressure level reduction according ta a pre-
determined schedule. 7The requirved schedule relates
genterbody position, y/Y¥, inlet statde and free—
stream total pressure, AP/PO, apd sound pressure
level reductien., Although this contrel systenm has
yet to be tested in the automatic wmode tests have
been conducted with an adjustsble position center-
body inlet in order to determine the fensibility of
devaloping the required control schedule. Sowe re-

sults of these tests are presented 14 figures 20
and 21,

Flpure 20(u) shows sound pressurc level redue-
tion as 4 funetion of inlet corvected Elew for gev-
eral positions of the centerbody., Figure 20(k)
shows the resulting vardaticn ef the eontrel fune-
tion, AF/P,, with gound pressure level reduction and
centeebody position. These data were erowsplotted
to yleld the controel schedule shown {n £igure 21.

This fipure indicatcs the centerbody position re=-
quired to maintain o speclfied socund pressure level
reduction ae the messuted control funetion vardes
with engine alrflow. At lover welsht flowg, where
the centerbody is extended, the curves become ;
steeper ond sumewhat closer together. In this re-
gion the inlet will he most sensitive to small
changes in centerbody pesition or welght flow, This
control schedule way genervated at statie conditione -
and the effects of forward velecity and incidence
angle are net known, However, the figure does indi-
cate that a schedule can be generated for use In the
type of contrel syetem desceribed in £igure 19.

Summary of Resules

Low gpeed wind tunnel teets were conducted with
geveral scale model sonie inlets. The results were
analyzed to indicate how the gercaveustic chardcter-
igtice of the inlets were offected by inlet design
and operating conditlons. A system for vegulating
gonle inlet noise reduction was developed and
tested, The majoer results of this investipation
wwy be sumparized as follows:

1. Statie tests of 2 vople inlet may yleld poeo—
gitiseic levels of total pressure less couwpared to
the forward velocity case, Thie is particularly
true for the trauslating centerbody inlet with the
centerbody extended in the spproach and landing po-
gition, Similar results sight be expected with o
contracting cowl wall Inlet with the throst ares
fully contracted.

2. Although operating st forward veloelty and
high incidence angles skews the Moeh number distei-
bution at the inlet throat, senic inlets can be de-
sipgned teo perform well it these conditions., A fixed
geometry inlet demonstrated a total pressure recov-
ery of 0,987 with total pressure distortion of
10 percent when operated at 50% ineddence angle and
41 wfsee freestream velecity. At these comditions 'y
the sound pressure level reductlen was 20 dB.  With
the sane sound preseure level reduction and simu-
lated Flight conditions, a tramslating centerbody
{nlet in the tukeoff confiperatien (centerbedy re-
tracted) ylelded a total pressure vecovery of 0.982
with & dietortion of 12 percent. With the center-
body extended, diffuser separstion was epcountered
at incidence apgles prester than spproximately 257.
However, gtod aeropeoustie performance was obtulned
at fncidence angles of 26° and below.

3. The total pressure loss suffered by well- i
desipgned low diffuser ares ratic senle Inlets in the ;
takeoff configuration, at ¢ Incldence angle, may
not exceed the level genevated by simple skin frie-
tion {e.g., without large diffuaien or shock in-
duced losses) for zound pressure level reductions .
to at least 15 dB, At higher levels of noise sup- i
presslon, or st clevated incidence angles, diffusion f
lugses and locsl shock-boundavy layer interactions
may be encountered with a ropid incrense In pressure
loss.



4, Wieh the assumpeion that inler total pres-
pure less resulted solely from skin friction, a lows
coeffletent woy defined adjusted to account for in-
let wetted aves. For moderate levels of pound pres-
sure level roduetdon, ot 6% incidence angle, this
adjusted lowsy cocfficient was shoun to be similavr
for the fixed gesmetry {or contracting cowl wall)
and tronslating centerbody inlets at tukeoff, 'The
appearince of local shock-boundary~luyer Inter—
actions and diffusiou losser were readily evident
by o rapid dncreasce in this loss coeffiedient., Com-
parigon of this adjusted lows covfficient for dif-
ferent fnlec typey could possibly be uwed to iden-
tify inlets suffering excess pressure loss vegulting
Erom pour desipgn or frow severe operdting condi-
tiong.

