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Acoustic Liner Drag: Measurements on Novel Facesheet
Perforate Geometries

Brian M. Howerton andMichael G. Jone$
NASA Langley Research Center, Hampton, VA, 23681

Interest in characterization of the aerodynamic dragof acoustic liners has increased in
the past several years. This paper details experiments the NASA Langley Grazing Flow
Impedance Tube to quantify the relative drag of several perforat@ver-honeycomb liner
configurations at flow speeds of M=0.3 andO0.5. Various perforate geometries and
orientations are investigated to determine their resistance factois using a static pressure
drop approach. Comparison of these resistance factors gives a relative measurement of liner
drag. For these same flow conditions, acoustic measuremengse performed with tonal
exdtation from 400 to 3000 Hz atsource sound pressure leved of 140and 150dB. Educed
impedance and attenuation spectra are used to determine the impact of variatiors in
perforate geometry on acoustic performance.
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I. Introduction

I n the past, the aerodynamic drag imparted by placing acoustic liners in an aircraft engioterabéesdas a
necessary penalty in order to meet thquirednoise levels. It is generally accepted that such lirergitably
increase drag rative toa smoothsurface' Research by Drouihas also shown that liner drag can be influenced by

the ambient acoustic fiefdContinued pressure on manufacturers to reduce engine emissions and fuel burn provides
the motivaton to understand and reduce drag associated with engine nacelle liners. Furthermoa@cnadiv
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propulsion concepts (opentor, distributed electric) may lead to airframe designs where external (iigrsl) are
required to meet community ise gals®

Figure 1. External liners on an OpenrRotor powered, Blended WingBody concept aircraft.

NASA is committed to developing a suite of technologies to aggressively reduce aircraft fuel consangbtion
noise.To that end, creating a ledrag acousticiher would be an important contributiomhe majority of acoustic
liners developed for productiaaircraft engines use a facesheet perforated with round holes to provide the necessary
porosity for usén a liner.An approach from Nikuras"® allows forcalculaton of aresistance factofi( based on the
static pressure drop withinlimed duct Howerton and Jon@sised this approach ghowthat reducing the perforate
holediameter produced a reductianii (and thus the draddr a typical liner desigFig. 2).

perforated facesheet

Ax 103

HW S1C1 S1C2 S2C1 S2C2 S3C1

Figure 2. Conventional liner construction and the effect of perforate hole dia. oh.

Changing the perforate geometry and orientation, relative to the flowcraatea configuration with improved
drag performanceAdvances in threglimensional (2D) printing allowfor parametric studiesf these concepts to
develop an empirical database of geometric variatiorsare the first step towarétmulation of analyticaliner
dragmodels

The purpose of the current investigation is to evaluate the effects of perforate geometry andoariemttite
drag with a number of novéhcesheet perforamonfigurations. Each liner is tested in the NASA Langley Research
Center Grazing Flow Impedance Tube, and the resultant acoustic and aerodynamic responses are compared to (1)
determine which designs provide reduced drag, and (2) determine whether this drag reduction has an impact on the
acoustic performance of thimer. Detailsare provided on the static pressure drop method used to corhltang
with a description of théner samples tested. Later sections show these results for various perforate geometries with
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and without acoustic excitation. Data is also presentedinen acoustic performancéocusing on the educed
impedances angksulting attenuation.

II. Liner Drag Measurements

For this investigation, thdrag of each configuratiorelative to a smooth walill be determined by measuring
differences in the static pressure drop along the duct wall opposite of the liner sample. This method can be applied to

small ducts with fullyd e vel oped, turbulent flow and is similar to N
pipes? With the static pressure data aselectedflow parameters, one can compute thetdue s i st ance fac't
(also known as the ‘“friction factor’ ), given by the fol
dpd
4=3P% (1)
dx q

using the hydraulic diameter tife flow ductfor d;:

d - 2ab (2)
" a+b
and the compressible form for q:
4 2
== p, M 3
q 2p3x3 (3)

The nond i mensi onal natur e of A al l o ws,takihgeout ¢he auioirun pr e s s u
effects of slightly varying duct ch number and static pressuxete thath encompasses the sum of both the skin
friction and pressure components of drag. Thus, any effects of the liner cavity are also jnthededy
differentiaing this method from others that are solely measuring skin friclibe. results of these calculatis can
be used to provide a relative measurement of drag between liner configurations.

