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ABSTRACT

Theory is developed for the resonant frequencies and pressure amplifications of
a rectangular cavity of arbitrary dimensions in a flow field. An intermediate step
involves the derivation of radiation impedance for a cavity at all Mach numbers,
usin? the concepts of retarded potential theory. Experimental results are given for
small cavities tested in the subsonic regime and for cavities up to 8" in length at
supersonic Mach numbers from 1.75 to 5.0. Comparisons are drawn between theoretical
and experimental frequency and amplitude response, indicating that the theory developed
gives very good definition of the problem.
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(LIST OF SYMBOLS

gL X/c(R2 + X2

simple source strength

T » o

! gk R/ (R + XP)
= ¢ velocity of sound
g D "Amplitude" radius, subsonic
é D, "Amplitude" radius, supersonic g
Z—‘;é f frequency, cps i
::’: fN natural frequency of cavity :
f F total force on plston :
= n defined by g = & + L0, ‘
g k wave number, ../c %
7 L length of Helmholtz resonator neck |
‘: Lx cavity length
: Ly cavity width
5 L, cavity depth
j M Mach number, uf/c
n length mode number
n, width mode number

n, depth mode number of room with all walls rigid

n depth mode number of cavity (one side on depth axis open)

N n,ny ny

.J;_Z root-mean-square sound pressure
Ps peak sound pressure
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- preyure at open end of -ml'ty--.(peqk)

- | s " model Tocal static pressure B
L PN sound pressure level, db
; q free-stream dynamic pressure (psig)
- r distance from source to field point for stationary medium
: R radiation resistance
Rx streamwise correlation coefficient
" S area of piston
t time
_ v dummy variable
ug forward velocity
Y particle velocity (peak)
;_ v dummy variable
: \' cavity volume
X radiation reactance
X,¥,Z coordinates of source
xyy,z' coordinates of field point
T average boundary=layer thickness
z characteristic radiation impedance
zZ radiation impedance of piston (cavity)
o density of medium (static)
A tan”] (1/8)
wavelength

cavity normalizing constant
normalizing number
normalizing number

characteristic acoustic impedance
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Vi - M, M<i0

VM2 -1, M>1.0

fan'l(y'/x')

fun_l(v'/u')

normalized frequency, ka

dummy variable

real solution of boundary function
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cylindrical coordinates
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| - INTRODUCTION

The problem of acoustic response of u cavity or recess in the surface of an air-
borne vehicle is one which has assumed new dimensions of significance with the advent
of supersonic flight, Experience with the problem to date has indicated that the severity
of response depends in large measure on the airspeed, or perhaps more inclusively, the
dynamic pressure associated with the flight concﬁrion. Thus, serious questions arise as to
expected loads inside o cavity on a supersonic vehicle.

The problem is not simple; the investigations conducted to date have established
this very clearly. The mechanisms involved appear in many respects to be simply the
excitation of resonant response of a given enclosure; yet there are focets of the problem
which appear to deviate markedly from such a phenomenon. For example, the Boeing
Airplane Company (Ref. 1) concluded that for the problem as it was encountered on the
B~47 aircraft, the mechanism was best defined as a pseudo-resonant phenomenon, in which
the normal acoustic modes are modified in frequency by the presence of a bound vortex
formation within the cavity. This vortex is presumed to alter the wave-propagation ve-
locity in the upstream direction as comparecrwifh the downstream direction, thus in effect
changing the resonant frequencies.

Krishnamurty (Ref. 2) conducted quite an extensive study of the problem from
the viewpoint of the radiation of sound out of the cavity. He concluded that the phenom-
enon was more likely to be associated with the inherent instability of the separated bound~
ary layer, which permits amplification of disturbances within certain limits of wavelength.
This hypothesis leads to the ultimate question as to why the cavity response is not merely
the amplification of a band of frequencies rather than the observed amplification of a
single frequency within this band.

