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DESIGN AND PRELIMINARY TEST RESULTS AT MACH 5
OF AN AXTSYMMETRIC SLOTTED SOUND SHIELD

By Ivan E, Beckwith, Andrew J. Srokowski, William D. Harvey,
and P. Calvin Steinback
‘Langiey Research Center

SUMMARY

The high noise levels of 1 to 8 percent of free stream static pres-

sure found ih all éxiéting supersonic¢ wind tunneis for Mach numbers
greater than sbout 3 and at high Reynolds nnmbers ‘are due to sound
.radlatlon from the turbulent boundary leyers on the nozzle walls.
Lamlnarlzatlon of these turbulent boundary layers reduces the sound
radlatlon by at least an order of magnltude' however, practical
_methods to achieve laminarizetion at high Reypolds numbers have not yet
5een developed.A i | | -

An alternamlve technlque to reduce the hlgh noise levels is by
the use of sound radl&tion shlelds._ Measurements reported elsewhere 6f
sound attenuation in the "shadow zong" of a flat, rodded-wall, sound shield
teéted at Mach 6 showed that freestream'néise levels.ﬁere.réduced by gboub
L5 percent when,#he rqd.boundgryllayers were lamina.rf Anelysis of these
data suggésteﬁ tﬁat about 90.percent (or 20 dB attenuatidn) of the.maxi-
_ mum.p0551ble attenu&tlon oecurred. The present axlsymmatrlc sound shleld
utilizes the same b351c prlnciple of boundary layer suction through gaps

between the roasgaq@ the same rod diemeter as the flat model; however, in
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order to reduce the suction mass flow f&r'boundary layer bleed, the ratio .
of gep width to rod diasmeter was reduced from 0.16 on the flat model to 0.068
on the preésent model.
The present test results indicate that for the lowest test unit Reynolds
6 6

number of 2.5 % 10 per ©t. (8.2 x 10° per m), the input noise from the

nozzle was reduced by about 60 percent (or 8 4B attenuation) but little or
no.sound atténuation occurred for Reyﬁolds numbers from about 3.5 x.106 to

9 x 106 per ft. (11.5 x 106 to 29.5 x 106 per m). The decreased performance
of the present model compared with the flat model was attributed to boundary
lajer transition on the rods and insufficient suction mass flow rates caused
by the smaller gep widths. Probably the'mosf impbrtant fector invélved in
the reducgd pgrfonmange of thg present_model is transition of the rod boundary
layers, particuiafly at the higher Reynoids numbers ., ﬂew data (not included
herein) on the fla$ shleld show that the larger value of gap width to rod
dlameter ratlo of 0, 16 is required to malntaln 1am1nar flow and’ achleve the
'_1arge noise attenuatlon for the hlgher Reynolds numbers, Apprcprlate modifi-
catlons to the present model to inerease the gap spac1ng are underway.

Tne purpose of thls paper is to present the ba51c theory, the design
procedures, and preliminary experlmental results for the. axlsymmetrlc sound
:shleld with the small gap w1dth to rod diameter ratlo of 0 068 The ShlEld |
was mounted at the exlt of a Mach 5 nozzle. The rads at the forward end of the
model were llh 1nch (0 635 cm) in dlameter wnth average gap sPac1ngs between

the rods of 0.017 inch (. 0h3 cm) for boundary layer suctlon.



 INTRODUCTION

High noise levels in the free streem of supersonic and hypersocnic
wind.tunnels may modify or invalidété certain types of experimentai data
(refs. 1 to 5}. For Mach mmbers greater then abbut 2.5, this noise is
caused primarily.by soﬁﬁd'radiéﬁed'froﬁ.the turbulent boundary lasyer on
the noﬁzle wall (refs. 6 to 8). As test Reynolds numbers are increased into
the range of most technologiéﬁl reqﬁireménts, reduction éf the radiated
-prise by leminerizing the nozzle wgll boundary layer becomeg increasingly
difficult (refs. T and 8). Therefore, as‘én altéinétive technique, some
type of sound shield or other sound attenuation device or mechanisi can
be used to cpntrol and reduce noise lévels in supersonic wind tunnels at
high Reynolds mumbers (ref. 5). TImproved simulation of atmospheriec flight
and basic aeroeecoustic noise studies at higher Reynolds numbers then |
becomes possible.

The purpose of this paper is to present the basic theory, the design
procedures, and preliminary experimental results from an investigation of
a sound radietion shield or shroud thet consists of & eylindrical array
of rods aligned with the flow. The invisecid core flow in the wind tunnel
open jet test section is completely enclosed by the array of rods., Internal
sound generation is minimized by suction through gaps between the rods
for the purpbse of maintaining leminar boundary layers on the rods to
higher Reynolds numbers then is generslly possible.on & nowzle wall or
a solid wall shroud (ref. 1). To minimize trensmission of sound from the
suction side of the shield back through the gaps into the shielded flow

region, the gep suction flow should be maintained at sonic veleocity in
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the direction normsl to the rods. These techniques were developed and used

on a conceptual sound si;ield model (ref. 9) which consisted of a2 flat array

of 1/h-ineh (0.635 cm) diemeter rods. Daba reported in reference 9 suggested.
that about 90 percent of the maximum possible reduction in free streem noise
 levels Tor this type of flat sound shield occurred during tests at Mach 6.
Transition of the rod "bou’nds.ry’ layers cccurred st the i'ear of the .2 foot
('0..64111.-)' long model &t a local unit Reynolds mmber of about 8 x 100 per foot
(2.6 % 107 per m) for a gap wn.dth to rod diemeter ratio of 0.16. 'l‘herefore,

113 was expected that the use of ‘l:.hese same techm.ques m:bh the ax:.symmetrlc '
sound shield should attenue:te free stream noise levels by 20 dB or more for unit
Reynola.s numbers up to 8 .x 106 per ft. (.2.6 x 107..' per m')'. However, more |
receﬁt data for the flat model reported_ in reference 10 showed the large

noise attenuation was not obtained when the ratioc of gap width to rod

diameter was reduced below 0.16.

SYMBOLS
A cross sectional ares
a veloeity of sound
d rod diameter
G - eq. ()
He freestream stegnation enthalpy

minimum width of Iga.p's' between rods (see fn".-g; 2).
M Mach nuinber
m mess Tlow

N total number of rods in sound shield
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: unlt Reynolds number in free stream of nozzle or shield flow,(E%)

pressure

- rms of fluctuating pressure

velocity vector in the boundery leyer or in free stream (see fig. 2)
radius of control volume inner boundary (see fig. 2), or radius
of Shleld and nozzle parts (fzg. 9)

momentum thickness Reynolds number

P

radius from shield centerline to inside surfece of cylindrical
leading'edgé (see fig. 2)

redius from shield centerline to minimum gep width (see fig. 2)

surface distence around rods from stegnation line (mear.red normael
to rod generators)

ebsolute témpera£ure

time

vacuum duet velocity

' “chordwise"'velocity pafalielito rod surface and normsl to rod

generators

éompdnenﬁ of.velocity (see fig. 2)

volune .

width of rods.éérﬁss fhe flats (eee fig. 2)

distance along rods from beglnning of full gap spac1ng (flg. 2};
or axlal distance from nozzle exit (fig. 12)

normal distance from surface of rods _

inward 1nc11nat10n engle of rods with respect to model centerllne

of symmetry (see fig. 2}



B cos ™+ 'g

Y ratio of specific heats

8 boundary leyer thickness at q/qe = 0,995

& displacement thickness of boundary layer based'on chordmise_cqm@onent _
of velocity, SG [1 - —'(g%;—] ay |
' g "0 i . ° - : : . . .