[ll. Experiment

The experimental investigation involves testinget#venliner facesheeand two smooth walktonfigurationsin
the GFIT. The facesheetamplesarecreated using 3D printing processind placed over a common liner cofa
aluminum smooth wall sample (SW) with no perforations is included to provide a reference b&selirach
configuration a static pressure surveyperformed along the length of the GFSimultaneouslya measurement of
the axial static pressure drop across the lirlemade usinghigheraccuracy instrumentatidior computation of the
liner resistance factor

A. Facesheet Construction

The majority of theshees$ designed for this experimehtve a constant 8 percent open area (P@AJ a sheet
thickness o0.762mm. One sheetvasbuilt to a higher porosity of 14 POA while anotlvesis substantially thicker
a 7.62mmto give a thicknesso-hole diameter (T/D ratio of 10 Multiple perforate geometrieare evaluatedIn
addition, a 3-D printed smooth wallsample(ResinSW) with no perforationss includedto evaluate any inherent
effects of themanufacturingprocessand material Figure3 provides sketches of the tegometries. A summary of
the key parameters for &a perforation type is given in Table 1. Several reboté perforates were constructed
since this is the most common geometry in current use and is the simplest to manufacture. These configurations are
identified with white labels in the tabl additin to the Conventionaample with straight holesgariations in hole
angle (45 and 60 deg from horizontald orientation (with,againstand perpendicular tthe flow direction)are
investigatedNote thatsettingorientationwith or againstthe flowis achieved byotating theangledhole facesheet
to revere the leading and trailing edgeslternate geometries of slots with the long axis both parallel and
perpendicular to the flow, and diamesbaped perforations are also consideiaksed on data from a study by
Hwand which indicated that increasing the facesheet thickness may result in lower drag, an example with a higher
thicknessto-hole diameter ratioT{D~10) was built as wellThe facesheetaere 3-D printed from photopoymer
resin using a stereolithography (SLA) procedth the flow surface sanded to ensure a smooth finish
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Figure 3. Facesheet perforate geometry

. 60deg 60deg 45deg 45deg | 60deg | High
- UL ] a/flow | w/flow | a/flow | p/flow | POA

D (mm) 0.762 0.762 0.762 0.762 0.762 0.762 1.016 0.762

0 (deg) 90 45 45 60 60 60 90 90

L(mm)  2.032 0.508 0.508
W (mm)  0.508 2.032 2.032
0 (deg) 90 90 90

Table 1 Facesheet perforate dimensions
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B. Liner Core Construction
Eachfacesheetvasmounted onta metallicliner corewith a cavity depth of 38.1 mnThe linercoreis from a
previous investigatiothat wasrepurposed for this experimeiiio allow for rapid changes of liner configuration, the
facesheets are not bonded to the core structure but clamped by their long edges as part of installation in the test rig.
Note that the corés constructed for the full length of the GFIT test wind(614.4 mm) while the facesheets are
only 460.8 mm long. An aluminum filler blank was fabricated to cover the remaining portion of the core. Figure 4
shows a typical arrangement with the filler blank (left) and the facesheet (right) overlaid on the core.

8 W B I W e

Figure 4. Liner sample facesheet and filler blank overlaid oncore cavity with internal honeycomb.

C. Grazing Flow Impedance Tube (GFIT)

The Grazing Flow Impedance Tube (GFIT) is a unique facility originally constructed to determamotistic
characteristicef noise reduction treatmen(@coustic linersjor aircrét jet engine nacelles and nozzlge faility
is a small wind tunnel with a 50.8 mm by 68n8n rectangular cross sectionh& flowpath(Fig. 5) is a straight duct
with a 12-driver upstreanacousticsource sectigrinterchangeabléengths of blank duct, a test section holding the
liner samplealong the upper wall of the duahd an array 095 measurement microphones leadioga 6driver
downstreansource section and anechtézminating diffuser. Pressurized, heatédis suppléed to the entrance of
the GFITwhileav a cuum system is wusle’d tahte tfhleo wd uocutt eoxfi allowseo t°upbuel.
for the statigpressure at the test section to be near amhteadt flow velocitieswhile also creating an adiabati@ll
condition In its curent configuration, samples can tested at grazing flow velocities from 0 to Mach 0.6 and
sound pressure levels up to 1dB for the fequency range betwed@®0and3000Hz.