The approach followed in the present investigation is based on the hypothesis
that whatever the forcing mechonism may be, conditions inside the cavity must ultimately
follow the dictates of the characteristic acoustic response of the cavity. Thus, it is hypo~
thesized that at least part of the overall solution to the problem lies in the definition of
characteristic acoustic response of the cavity. Other considerations may then apply to
effect the general solution, but a firm base will have been laid. On this premise, the
theoretical investigation reported herein is primorily aimed at evaluation of the response
of a cavity of arbitrary dimensions placed in a flow of arbitrary velocity, either subsonic

or supersonic.

Experimentally, the program was aimed at as complete as possible documentation
of the phenomena involved. In particular, it was desired to investigate o sufficient
range of dimensional parameters to insure that results were of broad enough scope to
avoid conclusions which might hold over only a limited range of cavity dimensions.

Manuscript released by the authors 14 January 1961 for publication as a WADD Technical
Report.
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Il. THEORY
A. GENERAL CONSIDERATIONS

The objective of the theoretical treatment discussed herein is to develop expressions
for the characteristic resonant response of a cavity, since it is hypothesized that this is
the predominant phenomenon involved.

As shown by Morse (Ref. 3), the response of an enclosure is a function of:

1. The dimensions of the enclosure
2. The impedance of the boundaries
3. The location, distribution, and strength of the forcing source functions.

Previous work given in the classical literature provide the basis for the work
reported herein. It is hypothesized that the phenomenon of sound generation in a
cavity is basically that of an enclosure responding in its normal acoustic modes.

On this premise, the problem evolves into one of deriving the characteristic
response function of a cavity from which its natural modes become evident. The model
selected for the mathematics is a rectangular cavity of arbitrary dimensions, having
five walls terminated in an infinite impedance and the sixth terminated in the radiation
impedance of the cavity opening.

Toward this end, the major concern becomes that of deriving the radiation impe-
dance of the rectangular cavity. A literature search reveals that Swenson and Johnson
(Ref. 4) have indicated the form of such a derivation but do not give the derivation
itself. Stenzel (Ref. 5) presents a study of this impedance for the static case. Although
both of these reported results are of considerable help, it still remains to document more
completely the impedance for the static case and to extend the results to include the
effects of radiation into @ medium which may be moving with either subsonic or super-
sonic velocity.

When considering the case of a moving medium, the fact that speed of the wave
front is altered by motion of the medium must be taken into account. The upstream
rropagaﬁon velocity of a source disturbance is the speed of sound less the boundary-
ayer velocity. Therefore, at supersonic velocity there is no upstream propagation,
except that which occurs in the subsonic region of the boundary layer. Garrick
(Ref. &) has shown the effect of a moving medium on radiation patterns and field
strength of an acoustic source; and Garrick and Watkins (Ref. 7) have included the
effect of forward velocity on the sound generation of a propeller. The retarded
potential theory of the qgove references has been applied to the present impedance
derivation, which considers the total effect of an assemblage of in-phase simple
sources evenly distributed on the outer surface of a weightless piston of air in the
mouth of the cavity.

Finally, the response of a simple cavity, as treated by Morse (Ref. 3) is discussed.
This theory is appropriate for use if the depth is not very much less than the streamwise
length of the cavity.

WADD TR 61-75 2
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B. RADIATION IMPEDANCE
1. STATIONARY MEDIUM

The radiation impedance of the cavity in a stationary medium is assumed to be that
of a rectangular piston set in a flat wall, very large with respect to the dimensions of
the piston. The piston is assumed to be vibrating with velocity , 1% and radiating
into the space on one side of the wall only. P

The radiation impedance, Zr, is

- iat
z, F/ ue

(1)

where F is the total force exerted on the piston. The force, F, is equal to the integral
of pressure, pp(x', y'), over the area of the piston S, that is

F -fj; %(x:yl) dx'dy’ | (2)

The differential pressure at (x', y') on the piston due to radiation from a simple source
at (x, y) is (Ref. 1),

LI Lot SLKF :
d;z)(x.;' ) looy o™ Zm dx dy (3)

where

re V-0l ' p?