5. The wse of 4 sonle dnlet to suppress nolse
requires a control systew eapable of repulating in-
let throat specific flow with less then 1 percent
deviation dn ovder to obtain sound pressure level
reductions on the order of 20 dBE with minimum sero-
dynamic loss, A control system cupable of this ae-
curacy wap tested with a fixed geometry inlet by
genervating & schedule rolating sound pressure level
reduction to & measurement of inlet surfaee gtotic
prespure and freestream total pressure, A eontrel
function was forwed from these pressure measurements
that could be used to regulate sound pressure level
redugtion with approximately 1 &8 vacviation.

6. A possible sutonmatle control methed for a
trapzlating centerbedy sonfic inlet was deseribed,
The proposged control method makes use of a schedule
relating sound pressure level reductlon to center-
bady posicion end neasvrementy of Inlet surface and
frecetreaw pressure. Although the avtomatle contrel
Bystem was not tested, tests were conducted with an
adjustable positien centerbody inlec. The results
of these tests indicate that the required eontrol
gcheduln can be generated.

Concludipg Remarks

The reswlte presented in this paper indicate
that gonfc inlets can be designed to reduce imlet
emitted cnpine noiee without excessive losses in in-
let totaol pressure. Thie result is generally true
even when operating at the severe condicions do-
posed by high incidence anpgles. Any difference in
pecformance at takeoff betweon well designed sonie
inlets of the types discussed in this paper may,
for lew values of incidence angle, sioply resuls
from differences in inlet internsl wetied surface
urea, The selection of a purticulur type of sonie
{nlet may well depend wmore upon mechanical dewdign
conslderatiens then the relstionship between pres-
gure loss and noise suppression. This wmay be espe-
elally true for variuble-ares inlets where the ease
of aecomplishing the geometry change will be an dm-
portant consideration.

An area of speelal concern with sonic inlets
relates to meintaining the desired level of noise
reduction without experiencing unnecessary total
pressure and thrust losses, The nced for a control
systew capable of avewrately regulating inlet throat
speeific flow is clearly indicated. The centrol
approach fnvestigated im this paper appears attrac—
tive. However, these results were obtoined under
laboratory test conditions and further analysis and
experimentation ds required to access the methods
application to opecational engine use. Scwe infor-

mation of this nature will be fortheoming from the
Lewis Quict=Clean Short-llaul Pxperizental Fagine
progrum, The low pressure vatio turbofan engine to
be developed in this propram featurew a fixed uaxea
hdpgh throot Moch nurber inlet along with a vaeriable
wrea £an nozele upd varfuble pitch fan, Meagure-
ments of Inlet surface stutic pressure will be used
to moke trim adjustments in nozzle exit avea in or-
der to maintain the desired level of inlet radiated
a0 lse,

Control of momic inlet operaticn by direet
meusurement of external noise mey be fessible and
warganty investigation., ‘This approach may effer the
advantoge of eliminating the need for o pre-
determined control schedule with o weasurcment of
external noize used to wmake trim adjustments in in-
let or engine operntion, Regardless of the control
wethod ultimetely selected, it wust net impare eafe
operation of the engine during both normal and
erergency conditlens {e.g., with control system com-
ponent failure) while yilelding the desired acoustic
performance.
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TATLE 1. - INLET GEOMETRIC VARIABLES AND NOMENCLATURE

(a) Geometric variables

Geometric variable i\ Inlet type
Fixed Translating centerbody
geometry
Short Long
diffuser diffuser
l——, i | - G n——
S ks Bl p— | — —y- 1
| | | \
1 + i )
Ratio of cowl length to diifuser ' l \
exit diameter, L /D, 1.0 | 0.79) | 1.0\
Ratio of diffuser exit flow area , ‘ ‘ \
to inlet throat area, AllAt 1.21 1.49 1.19 1.49 1.19
Ratio of centerbody length to
cowl length, ch/Lc 0.3 1.2 0.79 1.17 0.85
Internal 115 contraction ratio, 5 55
(Dhllbct) 1.46 1.38 .
External forebody diameter ratio,
r /D 0.905 0.86 0.86
he’ "m
Centerbody diameter ratio at
diffuser exit, Dh/Dc 0.4 0.4 0.4
Ratio of diffuser exit area
to internal wetted surface
area, A,.’Sw 0.21 0.18 0.20 0.143 0.158
Maximum centerbody wall angle,
Bcb’ deg st 10.2 10.2
Maximum diffuser wall angle,
8.7 10.7 10.2