= A_tHE
) O I
oo BT T oo

Figure 5. Sketch of the NASA Langley Grazing-low Impedance Tube (GFIT).

This investigationalso makes use of the array of 80 static pregsoreslocated along the lower wall of the duct
to measure the axial pressure distributiBressures from these ports are simultaneously sampled by a series of
transducers with a +47 kPa range and 0.96 FS accuracwith a fixed sample rate of 108z. A plot of the axial
pressure distribution in the test section for thedhall case is shown ifig. 6. Two ports onelocated near the
entrance anthe other located near tleit of the test section (separated axially b§71m) are also connected to a
high-accuracy, differential pressure gauge to measuresttitec pressure drop between these tocations This
gaugesamplesat a much slower raté~10 Hz) but with its smaller-6900 Pa range and 0.01% FS accuracy,
measurement unceihty is reducedyy a factor of 12.5A sketch of the test section is included above the plot
showing the relativdocation of the liner and the ports used to compute the static pressuré gdoffhe high
resolution measurement points are designated as Port 37 and Port 59, respectively.
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Figure 6. GFIT Test Section Static Pressure Distribution, Hardwalsample, M=0.5

D. Measurement Process
Following the method set forth by Howerton and J&naseraged static pressure measuremaretse made for

each configurationvith no acoustiexcitationat M=0.3 and0.5. For each data set000readings from each static
port were made over a nominal 40 sec period then averaged to give one measurement per port. Simultaneously,
similar datawereacquired from the higlaccuracy gauge tprovide the static pressure drop acrossehgth of the
liner. For all cases, the target Mach numiaexs held to a tolerance of +0.002 while static pressure in the test
sectionis set within +/130 Pa.Tunnel conditions, including averaddach number and static pressuage also
recordedto allow canputation ofA from Eq.(2). Use ofanonl i mensi onal coefficient 11ike
normalizing the static pressure data. This normalization reduces the variability of the afleulisg comparison of
data from different flow runs where static prespsure an.
measurementsAn example of this variation is shown ihe left plot of Fig. 7 with a grapho f p measurements
from thesmoothwall case anominallyM=05.The existence of a relatipiaship be

readily apparent. Computation of A from ¥his data resul
3195 9.47
3190 »
o 9.45
© 3185 ° b
a o0 S o o}

0.19
= . o 942 G o o | %
<Q 3180 s. <

°
3175 9.40
3170 9.37
0.4985 0.499 0.4995 0.5 0.5005 0.4985 0.499 0.4995 0.5 0.5005
Mach # Mach #

Figure ®dHDmelaismermants and corresponding v.alues

The cal cul aareindependeantwithe sneall Math number chaagdsariability of the rsults about the
mean is nominally 0.1%indicating excellent repeatabilityComparisons witlother flow speeds show variability
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decreasingyith increasing Mach numbgs i n p iacreases while¢he accuracy of the pressure gausfixed as a
percentage disrangeNot ¢ t hat values of A derived from GFIT press
values of Darcy’s friction factor commonly found on a
depending upon M and the axial ldcat of the test section, theofv may not be fully developed.

If one assumes that the contributioheach portion of the duct to the measured value of lambda is proportional
to the surface are#he resistance factor of the lined portion can be determined using the following relation:

P-W W (S-LL LL
ﬂ’L+SW=TL2’SW+?L(T)”SW+Eﬂ‘Lj (5)

Sol vingvefor A

PALsw— (P=W)4sw _(S_ LLjﬂ
W S Sw
A = S (6)

S

Tonal acoustic excitatiowasadditionally usedor M=0.3 and M=0.5 for frequencies betweef00and 280 Hz
(200Hz increments) at targetsound pressure level (SPL) of 146d 150 dB(re: 20 uPa).lIt is important to note
that, for certain combinations of frequency and Maamber, the higher SPwasnot achieved buivasusually at
least 6 dB greater than the lower targdati® pressuraneasurementsvere performedsimultaneouslywith the
acoustic surveyt evaluate the effect of acoustic excitation on liner diagoustic measurementgere performed
to allow for comparison dfner impedanceeduced using th8traightforward Mthod of Watsoh