The total pressure at (x', y') assuming equal radiation intensity from all sources on the
piston is:

o imupei“" f = ikr
%(x,y) - = fs = dx dy (4)

Using Egs. (1), (2), and ( 4), the radiation impedance can be written as

][ [ 2o o

Since Eq. (5) has r in the denominator, it is seen that o singulority will exist when
x = xX'andy = y', and Eq. (4) will yield infinite pressure. In order to circumvent
this difficulty it is expedient to subdivide the piston into four areas whose common point
is the locus of the singularity. The integration can then be carried out in four steps as
shown on the following page.
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From examination of Fig. la, it can be seen that Eq. ( 5) can be expressed as the sum
of the integrals over the four indicated areas.

] ] [}
- Lo Iy X ik L x =tkr
‘r'?ﬁ‘_[f j' - dxdy'ff'f — dx dy
S o Lo Yy %o

(6)

]
) by fx ot Fx otkr .
: ‘j'j: < — dx dy + f' = dx dyldx dy
v X o X

The four integrals obtained by integrating Eq. ( 6) with respect to x' and y' over
the indicated limits are equal, since the inner limits are the variables for the (x', ¥"

integration and will vary over all the cavity area; therefore,
[}

]
L L X
i2 Y X =ikr

zr'n—mJJ/J%—dxcb'dx'dy' (7)

Q

Making the following change of variables for ease of integration,

' 1

*x=-x=f Y-y=n _ (8)

there results,

~ikr
] ]
£ —draqax dy (9)

L]
)
]
-
2
&
o
By
q:
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By ohenging order of integraﬂon, the redietion |mpedunce can be expressed as follows

Z RMI f{%?—;dxdydsdn (10)

or, upon integration with respect to x' and y',

B ( -€)(L-n)5’““;m (1)

o 1200
n

£+ n

It is of interest to note that Eq. ( 11 ) can be written in generalized form. The
normalizing factors used are:

Ly/;,x..\; ka-y n/Lx-v E/Lx-u (12)

Wi AR .:»f;wwﬂ%ﬁmﬂﬂmmm” L

Thus in generalized form, Eq. (11 ) becomes

L it

12wl
‘= mfj(l'“) ")?2. il du dv (13)

U+V

It is now necessary to change from rectangular to cylindrical coordinates in order to
perform the indicated integration. From Fig. 1b, for the lower triangle,

¢
FIGURE 1b.
COORDINATE SYSTEM USED 1
FOR TRANSFORMATION TO v <
CYLINDRICAL COORDINATES s

¥
8
0 1
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e e e g

and for the upper triangle,
rsin 8 =y rcos gmy {15)
From the Jacobion Transformation,

du dv = r dr do (16)

Therefore, the impedance equation in cylindrical coordinates is,

iZon.S}( tan'lz sec 0 e
(1 -rcos8)(y -r sin 9)e dr de

Zr el
(17)
12002 cot']z % sec ©
mLx “4yr
+-—’-1-——c'~f (1 -r sin 9)(g ~ r cos 9)e dr de
)

Integrating Eq. ( 17) with respect to r , the expression for radiation impedance in
terms of an integral with respect to the variable 8 becomes

120012 t.an-lt cot,'l?I
2 =- = _g J‘cos ) ;i'fsec ° de «+ =+ fcos s é.itY sec 8 de
n ¥ 2

y
(18)

1/ ) o2
--i-(é‘** et gy gier, - BT iv(1 . z))
3
Y
For convenience of calculation, it is necessary to express Eq. ( 18 ) in terms of
its real and imaginary components. Also, it is desirable to express the impedance

as a unit, or characteristic impedance, therefore Eq. ( 18) is divided by the piston
area {Ly Ly). The characteristic radiation impedance z is therefore,

2, = CI(R + iX) (19)

with R the radiation resistance and X the radiation reactance.

WADD TR 61-75 )
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gy o e

e ety cot™®

R~ ‘!-coa @ ain(y sec 8) de +% cas @ sin(gy sec 8) de
L. 0

2
+-—-]é cos(f{??) - CO8 Y = CO8 zr*l-gz-r-) (20)

tan'lg cot"lz;

X = - i% j-c:os 8 cos(y sec 9) dé +% cosd cos(yy sec 9) de
o

-

- 'i\lr-(am(le + 242)- siny -singr +» vy(le C))

The dgbove equations for R and X could be written in terms of a series as was
done in Ref. 2, but in the present case this would not result in any simplicity of
calculation, since a digital computer was used in obtaining numerical results.