£ projected angle betwéén rod centerline and'e&ge of'flét-(sée'figa'a)

g .circumferegtial anguler spacing between rods in ar?ajr(see fig,_E)

g meridian.angle between rod centéfliﬁe aﬁd gapﬁéentéiiiﬁé | o
(see fig. 2(@)),_6/2 |

H viscosity coeffieient

_den51ty

¢ angular distance sround rods from w1ndward stagn&tlon line

SubScripfs:

av gverage

box conditions in vacuum box of wind tumnel (fig. 8)

e edge of rod boundary leyers

g at miniﬁum width of éaps between rods or et ¢ = 960 for pressure
orifices

T igentropic Mﬁch nuﬁber7camputéd'frmm :p/p (figs. 15 &nd_lG).

N _ component of veloc1ty or Mach number ‘normal to rod centerllne

' ? .component of veloclty or Mach number parallel +o rod centerllne
r | at ¢ = 180° or leeward side of rods
8 sucfion | |

vacuum tank
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t stagnation conditions downstresm of normal shock

T stagnation liﬁe of rods (¢ = 0)
v vﬁcunm exhaust duet

v well

o tunnel staghation conditions

1 .5; -vh1ues ét'fbrward ﬁarﬁ of shield model where full gap width starts;

deéignated x=0 in equatlons (5) - (T)

© ' _free stream in nozzle or shleld flow
# sonic value
(7) overbar is time mesn velue; or average value in exhaust duct

THEORY AND DESIGN

' Besic Requirements and Mechanisms. -~
| of Rod Wall Noise Shield

Some of the ba51c requirqnents and concepts involved in the noise shleldlng
propertles of this model are 1l_ustrated in figure 1. Figure 1(a) is &
sketch (not to scale) showing &,side view of the sound shield and its vecuum’
manifold mountéd et the exit of a supersonic nozzle. TFigure l(b)~shows.
éorfespoﬁding cross¥Secti5nal'viéws (éISo'hdt to séale) of the shield end

xmanlfold at a forverd station and at s rear or downstresm stetion.

The souna fleld radlated by superaonlc turbulent boundary 1ayers is
hlghly dlrectlonal in nature and varies in 1evel from about 1 to 8 percent of
free stream statlc pressure (or from about 130 to 150 4B, with reference to
2x 1077 N/m ) dependlng on the Mach number and static pressure) and includes

& very W1de band of frequencmes up to 150 KHz or more (refs. 6 to 8). Since
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the boundary layer on nozzle walls will generally be turbulent at test section
length Reynolds numbers of about 10T or greater (see ref. T) a sound shield
must be used to reduce stream noise levels for certain types of testz (see
ref. 5) at these higher Reynolds numbers. However, to avoid generation end
direct rediation of noise into the shielded region:ffom the shield walls (see
fig. 1(a)i, the boundary layer on the inside walls of the shield must be main-
tained laminar in spite of the high Reynblds numbers. ﬁaminarizétion of fhe
internal wall boundary layer is sceomplished by partial removal or suction of
the boundsry layers on the longitﬁdiﬁ&l réds through small ga@s between the
rods as illustrated in figure 1{b). As noted on this figure, the radius of
the rod arrsy is smaller &t the downstfeam stétion than at the forward station
to compensate for the outward component of the suction flow th:ough the gaps
between the rods. Equations reqnired to calculate the fore and aft rﬁdii of
the rod erray, the gap spacing, and other geometric parameters of the model
are pregented in the next section of this report.

Tests of a conceptual planar model (ref. 9) showed that transition of
the rod boundary J.ajrers occurrea. .at the reer of the 2 ft. (0.6 m) long model
(the diameter of the rods wes 0,25 inch (0.635 cm) and the gap width vas
0.04 in. (0,012 cm)') at a unit Reyﬁoids number of ebout 8 x 106 per foot
(2. 6 x 107 per m) and that local noise levels in the shielded region then
ﬁegan'to incfé&se rapidly.és .Rg Vﬁas increased further. Anaiysis of the
boundery layer behavior on this model (ref.79) indicated that the flow on
each fod-w&s iike.that on a sﬁept infiﬁite cylinder and therefore the transition
_Reynolds number should depend mginly on rod diameter_and not on the rod length.
Thé component éf velocity parallel to the rods in the inviscid gap flow

end in the immediate lee-side iegion of the gaps is supersonicy hence large
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noise levels would elso be present in the vacuum manifold external to the
shield (fig, 1), To avoid feedback of this external nmnise into the shielded
region, the component of the suction flow normal o the gaps should be
mainﬁsined sonic by providing pressures in the vacﬁum chamber or manifold of
approximately (0.528) P, {assuming no pressure recovery from the parallel
component of ﬁhé gap flow). 'The data*reported in refefence 9 indicated that
free stream noime reflectmon from the inside wells of the shield (fig. 1(a))
was small.and suggested tham nearly 90 percent of the maximum 90551ble reduction of
radma&ed sound occurred within the sh1e3ded region. Hence, it may be
concluded that a rodpwall sound shleld umlllalng thése concepts -and completely
enclosing the test region should provi&gebou# 20 4B reduction of stream noise
a£ maﬁimnm test Beyﬁoldé numbers déterﬁined ﬁainl& hy-fhe shield. N
length and by the observed (ref. 9) unit Reynolds number for transition of
8 % 106 per foot (2 6 x 10T per m). For example,'a bofoot (1.2 m) long shield
would provide 20 dB of noise attenuetion at a test Reynolds number of
approximﬁtely 32 x 10° vased on the éﬁreamwise length of the test region;-
_prov1ded the rod dlameter and gap Wldth aere comparable wmth those of the

conceptual model (ref a).

Calculation of Geometric Parameters for Sound Shield Model
Figure 2 defines the geometric and flow notetion to be used in the
followiﬁg'eQuations;"This figure.is not & design sketch of the model used
in the present 1nvest1gatlon and is ineluded here solely for the purpose of
1llustram1ng the notaxmon, uontrol volame, and veloeity components to be
used in the follow1ng derlvatlons of general de51gn equations which may be

used to d951gn any model of this type. The rods sre inelined into the flow
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by the angle o to compensate for the meen suction flow velocity, VN » normal
o0

to the rods. In this way the free stream velocity vector 9 is meinteained
nearly constant throughout the free stream flow region inside the rod

array. The numbes of rods in the array is given by
o enm

shere for W, = d (see fig. 2{a))

1
4 +
-1 gl
g = 2 s r——— 2
in — o (2)
where for small cx-, r is taken as the radius to the internal tangent pqin‘b

of the rods at x = 0. Equations (1} end (2) would generally be used +o
select the number of rods XN and. the values of 51  for given values

of r end d. Once N and O are f:l.xed., the 1n1t1§.l gap w:.dth gl mey
be increased by ms.ch:Ln:Lng flats all t.he wa.y forwa.rd on the rods as indicated
in fig. 2(b). The relation between W,, the initial w:.dth across the flats,

and the corresponding new velue of & is then

v =220 %G-- [(—‘,:,—.-)2 1 + tan® B) - G° ten 9]1/2} (3)
1+ %en © o
i
where -
G= 1+ 5e ———— (&)
2 sin ©