IV. Results and Discussion
A. Static Pressure Measurements

Figure8 shows thdiner resistance factof\,, computed from Eq(6)) for the elevenfacesheeandtwo smooth

wall configurationgested at Mach numbers of 0.3 and With no sound
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Figure 8. Liner resistance factor @) x 1000 for M=0.3and 0.5, no sound

Generally,_ increases with increasing Mach number except for the Parallel Slot configuration which saw a slight
decreaseAll configurations produce a drag penalty ralatto the Resin SWANgling the perforations into the flow,
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especiallyfor the shallower 45eg configurationproved very detrimental to liner drag. Overall, many of th
configurations tested resuh increased drag relative to the Conventional perodatsign. Only the Perpendicular
Slot shoveg a reduction but still carries a penalty relative to both smooth wall configurations. The Resin SW¢ result
also higher than the aluminum SW for both Mach numbers indicating increased surface roughthesprfoted
sample.

Figure 9 is a plot of thepercent differenceof the liner resistance factorA() relative tothe Resin SW
configuration. None of the angld, round hole designs perforimetter than the straigiible Conventional
configuration. Of those, facesheets with perforations oriented with the dfewneasureably worse than their
counterparts with perforations oriented against the flNate that for the 45 deg angle, the iy more than
doubled for M=0.5.The High 7D design produces a 20% increabat was nearly double the result for the
Conventional configuration. Of all the alternate configurations tested, only therRigcular Slot desigperforms
better tharthe Conventional witla AL approximately50% lowerandpenalty relative to the Resin Su¥~5%. The
High POA andParallel Slotcases show penalties of over 2@¥#d 30% respectivelyindicatingthat small changes
in the perforate configuration can havéarge impact oi .
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Figure 9. Percent difference inA_ (relative to Resin SW) for M=0.3 and 0.5, no sound

B. Effects of Acoustic Excitation on drag

Each liner configuratiomvas evaluated in the presence of acoustic tonal excitation at a target total SPL of 140
and 150dB. Frequencies rangdthbm 400 Hz to 300 Hz, in 200 K incrementslt was postulated prior to the test
that the oscillatory motion of fluid through the facesheet perforations would affect the measured resistance factor.
Expectations of significant variatiomn A at or near the frequencies of resonared700 Hz for these
configurationsland ati-resonance were algmstulated Figure 10 shows resistance factor spectra for the two Mach
number s and SPL’s. Fr om t h dBeeresignceofactor,of theeliveevaried with r e n d s
frequency. Thevariationincreases with increasing SPL and decreases with increasing Mach number. Thus, there
exist combinations of Mach number and SPL for whighs relatively invaiant with frequency This behavior is
desired from a design perspective since it can eliminate frequency as an optimization Jeoiafdev speeds of
Mach 0.5, even the 150 dB lewelsultsin variationsonly on the order of 10%, significantlyds than that observed
for the Mach 0.3 caseFhe expectation of some discernable effect of resonance is not borne out by the data for any
Mach number or SPLn fact, the most notable feature of the spectra is the dip in all the 150 dB results at 1200 Hz.
The current design of the GFIT acoustpreakearray and anechoic terminations seems to inhibit effi@entistic
energy transmission from thkudspeakes into the duct limiting the maximum SPL at that frequency to
approximately 141B. Thislevelis substantiallyess than the other frequencies tested and, thus, produces less of an
effect on the liner resistance factor.
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Figure 10. Variation of resistance factor with acoustic excitation

C. Acoustic Measurements

For each lineconfiguration full acoustic pressure profilasereacquired at M=0.3 and 0.5 for the purposes of
impedance eduction and evaluatiorattEnuation performancés noted before, them@recertain frequencies where
150 dB was not achieved, bat least 145 dBs achieved forthe majority of thosecases.For that reason, the
acoustic results presentbdlowarefor the M=0.5, 1401B casesThese educed impance spectrare compared to
determine if variations in perforate geometry and orientatiove f&gnificant impact on the liner acoustic
performance relative to the Conventional configuratideally, variations in perforate shape would have minimal
acoustic effecf, therebyallowing for selection based on drag performarResults from the Higf'/D sample are
omitted for the sake of clarityince the configuratios significantly higherresistancesalues relative to the other
facesheetavould expand th scale and obscure details of the other spectra