Bd’ deg

(b) Nomenclature

=, =y
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Figure 5. - V/STOL wind tunnel showing model arrangement and
microphone locations,
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Figure 6. - Effect of free stream velocity on inlet performance.
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INLET TOTAL PRESSURE LOSS COEFF, (Pq - Py)ig
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Figure 11. - Inlet total pressure loss coefficient as a function
of sound pressure level reduction for several sonic inlets
in the takeoff configuration. Free stream velocity, V.,

41 meters per second (80 knots).
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Figure 12. - Inlet total pressure loss coefficient adjusted for
wetted surface area as a function of sound pressure level
reduction for several sonic inlets in the takeoff configura-
tion. Free stream velocity, V,, 41 meters per second

(80 knots).
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Figure 13. - Sensitivity of sonic inlet noise
suppression to inlet flow.
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Figure 14. - Two possible methods for determining inlet corrected flow,
and hence sonic inlet noise reduction.
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Figure 15. - Selection of inlet surface static pressure measurement to de-
termine inlet weight flow.
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Figure 16. - Sensitivity of sonic inlet noise
reduction to inlet control function.



‘(Sjouy Q) puo
-28s Jad s Ty YA A
-20|3A Weal)s 3al4 washs

1043U0D 31Ul Yjim paule}
-0 @duewJopad Jysnode
-0J3e Ja|ul Juos - "1 ainbyy

JONV
-WH04¥3d JIWVYNAQON¥3Y (D

930 © "T19NV 3ON3CIONI
09 ov 0¢ 0

8.
A 23
W Sz
ol AR
Ul 6 =23
-
55
01T o™
“JONVWYO04¥3d JILSNOIV (®)
[ _ T ’
' o—o—o0—F o328
— 01 nR2
pel’ OllO'O‘\\.\\\O mmﬂ
3 ER
02 0 O—0—q Doz D.m.cnn
Od1av ot |

71911 Juos K1jawosb

pax1y UM Pajsa) waysAs j0.4U0D J8|ul JU0S jo JHewayds - LI ainbiy

¥IDNASNVYL NSS4 AUNOSEY = 8
¥I2NASNYYL 3¥NSSIAd WIUNIHIHI0 = V

NOLLONN T0¥LNOD — %

. ‘3nSS3yd WioL
. Wy3uls 33

0 1 %
didv QISIQ —=| TVIWOD f=— =5~ = 57 Py “
iy
0 ]
08INOD MO d-"dedv s
0L ONVWWO0J
Lo ol FJER
| VRV u._N%o”__ e ——- 0 '34NSSIUA UVIS
I \
“ L.__,zaz..._.m ol 1531
|
— — ==
- w INWA sl
=l N




"SUOIPUOD JE}S |2 PaL;eIg b
Bjeg "UORIUNJ |04U0J PUE 3duewW J0pad ISN0IR 21uos Apoquajuad buelsues) e Joj waysAs |043u0d 3|qISsod - “6T 34nbiy
18|ul J1u0s ApogJajuad bunesues) - gz aanbiy
(1dS) ¥V (3H1234S NIVINIVW OL 3INQ3HIS

"NOLLONN T0¥INOD (@ QINIWH3L303¥d INISN QLUSNIAY NOLLISOd AGOS¥INID
INILLIS 1SN¥HL
.m& . " .
# “4481ds) v “Nowonazy INIONT A8 QILVLDIO Cd/dV IONIH ONV ‘MOMA¥IV 13INIe
- aaa __w.%mmz._cmz:om ' ‘NOLLY¥3d0 40 QOHIIW
T [ _ ol 9 ~ 7INQ3HIS T0INOD GINIWILIOId
0c° 5 L
S %didv
= 2
18 e 0
0& m . 0 .
0z B i L i
= %4
Q@ : (dS}V M-
0
JONVW03¥3d JILSNODY (@) : 0-"d=dav - %4 ‘UNSSI¥d WiOL
QOAM) % a3¥IS30 A/ . WY3HLS 3344
‘MO Q3LI3HH0D XVW 40 %
00t 06 08 0L d “34NSSIUd
0 » 3 AUVIS -
aRGA
-0 382y i GNVWWOD
=SR2  [3uvawed NOLLISOd f—
—1®% g 5 - , AQOSYIINID il
@. = N — X —— ..l/
01 v - — k]
0O

aNSYIW AA




E-8422

CENTERBODY POSITION, y/Y

2
I

'ac

SOUND PRESSURE
LEVEL REDUCTION,
A (SPUgpE.

5= d8

0

]
N 5 B .®
CONTROL FUNCTION, AP/P,

Figure 21. - Translating centerbody
sonic inlet control schedule.
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