After these initial geometric pa.rameters are determined, the width W(x) across
the parellel. flats and the gap m.dtn g(x) a.t X are requlred These

quantities are obtained from & mass conserva.tlon equa.t:l.on for the control
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volume whose inside surface is the cone frustrum of radii Rl and R(x)

and where the normal velocity is Vy (fig. 2(a}). The entrance and exit
o]

surfaces of the control volume are cone frustrums of redii, T Bl’ and r(x),

1?
R(x), respectively. However, the total cross-sectionel areas of the inside
portion of the rods that protrude into these entrance and exit cone frustrums
. are subtracted from the frustrum arees. The entrance and exit wvelocities of
va are taken constant throughout in accordance with the assumption that each
rod is like en infinite swept cylinder at engle of attack «. The outer
surface of the control volume is taken as the sum of the minimum gap aresas

for all rods corrected for the &% blockage effect at the gap. The velocity
at the minimum gep has the two components va and VN* {es illustrated in
fig. 2(a)). The latter velocity is normal to the rod centerline st the
minimum gap and is assumed to be sonic slong the entrance edge of the flat,

- The rods are asssumed to be straight and the angles o and € are taken

as constants. The resulting equation for W may be writien as

o 2
(o - (2 et o - 24 (- e
'n' -
1 r 2‘1‘

1

2 2
§{a ¥y J i -1 W v W
+“(2 )(os a—~ --l- - eos T T - gl—(a—)):osa
T
# *
% Pﬂ- g 8 8
MN 4~ =058 o tan € -1‘**1+H-)-—:—L-’-& 14—
o T* o0 me* iy Wl ; 6*
_ 1 1 1,8
where (5)
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BT

‘The relation between g(x) and =3 has been assumed as

g(x) gl'

==L (8)

r Ty

where
. 1/2
— 2

- W [? + 2 %r'cos g+ (%%) ] (
r=—7 9)

sin -6

This letter equation is elso applicable at the initial é'!:é.tion; Thus
for g;‘.veq values of N, r, d, g, X (or length of rods), M_, Gi,g;-
and 6;, all gesmetric parameters of the shield mey be. computed after
solving the above eguetions for W. Any convenient trial and error procedure
mey be used for the solubion of these eql;a.tions._ Note also that sihce
(o) and (&) sare usuelly small angles, the above ',.ec.lua'bions may be simplified
considerebly by utilizing the epproximations cos ( ) = 1.0 and sin ( )=
tan( ') = ( ). Hdwever, for completeness and aseccurscy, these epproximetions
were not used in this report. o

The preS'sui'e and. temperatﬁre ratios in eq. (5) é.re computed from

the identities

Py . Py Pgg . Tg - Ty ng (20)
- P Pep Po Ty st Tw ' '
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and the aseumptione;of iseﬁtfopic crose—flow from the free streem {=) to
the windwarg stagnation line (s2) besed on the value of -MN oM sinac
and isentropic.eross—flow from the stegnatibn line to.ﬁhe minimumtgap (*)
where sonic cross flow is assumed (Mg, = 1. o). o

Typical variations of g, W and o with N for r =w2‘in. (5.08 em)
and x = 12.8 in. (32.5 cm) ere shown in figure 3 for the case of Wl =
The variation of gl, the initiel gap, wmth N is elso shown in the figure.
The present model has 50 rods, which gives gl~ 0.017 inch (.0k3 em), ¢ = Q, hh°
end W = 0.233 inch-(0.592 cm) for &% = 0, With finite 6* (see following
section of this repqrt), 0. end W will be different from these "inviscid"_
values and they will vary slightly with Reynolds number due to the variation
of &% with Reynolds number. The rods for the present model (with Wi = 4)
were machined with W = 0.239 inch (.607 cm) at x = 12.8 in.,(32.5 cem) and

for the present tests o was set at approximetely 0.43°,

Calculation of Red Boundary Layer Cheracterlstlcs

The propertles of the boundary 1ayers on the rods were calculated with
the swept 1nf1n1te cyllnder program described in reference 11. The inviscid
veloclty and pressure dietributlons around the rods (1n the ' chordwmse
dlrectlon) are requlred ag 1nputs for the program. These dlstrlbutlons are :
based on the varlatlon of the one«dlmen31onal area. retzo in the eross flnw
dlrectlon as was done for the flet rcd errey of reference 9 For all boundary
layer calculations presented hereln, no viscous correctlons (that is no
correction for 6* blockage effects) were applled to thls onendlmen51onal ares
ratio. waever, the calculatlons for W and o (eqs. (5) - (T)) and the

suction mass. flow mey 1nclude the v1ecous effeet through the 6%_ factors. .
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Ccmpaiisons with megsured pressures (ref. 9) for the flat rod array showed
this procgduré gavé'sétisfac£0ry'e5tima$és‘of.rressure.diétribuiipné; For fhe
.-Present_mpdel,:the sonic_throax for circu;gr‘rods with flats is 1oca#ed at.
¢ = /2 - 8/2 for Wl = é and ax. ¢.= ﬁ/al- B: for .ﬁir< d (seé-fig;'E(b))
rether then st ¢ = /2 for the model of reference 9. This shift of the
‘sonie throat asnd the effect of the.variation in_flaﬁs from tﬁe front to the
regr of the rods were éc¢ounted for. The sweep angle alsd requifed &s an
input to the numerical code is g- - & where o is obtained from equation (6}.

The variations of - § and 6% with s around the rods are shown
for the present ﬁodel at typical conditions in figure h.. Sincé gl/d.= ¢.068,
it can be seen that for this caleulation (assuming &% = Q0 +to get the
inviscid pressure distribution and using the inviseid o from fig. 3) the
flow in the gaps is essentielly filled with boundsry layer, and "blockage"
effects due to the displacement effect of the boundary layer flow would be
significant.

Since &% veries with unit Reynolds mumber, o end W from eguetions
(5) and (6) also vary with unit Reynolds number as illustrated in figure 5
for three different values of g, for.ﬁhe present model with N = 50 rods.
Thus, for & given value of 81> 0. should be increased appreciably with
| increasing unit Reynolds mmber (fig. 5(a)) while W at x = 12.8 in.
(32.5 cm) is more nearly constant (fig. 5(b)). The present model was therefore
N designed'ﬁo provide for adjusbable rod inclinstion by mesns of screw supports
at the rear of the rods. However,.the'only practical way to change the gap
size on the.préééﬁm modél is to machine larger flats on the rods.

The varigéions'with unit Reynolds number of boundarj layer thickness

‘perameters at the gap, 6, end &%, ere shown in figure 6. This figure



i5
- ghows that for gl/d = 0.068 and laminar_boundary layers that fully viscous
gep flow, or merging of the boundary layers or adjolning rods would oceur
for R <8.5x 106 (27.9 % 106 per m). For the two higher values of gl/d,
fully viscous gap flow would not occeur for unit Reynolds numbers above
spproximately 2 x 10° per £t (6.6 x 105 per m).
As reported in reference 9, transition oceurred on the flat array of'

‘1/keinch (0.635 cm) dismeter rods at R - 8x 106 per ft. (26 x 106 per m}
for M_=6 and a gap setbing of g/d = 0.16. This traﬁsition Reynolds
number:agreedlwith the freestream Reynolds number based on rod diameter for
transition on swept eylinders with spanwise contamination from tip or end
disturbences (ref. 12). Another transition perameter that should be considered
according to Pfenninger (ref. 13) is the momentum thickness Reynolds number.
'ﬁt'the'stagn&tion line. The variatign.pf thiS-paramgterﬂwith__Bm‘ is shown

in figure T(a) for the present model and test conditions with.three values

.Of gi/d and for the corresponding conditions of reference 9 gith .gl/d'= 0.16.
Pfenninger's criteria for transition with and'without_sPanmise cuntamination_
on the leading edge of a swept wing (based on data for sweep angles from 30O

to hSO) are glso shown in the figure. ‘These criteris indicate that transitionl
would oceur at the stagnation line of the rods for the present conditions and
also the conditions of referchee 9 over essenti&lly.tpe entire test range.
However, as mentioned previously, transition occurred ath Rm/ft = 8x 106 for

the previoué tests {ref. 9) which would give Re = -390 for transitién._

8,P, a8
If this momentum thickness Reynolds mumber is assumed to be the appropriste

transition'critéria for both fﬁe'pfesent-and prefious.model,_then transition

would be expected at values of R_ = b.5x 106, 7.7 x 106, and 10.2 x 106 per

6 6

£t. (14,7 x 10°, 25.3 x 10°, and 33.5 x 10° per m) for g /d = .068,0.12, end 0.16,
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respectively, for the préSent model.