Figure 11 shows the normalized impedance speaih impedances are normalized By for each
configuration.For resistance, thdifferences between facesheets are less thape-8tall frequencies and variation
in reactance is generally less thande.5SResonance fahese configurations varies between approximatédpland
2000 Hzwith the majority clusteed near 2000 Hz The Perpendicular Slot and Diamoexhibit a lower resonance
near1700 Hz.The shape of thempedance spectra for all of the liners are sim(leote the expanded scale for the
resistance spectraJhese results imply that a lesirag design could be tailored to closely match the impedance
spectra of a highedrag conventional desigrizigure 12 focuses on a comparison of the impedance spectteefor
Conventional and lowdrag Perpendicular Slabnfigurations The educed resistance and reactance spectra compare
very favorably and and imply that acoustic performance does not havedorlfieesd in order to reduce liner drag.
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Figure 11. Normalized impedance spectra for each configuration, M=0.5, 140 dB
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Figure 12. Comparison of normalized impedance spectra, Conventional (round hole) vs. Perpendicule
Slot configurations, M=0.5, 140 dB

This conclusion is further supported by the data shown in Bgwhere the acoustic pressure profiles are
plotted for selected frequencies bracketing resonance. The SPL from each of the 95 GFIT microphoottedare pl
against their axial location in the duct. X=0 corresponds to a point 203.2 mm upstream of the liner leading edge. The
profiles for each frequency compasell indicating that both designs have very similar acoustic performance
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Figure 13. Comparison of axial attenuation, M=0.5, 140 dB

Perpendicular Slot

Another method of evaluating liner performance is to compare the levels of attenuation achieved by the various
configurations. This calculation gives a gross estimate of the effect these variations in perforate geometry have on
the overall acoustic perforance of the liner. For this study, a simple estimate of attenuatiscalculated using
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the difference in sound pressure levels measured at the leading and trailing edges of the duct (203.2 mm upstream of
liner leading edge and 355.6 mm downstreantirafr trailing edge, respectively). Such a result does include the
effects of reflections from these edges and the influence of the duct termination. However, it provides a useful
guantity for comparisonFigure 14shows the results of this calculatiand confirms that for much of the frequency

range tested, the differences in perforate geometry do not significantly impact the resulting liner attenuation.
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Figure 14. Comparison of overall liner attenuation, M=0.5, 140 dB

For frequenciesnear resonance (approximatel@0D Hz for this liner geometry), the variation between
configurations grows to as much a80~5dB relative to the Conventional perforatégure 15 presents this data
using the average loss in attenuation (in dB), relative to the Conventional configuaatimss the frequency range.
Using this metc, it can be shown that teerpendiculaBlot, Parallel Slotand Diamondperforates performslightly
worse overall than the Conventionatonfiguration Several perforatebave average attenuations better than
Conventional but all the variation is within +/1.5 dBindicating that the change in perforate geometry litde
effect on overall liner performance.
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Figure 15. Relative attenuation loss, M=0.5, 140 dB
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V. Concluding Remarks

A set of liner facesheetseretested in the NASA Langle@FIT to assess their drag relative to a smooth wall
and a conventional straight, rouhdle perforate. Several observations were made:

1. Adding angle/skew to a conventional, rodmole perforate configuration increasdacesheet drag
especially for holeangled at 4%leg.

2. Angling the holeswith the flow increase the measuredesistance factormore than angling against the
flow. The shallower 4%leg casavith this orientatiorproduce the most drag of all configurations tested.

3. The Perpendicular Slot configuration prodddde lowest drag and was the only perforate design that
performedbetter than the Conventional design.

4. Changes to the perforate geometry cdismame variationd the normalized resistance spegctma the order

of 0.50c.

5. Changes to perforate geometry calisninimal variation to the normalizetbactancespectra. Resonant
frequencies clusted aroung 200MHz for most casesThe Diamond and Perpendicular Slot linezsonatd
near 1700 Hz.

6. Compared to the Conventional configuratiatifferences in overall attenuatiobetween the perforate
geometrgsaresmall

7. Acoustic liner performance need not be sacrificed to reduce liner Tn@gacoustic characteristics of the
identified lowdrag perforateveresufficiently close to the conventional desiiyat minor geometry changes
would be all thatirerequired to recover any lost performance.
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