The reason for the difference in the values of Re for gl/d = 0,16

0,P,s%
for the present model end the m@del of ref. 9 (see fig. T(2)) is primarily
‘the change in shape of the rods. While the velue of d is the same, the
present model ﬁith' = 50 rods hasvparallel flats on éach rod as indicated»
in Figure 2(v). ‘These flats chenge the velocity ﬁistribution computed by
the cross-flow method of reference 9 as'shown in Figure T(b) (for the same
cases as Tig. T(a)). The corresponding dimensionless velocitj gradient at
the stagnétion line {listed in fig. T(b)) is larger for the present model than
for the model qf reference 93 conSEQuently, the value of ReS,P,sR at the
same R_= 1is reduced.

Final test results, based’gn-measu:ementa-of fluctuating pitot pressure
in the shielded flow region to determine transition will be used to evaluate
“the application of the above mentioned and other transition eriteria (discussed

in ref. 9) for the present sound shield model with gl/d = 0,068 as reported

“herein and for tle other two values of - gl/d when date becomes available,
APPARATUS AND METHODS
' Wind Tunnel and Sound Shield

- A sketch of the pilot quiet tunnel (ref. 5) which was used to test the

sound shield model is shown in figuré 8. The slotted Mach 5 nozzle is

shown instelled in the vacuum box.. Measurements of fluctuating flow quantities .

in this nozzle and in the 11.5-inch (29.2 cm) dismeter settling chamber are
reported in references T and 8. The present test cquitions_were-varigd-_

. ~ . . : ) 2 .
from p_ - 50 to 200 lb/ln.? (34.5 to 137.9 N/em~) corresponding to



T

6

= 2.4 x 10” to 9.5 x 106 per L. (7.9 % 106

d
I

to 31.2 x 106 per m) at

H.
1

2 6ho%R (355%K).

The rod sound shield model is shown mounted at the exlt of the slotted
vozzle in flgure 9. The sh&rp leaﬁlng edge(O 006~inch (0 015 cm)thlck for
the present tests) of the model functions 88 & scoop to remove the turbulent
boundary layer on fhe nozzle ﬁall and a new laminar boundery layer forms on
the inside wall of the shield. By meana_of & vecuum menifold and.ducting .
system, ﬁhe'pressure on the outsidé of the rod.aéréy, pv,-shéuldtbe maintained
equal to or less than about 1/2 ofljree stream static pressure insidé the
shield if no pressure recovéry of %he paraliel component of the flow in the
gaps can be obtained. This pressure drop would insure acceleration of the
cross—-flow normal to thé rods to Bﬁnic velocity at tﬁe minimum.gapvvidth.

A photograph of the sound shield model_without its vacuum manifold
is shown in Figure 10, Pressure orifices were instailed on the rods at
¢ = 0°, 90°, ana 180° at distances of 3.5, 8.5, and 13.5 inches (8.9, 21.6,
and 34.3 cm) from the leading edge. The.inside diameter of the model at the
cylindrical sherp leading edge is k inches (10.16 em). The rods are attached
to the leading edge cylinder by fairings which start at 1 inch (2.5& em. ) from
the leading edge. To,cqmpensate approximately for the mean suction flow,
| the rods are inclined inwerd st an angle of ebout O. h .(See previous sectlon
on "Calculation of Geometrlc Parameters for Saund Shleld Model. )  Hence, the
inside diameter of the rod array at the rear of the model is approximately. |
»3.82—inches {9.70 cm).: Equgtiong feg.calculating_the suctioq flow require- -

ments will be presented in the next section of this paper.
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Suction Mass Flow

 Since the pressure in the vecuum menifold may have to. be maintained at
gbout 1/2 of streem stetic pressure, the'pipe éizes for the ducting system to
the vécuum'tank and the_vdlume bf.the tank most be large enough to avoid
excessive viscous losses and short run times. The mass flow through the rod
gaps into the vacuum manifol&_must therefore be Calculated'as accurately
as possible.
For sonic¢ cross-flow at the gaps the suction mess flow is gifen by

the eguation

. Pa By g, + &lx) % %
mB = p” a .Nﬁ. -f—zsff—*f- -6 1,8 -.6 g(x) Po B (11)

where g(x} is computed from equations (8), (9), and (5) and where both g
and G* are assumed to varj.linearly with x; Equation (11) is used to
determine the vacuum capacity needed and to size the vecuum exhaust pipes

to avoid chokiﬁg and exceasivé viscous pfeséufe 1059és.' The meen velocity at
the entrance to the exhaust pipes is obfaihed from the general relétion

il
s

T Ry

Then noting that

Py By ( 2 ) 195
— —_— = - = 5e. for y = 1.k
psﬂ, . a"S'R. o AR
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and

psﬂ.é‘s g~ Py ? w , we have from Equation (i1)

I o -2t ) 12

~ 21 ho) g -~ 28 1z
Yy Py/Py By g,gvl W a, A
® # # {6 a the mean
wh 8 = (5 + 8 x) >, The guantities and p, are
ALl UPRRLIRC) R v

velocity and pressure at the entrance to the vacuum pipe (or exhaust ducts)

as indicated in the following sketbch:

‘ 1’ Pipes or ducts of total
Vacuum area Ay
manifold Py
48 Y rods
] A )
3 P |
M { x
———}- Pm -~ b

Photographs showing the exhaust duct configuration used during the present
tests are presented in figure 11. For the present conditions of M_ = 5.0,

and with the requirement that By < 0.528 p, Equation (12) ‘becomes

. ﬁv= 2872 N (g~ 2&“Je Y, ft/see,

‘[‘V av g.av

(875-h) " ., . mm/sec
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where T[T = 0.85 and T = 660°R. (Experimental values of T,/T_ varied
from 0.862 to 0.875 for the meximum suction mass flows in the present tests.)
Obviously, .the only way to reduce viscoue and other losses in the vecuum
ducting system_ is to reduce ﬁv either by reducing the total slot area

formed by the gaps between the rods er“by .increaein'g the duct erea AV

For the present model, c:.rcumetanees required the first choice of reducing

the slot erea by decreasing the slot width g compared with the values used
for the successﬁzl tests oi‘ reference Q, (Tests on the flet model (ret’ 10),
campleted since the present model was. dee:.gnecl and fa.br:.cated have shown that
the use of the smeller slot width prevents leminer flow on the rods e’c the
smallest test Reynolds number used herein). Thus with N = 50 rods, gl. = 0. 017
ineh (0. 0h3 em), g(x) =0, 016 inch (0 041 cm), %x = 12.8 inches (32 5 em), and
S*g = 0,005 ineh (.013 cm) correspondlng 'I:.o R = 9 x lO6 per £t (29.5 x 106

per m) (see fig. 6) we get
ﬁv = 152 ft/sec (46.4 m/sec)

in the main vecuum pipes to the ta.nk The ares of these pipes is AV = 75,5 in
(505.'{ ema) which corresponds to the two pi’pee in parallel used for the

last series of tests in the present investigation: one 8-inch (20.3 em)
diamef.er pipe ené. one 6-inch (15.2 cm) diameter pipe. The vecuum tenk used

in the present tests has ebout 3620 ft3 (35 m3) of volume which would ellow

30 to 40 secend Ilor'lg ruﬁs d;epen.dix'igl on ‘the preesure"dfop'.thfough" the ]}ipee '

: %
and the values of & e

2



21
Test Conditions and Instrumentetion
Measurements of mean static pressures, mean'pitot pressures, and
fluctuating pitot pressures are presented for three'different'téstb arrangeé

ments as follows:

X location of

Test Number and Minimum Diameter Diffuser Pipe shield leading
Arrsngement . -___of Main Vacuum Pipes Dia.(see fig. 8) edge (see fig, 12)
A one 6 5.2 65 - 16.5 = 0,125 0.317
B one 6 15.2 6.5 16.5 -0.250 ~0.635
c two in 6 15.2 8.0 - 20.3 ~0.250 -0.635

parallel 8 20.3

When the test series was started, the only vacuum pipe evailable was a b6-inch
(15.2 cm) diameter pipe approximately 175 £t. (53 m) long with eight elbows,
Initial results (presented later) using test arrangements A and B indicated

that pressure losses were excessive, therefore, a larger pipe was installed

in parallel with the first pipe for test srrangement C. The lerger pipe
consisted of a 10 £t (3 m) length of 8-inch (20.3 cm) diameter pipe followed
by a 75 £t {23 m) length of 12-inch (30.5 cm) dismeter pipe with four elbows.
For test arrangement C, these two pipes were operated in perallel to reduce
the viscous losses between the vacuum duct and the tank.

A sketch of the sound shield model and vacuum manifold assembly mounted
at the nozzle exit is shown in figure 12, The vacuum,manifﬁld is 3 inches
(T.6 cem) longer than the sound shield model to increase the efficiency of

eny pressure recovery from the supersonic streamwise component of the slot
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flow. A mean pitqt.pressure rake with “hree proﬁes was mounted at the exit
of_the:vacuum menifold as indigated in the figure. These pitot probes were
‘made of steel tubing vhich wes 0.021 inch (0,053 cm) outside diemeter and
0.013 inch (0.033-6#.) inside_diaméter;_.mha probes were speced 0.25 inch
(0,635 cm) apart on the rake. The locations of.tﬁe fluctuﬁting pifot. |
~ pressure probe and the corresponding ?acpustig_origin".poiqﬁs will be
described in & later section of this report. Fﬁr,ccmpafative purfoses,'data'
obteined in the nozzle without the shield installed will also be shown. Thése
data will be designated as "open nozzle" dat&,‘ The seme fluctuating pitot
pressure probes, transducers, and techniques reported in reference T were als§
used in the present investigation.
Static pressure orifices of 0.042-inch (0.107 cm) in$ide dismeter were

located on the rods as follows:

Distance from shield Stegnetion Gep &t ¢ = 90° rear or leeward at

leading edge line (s8) (g) $ = 180° (r)
in o oem

3.5 8.89. | v | N v |

8.5 21,59 | v | v
13.5 34,29 /o o o

A static pressure orifice was also located inside ‘the vacuum menifold
on the outside shell near the downstream end of the menifold as shown

in figure 12.
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RESULTS AND DIBCUSSION

N.o.zzle Wall Stetic Pressures

To assist in the eve.lua.’c:l.on of nozzle blockage effects caused by the sound
sh:.eld. and the result:.ng possible flow dlstur‘bances in the v:.c:.m.ty of the
shielc‘i_ entrance, four stg.tic pressure orifices were installed at 0.25 to 1.00
inch (0.635 to 2;514 cm) ﬁpstreém of the riozzle exit. These pressure data
are shown in figure 13 plotted against the distance from the nozzle exit for
several freestream unit Reyﬁolds numbers. Th'e- unflaggéd symbols in figures
13(a), (b), and (c) are for the sound shield installed with test arrangements
A, B, and ¢, respectively, while the flegged symbols in figure 13(b) are date |
in the open nozzle without the model. Comparison of the date for test
arrangements A and B with the open nozzle deta show tha:b.'the sound shield
model caused large pressure increases near the nozzle exi.'b,_ presumebly due to
the forma.tion and interaction of obligque sho@ks ﬁeeessary to increase thé |
nozzle wall pressure to levels approaching those ifxthe tunnel vacuwan box. These
pressures in the tunnél vecuum hox ere plotted aga.insf R in fime 14
witich shows thet the sound shield model always increesed the box pressures.
Comparison of figures 13(a) and (b) shows the oblique shoek strengths were
‘reduced s.oméwhe.t_, at least at thg two ppg._t;'eam orifice loca.tiqns, by moving
the model forwerd into the nozzle. Finelly, the oblique shock strengths at
81l orifice locations were reduced appreciably when the larger diffuser and
the larger main vacuum pipes were installed for test arrangement C eas shown from
- the daba of fig. l3(_c).__-Thus, the larger diffuser and possibly the increased
suction flow rates inside the sound shield model reduced the box pressures

-
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(fig. 14) and relieved the shock interasction problem near the nozzle exit.

Mean Pitot Pressures

- Date from the three tube, mean pitot pressure rake mounted at the exit.
of the vacuum manifold (see fig. 12) and also mounted at the nozzle exit
are shown in fig. 15, Comparison of the data at the manifold exit with the
open nozzle dafa show that for test arrangements A and B {figures 15(a) and
(D)), flow'disturbﬁnces-ﬁere'preSEnt inside the model. For test arranéément_
¢ (fig. 15(e)) disturbances are still present at the two lowest wnit Reymolds
numbers (by comparison ﬁithfbpen'nbzzle deta, fig. 15(b)) but smaller disturb-
ances were present at the two highest unit Reynolds numbers. These results

‘are consistent with those from the nozzle Wall'statié pressure data.

‘Stetic Pressures on the Rods
| and in the Vecuun Maﬁifoid
. -Btatie pressures measured gt ¢ =0 on the rods at 3.5 and 13.5 inches

(8.99 and 34.29 cm) from the leading edge are shéwn in figure 16 for the
three test arrangements. The pressures,am_the forward station are nearly the
same (with-oné or two exceptions) as the nozzle wall static ﬁressures for
the open nozzle shown in fig, lS(b), fHenge, it mey be concluded that, in
spite of streem disturbances near thé center of the modél indicated by the
- pitot pressure data of figure 15, there were no large disturbances nesr the
model well at this fofward station. Howe#er, the data at the rear statioﬁ |
" . shows that-distﬁrbanéesfwere always présent_there_presumablyfdue to lQCa;.
separation caused by the model configuration at its downstresm end (note in
”parficﬁlai; the sharp leading edge resr support ring in figures 9 and 10) and by

the high vacuum box pressures. For test arrangement A, the disturbance at the .
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rear station was much larger than for test arrangements B and C probably due to
‘stronger shocks or larger disturbances entering the shield from the nozzle as also
evidenced by the larger ﬁitot pressures for this test arrangement (fig. 15(a)).

To determine whether sonic cross-flow was present at the gaps between the
rods -and if any pressure recovery from the supersonic stresmwise gap flow
occurred within the vacuum manifold, it is convenient to normalize these
pressures with the megsured rod pressures st ¢ = 0. Then, if the local inviscid
cross-flow et the minimum gaps is sonic, this normalized pressure ratio would
be approximately 0.528 (for vy = 1.l4). Since the stagnation line pressure
data at the rear stabtion showed the presence of disturbances (see fig. 16)
only the ¢ = 0 dste at the forward station (x = 3.5 inches (8.89 cm)) #ill
be used for normalizing purposes. The resulting pressure ratios in the vacuum
ﬁzanifold' .(l'pv;/psg), at the rear stagnation line of the rods (pr/ps 2), and at
the gaps (pg/psg) ere shown in fig. 17. Again, data for the three test
arrangements A, B, aﬁd C are plotted ageinst R, in figures 17(a), (b),
and {e), respectively.

The data in figufe 17(a) show that sonic gap flow did not occur for this
._test arrangement, The suction mass flow reduced the values of Pr/psﬂ to
between 0.65 and 0.9 while the gap pressure retios at the 8.5 ineh {21.59 cm)
staﬁion were above Q.Bh except for ore point at 0.74. The vacuum menifold

preséure is meesured at the outside of the menifold at some distance from the
| rodé (fig, lé) ﬁhgfe the supersonic gap flow should be mixed and decelerated
to lower veiocitiés.. On thé other hand, the back side rod fressure is measured
at _¢ = 1800 where the cross-flow through the gap is separated and the lowest
pressure on the rods should besreédhed. Thérefore, if the ratio of the

vacuum manifold_pressure to the back side rod pressure, pv/pr, is greater than
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uanity, some pressure recovery has been obtained from the supersonic parallel
component of the gap flow. Since the vacuum menifold pressure ratios PV/ﬁsk"
shown in figure 17(a) are approximately 1.0, some recovery of the supersonic
streamwise component of the gap flow was achieved and Pv/Pr varies from
about 1.1 to 1.5.

The data for test arrangement B are shown in figure 17(b). The vacuum
manifold pressures are reduced somevwhat compared with those of test arrangement
A, probably because of smaller disturbances inside the model (compare parts (a) and
(v) of figs. 15 and 16). The red pressures were elso generelly reduced and_the
pressure recovery in terms of pV/pr varied from about 1.1 to 1.3. Again,
sonic pressure was not obtained in the gaps. .

Figure 17{c) shows the deta for test arrangement C which should have
considerably more suction mass flow than the other two arrangements due to
the larger main vacuum pipes. The vacuum manifold pressures were reduced |
appreciably at the lower values of R - The rod pressures, both at the
gap ahd at the rear (p = 1800), were alsd reduced compared with test arrange-
ment B. However, sonic pressure ratio was not quite attained except at the lowest
value of R_. Actually, only one data point (for R = 2.4 x 106 per £t
(7.9 x lO6 per m)) at the gap indicates sonic flow, and since Pr/psl > 0.528
for R_> b5 x 106 per £t (14.8 = 106 per m), it may be concluded thet
son*e cross-flow was not achieved at the gaps fof the three highest test
Reynolds numbers. Nevertheless, the pfessure recovery wes still‘significant
since pvlpr veried from about 1.0 to 1.5 as R, was increased over the
test range.

The failure to achieve sonic flow for the "best" test arrangement C is

believed to be caused by p&itial'chokiﬁg in the five vacuum exhaust pipes'
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(see fig. 11) which had the smallest total flow area of the vacﬁum exhaust
system. The choked condition becomes worse at the highér values of R, as
evidenced by the increases with increasing R of PV/PS£ and Prfpsl
(fig. 17(c)). That is, the suction volume flow increases repidly with
increasing RQ° due to .the decreasing values of -S*g as illustrated in
figure 6. Thus, if these values of s*g ‘are used in eq. (12) with /B,
taken as the measured pv/p s and with other quantltles evaluated accordlng
to the discussion immediately following equation (12) the "mean inviscid"
velocities at the entrance to the five vacuum exhaust pipes (each of 3 inch

(7.62 cm) diameter) are:

R_ X 1676 G*g,av uy

per ft. per m " in.  em. ft/seec. m/sec.
4.7 15.4 0.0067 0.0170 128 38.7
6.7 22.0 .0056 .01k2 7T 5k
9.0 29.5 .0049 .0124 208 63

For the highest Reynolds number, the value of ﬁv for the main vacuum
pipes is about 8% ft/seec (25.7 m/sec) when the measured values of py are
used. Obviously, the flow area and layout of the exhaust pipes (fig. 11)
will have to be improved to-réiieve the choked ccndition in these pipes.
Further evidence of choked flow in thervacuum system 1s apparent from
the vatios of the masé flow rate into the vaéﬁum.tank'td the ideal required

mass flow rate'thrdugh the rod gaps. This latter quantlty is obtalned from

equatlon (12) and the desired mass flow ratic may ‘then be written as,

& e oo o e oot £ il & e e an
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Vv d
m P dt Y dt
T - . T iy P — (13)
” ®
mE Jéig - sk d 'I"o' (g - 2§ a) ; 0 Nx
PO -SR‘ av £.8vV o .

~

' : *
where VT is the tank volume, gav is the average gap width, and §

iz the average displacement thickness at the gap.

g,av

At the three highest unit

Reyrolds nmumbers for test arrangement C, the values of this ratio (based on

measured tank pressures PT’ P

sﬁ/po from figure 16(

inch-(0.0hB_cm)) are as follovs:

adjusted
-6 #
Roo x 10 Z.ev
in, Cht,
per. £t. pPer. m. —— —
b,7 15.4 0.0052 0.0132
6.7 22,0 . 0041 , 0104
2.0 20.5 . 0039 . 0099
%
)

where the values of

#
slightly (compare with values of § -

Py

2

%
c), and usirg 8o = 0.017

-

/By

0.91
.16
LTh

are based on trends shown in fig. 6 but adjusted

in the preceeding teble) to give

more realistic values at the Reynolds numbers where the boundary layer

solution for_gl/d = 0,068 is not reliable. The above values of ﬁT/ﬁs |

decrease with inereasing tunnel pressure (inecreasing R ) as a result of

the increase in the choked flow condition, presumably in the five vacuum

* 3
The actual measured gav]was-approximately 0.016 inech (.0l cm).
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.pipes shown in fig. 11. It should be néted»that values of P and -
&
P
dt

vacuum valves to the tank were openeﬁ. Furthermore the values of PV/P )

used in the above calculation were evaluated at 20 seconds after the

ho) /p » and p /p. were essentlally 1nvarlant with time over at least
s “o” “g o : 4T

“this elapsed time intervel in alllruns used hereln, and _EE“ was assumed

negligible,

Schlieren Photographs of Fioﬁ at”Exit of Sound Shield
To illustrate some of the features of the flow in the sound shield

model, figure 18 shows time exposure schlieren photographs of the flow at
the exit of'the'vacﬁnm manifold. Time exposures of 1/5 second were used for
these photographs. The flow is from left to right and the small three~tube’
 pitot pressure rake can be seen mounted at the exit. Figures 18(a), (b),
and (b) are for test arrangement B at' Rm = 4.8 x 106, T x 106, and 9.2 x 106
per £t (15.7 x 10%, 23.0 x 10°, and 30.2 x 10° per m), respectively.
Comparison of these three figures indicates that for the two highest Rejnolds
numbers, the flow in the lower part of the pictures is not as fully started
(evidenced by the absence of a shock indicating unéteady flow) as in the
upper part where the exit shock appears steady and is therefore clearly
evident in these time exposures; This result is consistent with the rod
pressure data of figure 17(b) which shows higher pressure ratios at the
'%wo highest Reynolds numbers than at the lowest Reynoids number due to less
effective suction flow for the former conditions. This effect is again
evident by comﬁaring figure 18(bJ with figure 18(d) which is at the same
unit Reynolds number but for test arrangement C. Thus, the exit shocks are

seen clearlj in both the upper and lower porﬁions of figure 18(d) due to
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both the improved suction flow and the larger tunnel diffuser pipe (see
table on page 21). The streaked pamtern evident in figures 18(a) - 18(d) is
believed to be caused by vortices which have been observed on the flat model
{reference ©) under full suction conditions. Thus, when the vacuum exheust
valves are closed, the suction flow through the gaps is cut-off, and the

streaked pattern has practically disappeared as shown in figure 18(e).

Measurements of Disturbance Levels
With and Without the Sound Shield
Before presentetion of the fluctuating pressure measurements in the

free stream flow of the nozzle and sound shield, it is necessary to
indicate how the pitot probe measurements (the same probes and techniques
are used hereiﬁ as described in reference T) at a point in thevflow are
related to upstream sound sources on the nozzle wall. The various stations
in the flow where fluctuating pitot pressure data were obtained are shown
schematically in figure 12. Each individual station is assigned & number
from 1 to 4. The so-called "acoustic origin" (ref. T7) at the nozzle wall
or along the rods corresponding to each probe station can be located by
tracing a path upstream along the Mach line (from flow field solutions by
the method of characteristics for the nozzle flow) from the probe to the wall,
The resulting wall points for each probe location are identified with the
corresponding probe number. When a probe is off the centerline, such as the
number 2 station, the acoustic origins for that probe are located along a
skewed curve connecting the number 2 points at the ﬁpper gnd lower wall
contours.

The rms pitot pressure data normalized with the mean pitot pressure
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et the same point are plotted in Figure 19(a) against the unit Reynolds
number in the free stream. The data for stations 1, 2, and 3 are labeled
as "no shield" data since the pressures at these points (see fig. 12)
can only be 1nfluenced by flow conditions in the nozzle and only by
disturbances along the nozzle well at or upstream of the ecorresponding
designated wall points. For a given station, the inerease in 'pélﬁt starting
at low Reynolds nmumbers is caused by inereasing noise when the nozzle boundary
layer is still laminar. At somewhat higher Reynolds numbers, the noise
levels continue to increase and reach a peak; this behavior is associated
with transition from laminer to turbulent flow in the wall boundary iayér
near or slightiy upstréam of the corresponding accustic origin on the wall
- (refs. 7 and 8). . As the tunnel stegnation pressure is increased, the
instantaneous time history of the fluctuating pitot pressure obtained at
a given point in the flow shows evidence of turbulent bursts which mark the
beginning of transition. Thus, the original data for stations 1, 2, and 3
‘show that transition first occurs' at the wall point 3 (L.l inches (10.k% cm)
upstream of the nozzle exit) at R - 1.7x 106 per ft (5.6 x 106 per m).
As R is'inéreased,'trénsitidn'm6ves'forWard tb thé'ﬁpper wall pbiﬁf 2:
et R = 2.Tx 106 per £t (8.9 x 106 per m) and tran51t10n flnally ocecurs
- at wall point 1at R_ = kx 108 per #t. (13 1 x 10° p per m). These data
then represent the noise inputs fo the shield flowfield.

Date obtained at station 4 with tﬁe‘souﬁd'sﬁield in place (see fig. 12
for the probe locatlon and the correspondlng acoustlc orlgln locatlons on

the rods) show fi0 - reductlon 1n yms nomse compared with data at statlon l in

"~ the open nozzle (flg lg(a)) Compared wlth open,nozzle data et station 3, o

‘the shield datu at the lbwast unit Reynolds number of 2.5 x 106 per ot
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(8.2 x 106 per m) for test arrangement C shows that the rms input noise
~ was reduced by about 60 percent (or about 8 @B attenustion). This noise
reduction is shown directly in figure 19(b) where the ratio is plotted
against Rm of data at probe location L (test arrangement C) to data at
probe location 3 (based on the faired curves in fig. 19(a)). On the basis of
these faired curves end the one data point at R = 2.5x 106 per ft (8.2 x
106 per m), it may be concluded that about 60 percent reduction in noise
occurred over some small range of R_. The large increase in noise for
R_> L ox lO6 per £t (13.1 x 106 per m) is probably caused by transition on
the rods. More data will be required to substantiate these results.

The 60 percent reduction in the input noise is not as much as would be
expected from the results reported in reference 9 which suggested that about 90
per cent{or 20 dB) of the maximum possible reduction occurred. The reduced
sound attenuation in the present tests of the shield model is probably
caused partly by the failure to obtain fully sonic flow in the gaps even for test
arrangeﬁént C {see figure 17(c)). Another important factor has been revealed
by new tests (ref. 10) on the flat model of reference 9 with & gep setting of
gl/d = 0.068. Transition of the rod boundary leyers occurred at the much
lower Reynolds number of about 2 x 106 per ft. (6.6 x 106 per m) rather than
the previous value of 8 x 106 per £t (26.2 x 106 per m) observed (ref. 9)
with a gap setting of gl/d = 0.16, Hence, transition in the present tests
might be expected at this smaller unit Reynolds number. However, according

to the present discussion of figure T, based on the Re criterion,

» 8,P,st
transition might ocecur at the higher unit Reynolds number of about
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k.5 x 106 per ft (14.8 x 106 per m).* Furfher tests of the present model
with full sonic:velocity.at the_gaps'willxhe conducted to resolve this
possible discrepency. The model is being modified to provide gap spacings
of glld = 0,12 and 0.16, since reduced nqisg_lgvglg.at tpe_higher

Reynolds numbers sre required for the final desired sound shield {see ref. 5).
CONCLUDING REMARKS

The sound attenuation mechanisms, the design equations, and preliminary §
test results at Mach 5 of an axisymmetric sound shield are presented. The {
shield consists of a cylindrical array of 1/4-inch (0.635 cm) diameter rods %
aligned nearly parallel to the flow., The boundary layer on the rods is |
partially removed by suction through small gaps between the rods. The gap
to rod diameter ratio used in the present tests was 0.068. The purposes of
the suction are to delay transition of the rod boundary layers to prevent

direct sound radiation into the shielded test region of the flow, and to

prevent transmission of vacuum manifold noise into the test region. The :
cross flow at the minimum gaps between the rods should be sconic.
The present test results indicate that sonic gap flow was not obtained

and that no sound attenuation occurred for test Reynolds numbers above

o
w

The test deta reported in reference 10 have been analyzéd in detail and new
resultis regdrding trends end perameters of transition, details of-théfgé@‘
flow ﬁrofiles, and possible pressure recovery for larger gap settings:will
be presented in an'NASA publication by P. C. Stainback, W. D. Harvey, and 3

A. J, Srokowski.



3.5 x 106 per £t (11.5 % 106 per m). At a lower test Reynolds number of
2.5 x 106 per £t (8.2 x 106 per m) the input normalized fluctuating pitot
prESéure levels weﬁé reduced by about 60 percent or roughly by 8 dB.

Data rei)orted elsewhere on a conceptual flat sound shield utilizing the
same basic principles and rod diameter as the present model but with a larger
gap to diameter vratio of 0.16 showed that free stream noise levels were
reduced by about 45 percent., This large noise reduction was achieved only
whenrthe rod boundary layers were laminar up to a unit Reynolds number of
8 x 106 per £t (2.6 x 107 pér m) an& with full sonic cross-flow at the gaps.
Analysis of these data suggested that nearly 90 percent (or 20 dB) of the
maximum possible noise attenuation occufred under these conditions.

More recent tests ﬁn the flat model (not reported herein) with a smaller
gap to rod diameter ratio of 0.068 showed much poorer performance caused by
the failure to maintain laminar rod boundary layers for Reynolds numbers
above 2 x 106 per ft (6.6 x 106 per m)., However, at test conditions below
this Reynolds number, the large sound attenuation was again obtained. |

Hence, it is concluded that the reduced noise attenuation at the lowest
Reynolds numbers of the pfesent tests on the axisymmetric shield compared with
previous results on the flat model were caused by the failure to achieve full
sonic cross-flow at the géps of ﬁhe ﬁresent model. Whilé tfansifion of the
rod boundary layers was not measured in the present tests, it is speculated
that for the present small gap width, the transiﬁion Rgﬁnolds numﬁer is iﬁ tﬁe
range from 2 x 106 to 4 x 106vper ft (6.6 x 106 to 13 x.lo6 per m) based on the
new results for the f£lat model and on an analysis included herein of momentum
thickness Reynolds number at the s;agnatibn line of the rods., Further tests

to verify these predictions are required.



2.

S

9,

10.

1.

35

REFERENCES

' pate, S, R.; and Schueler, C. J.: Radieted Aerodynemic Noise Effects

on Boundary Layer Transition in Supersonic end Hypersonic Wind
Tunnels. AIAA Journel, Vol. 7, No. 3, Merch 1969 , pp 450-45T.

Steinback, P. C.; Fischer, M, C.; and Wegner, R, D.: Effects of
Wind Tunnel Disturbances on Hypersonic Boundary Layer Trensition.
ATAA Paper No. 72-181, Januery 1972.

Heller, H. H.; end Clemente, A. R.: Unsteedy Aerodynamic Loads on
Slender Cones &t Free-Streem Mech numbers from 0 to 22. ATIAA
Paper Wo. T3-998, October 1973,

Dods, J, B.y Jr.; 8nd Hanly, R. D.: Evaluation of Transoniec and
Supersoniec Wind Tunnel Background Noise and Effects of Surfece
Pressure Fluctuation Measurements. AIAA Paper No. T2-10Ch,
September 1972.

Beckwith; I. E,: Development of e High Reynolds Number Quiet Tunnel
for Transition Resemrch, AIAA Paper No. Th~135, January 19Th, Also
in ATAA Jour., Vol, 13, No. 3, Merch 1975, pp. 300-306.

Laufer, J.: Aerodynemic Noise in Supersonic Wind Tunnels. Journal
Aero, Sei., Vol, 28, No. 9, September 1961, pp. 685-692,

Stainback, P. C.; Anders, J. B.; Hervey, W, D.; Cary, A. M., Jr.;
end Herris, J., E.: An Investigation of Boundary Layer Transition
on the Well of a Mach 5 Nozzle. AIAA Paper No. TL-136,

Jenuery 1974,

Hervey, W. D.; Stainback, P. C.j; Anders, J. B,; and Cary, A. M.:
Nozzle Wall Boundary-Leyer Transition and Freestream Disturbences
at Mech 5. ATIAA Jour., Vol. 13, No. 3, March 1975, pp. 307-31k4.

Harvey, W, D.} Bérgér, M. H.; and Steinback, P. C.: Experiméntal and
Theoretical Investigetion of a Slotted Noise Shield Model for Wind
Tunnel Wells., ATAA Paper No, Th~62h, July 197k,

Haryvey, Williem ﬁ}: Effect of Rod Gap Syacing-on'a Suction Panel For
Leminar Flow and Noise Control in Supersonic Wind Tunnels., M. S.
Thesis, 01d Dominion University, Norfolk, Virginia, Mey 1975.

'Hixon, B. A.; Beckwith, I. E.; end Bushnell, D. M.: Computer

Program for Compressible Leminsr or Turbulent Nonsimilar Boundery
Leyers. NASA TM X-2140, April 1971.



36

12. Bushnell, D. M.; and Huffman, J. K.: Investigation of Heat Transfer to
Leading Edge of a 76° Swept Fin With and Without Chordwise Slots and
Correlations of Swept-Leading-Edge Transition Data for Mach 2 to 8.
NASA TM X-1475, 1967.

13, Pfenninger, Werner; and Reed,.Verlin D.: Laminar-Flow Research and
Experiments. Astronautics and Aeronauties, Vol. 4, No. 7, July 1966,
pp. 44-50.



Nozzle

Turbulent boundary layer

To vacuam tank

]

Vacuum manifold

To tunnel diffuser

T

e

>(\/\ ,//_5/ j\ / Qu1el; sh;ded region

. ——> Convected sound

Radiated sound field

Requirements

Minimum noise generation by shield
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(a) Side view of section through nozzle and shield.

~ Figure 1.- Concepts and requirements for rodded wall sound shield.



Note : Shape of rod a'rray cross-section could be square or rectangular.
Circular shape illustrated here was used for present model.

Exhaust ducts :
to vacuum tank

‘Vacuum manifold

Enlarged view of
rod: at rear

@ station may
have flats to

maintain more

constant gap
width.

Enlarged view
- of rod

Forward station ~ Rear station

(b) Normal cross-sections through sound shield at two stations.

Figure 1.~ Concluded. : m




Schematic of transition zone |/-Meridian plane
between L.E. ring and fully ]

' deflected rods - ion
Solid leading cted ro x = 0 stati
edge ring
W(x)
.
Qo
R(x)
Axis of array
Side view with one rod in meridian plane End view along axis of model showing

two rods in the array

(a) W1 = d. Rod configuration like that of present model;
results are presented herein.

Figure 2.~ Definition sketch for control volume of axisymmetric rod array.
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(b) W, <d. Rod configuration like that of modified model;
- results not reported herein.

Figure 2.- Concluded.
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Figure 3.— Variation of geometric parameters of a typical axis'.ymm'etrié sound
_shield with N. Values used were r = 2 in,(5.08 cm), x = 12.8 in,
(32.5 cm), & =0, Wy = d = 0.25 in. (0.635 cm).
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Figure 5.- Variation of geometric parameters with unit Reynolds number for
N = 50 rods, d = 0.25 in. (0.635 cm), and r = 2 in. (5.08 cm).



.64

.60

.56

cm .52

A48

40

in.
20

.26

.24

22

18

.16

——— —
—
— —
- T S— —
- - e et e i w— p— i

Figure 5.~ Concluded.

g]_ WI

— in. cm in. cm -

— 0,017 0.043 0.250 0.635
- ——— 030 076 2314 .58178

— - 040 102 .21a5 5583

| | ] | ] |
3 5 6 7 8 9 10 per ft
L i 1 | ]
10 15 20 25 30 per m
R, x 1078
(p) Variation of W at x = 12.8 in. (32.5 cm).



-

R
10

25 |\ Laminar
- -8 g,/d = 0.068
d ~ ——— Turbulent
Beginning of fully viscous gap flow: -
— boundary layer solution not striectly valid.

26*

— 10 20 30 40 50 per m.
1 ! ! ! )
02 ] f | { | { i | i i | J { | | |
1 3 5 T 9 11 13 15 per ft.
R, x 1078
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r = 2 in, (5.08 cm).
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Figure 8.- Mach 5 pilot quiet tunnel. All dimensions in inches (cm).
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Figure 9.- Isometric sketch of rodded sound shield model mounted at exit of Mach 5
slotted nozzle. All dimensions in inches (cm).
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Figure 10.- Photograph of slotted wall sound shield.
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Figure 12.- Sketch of sound shield model mounted at exit of Mach 5 slotted nozzle.
pt' probe locations (1-4) and corresponding acoustic origins are

shown. All dimensions in inches {cm).
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Figure 13.- Distributions of nozzle wall static pressures. Shield with gl/d = 0,088,
d = 0.250 in. (0.635 em) installed near nozzle exit except as noted.
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Figure 15.- Variation with freestream unit Reynolds number of mean pitot pressure
at exit of vacuum manifold (see fig. 12} and at exit of nozzle, gl/d = 0.068.
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Figure 16.- Static pressures on the inside windward or stagnation line
of the rods at ¢ = 0°.
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Figure 17.- Static pressures in the vacuum manifold and on the rods normalized
¢= 00, gy/d=0.068, d = 0.25 in. (0.635 cm).
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Figure 17.- Concluded.
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