2. MOVING MEDIUM

In the preceding section, the radiation impedance for a cavity in a stationary
medium has been derived. It is now necessary to include the effects of a moving
medium in the theory. Garrick (Ref. 6) shows how retarded potential theory can be
used for including the effects of a movinyg medium.

a. Subsonic Velocities

For the case of a simple source in a moving medium of uniform subsonic velocity
ug (Uf < c), the wave equation for small pressure disturbances is

V- 38« %)s (22)

The solution of Eq. (22 ) for the differential pressure at a field point (x', y') from
a simple source ut (x, y) is as follows:

eiwt ;(ik/pz)[-M(x' - X) + D]

d% - i.oxmp 2nD dx dy (23)
where
pl el - D -'\/(x' - x)% gy p)? (24)
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U Uking B, (1) and (2) from the precéding sectlon and the rasult of Eq. (23),
e impe qngaﬁi—wmﬂﬁg*ﬁhmwvfﬁrndfmhgmwwbwﬁﬁﬂwﬁ—““‘ T

LY L (-vlk/Bz) [-M(x.- x) ¢+ D] -
tome [ f R o (29
0

Upon separating the above equation for Z into four equal integrals as was
done in Eq. (6), the radiation impedance had the following form:

] '
L L '
oo [ [ [ ol r

E : 1 p) (26)
E 3 +§;:Lk[l) - :;A(x - x)] /B }dx ay dxldy|

It is now convenient to make the following changes of variables of integration,

I ﬂlIiIII-TPH!rmIﬂ ll‘lﬂ HINERY 'r THRY
H

L e
Ao gy

] 1
X -x =k ply = y) =n (27)
After substitution of the changes of variables, and an inter-change of the order
of integration, the radiation impedance, after integration with respect to dx*, dy’',
can be written in the following integral form:

DR AN YR ol T

KM ST Y
& Lot

<

|

N

Zr_lu
ne
p 24 q

pL L :
J yf ’((Lx- £) (= n){e‘“‘[“ﬁ -V
Y .
' (28)
. g—lk[M& TR "12]/?2](15, an

€,+n2

s b e Ry ¢

Since a generalized solution for any Mach number, cavity length, and cavity
width is desired, it is convenient ot this point in the derivation to make the
normalizing substitutions of Eq. (12) agoin. The generalized equation for
impedance then can be written in the following double integral form:

I

iwoLij j(l' W (p- v)[-ik[\/u2+ ve & Mu]/ia2
Q

u+ v (29)

;

i . 2. .2 2

; VT
Yube v
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o ot toreduce-Eq(29)to-single tntegral-Form, It Is necessary fomake .
the transformation to cylindrical coordinates, as indlcated in Egs. (14), (15),
and (16). The normalized Impedance equation in cylindrical coordinates is then:

-1
3 tan ", secd - 2~
7 = beoly J j[(l- Deos®) (pz- Daing)e™ V(X Meose)D/p

r
2
LI 2

2
+ (1~ Doosd) (py~ Dsin@)e~Lri1r Moosd)D/p ]dD de

N (30)
L1 “‘"‘i cot Y frsece® ~1y(1+ Msine)l)/pa

f j'[(l- Dsind) (py~ Dcos®)e
)

2
npo

e b <8 "*‘“"“!"M"llﬂﬂitﬂlﬁﬂu-mww TR “wum»muﬁ-

s 2
+ (1~ Dsine)(pe- I'Jcos@)e"'i‘Y(l'"k’:me)n/p ]dD de

Upon integrating Eq. (30) with respect to D, and separating into its real and
imaginary components in the form of Eq. (19), the characteristic radiation
resistance for the subsonic flow case is:

pryres

-1
tan P . .
K = ..Li [f[soc-) sln[y(swc@ + M)/{s{l + gpcd s'm[y(secg - M)/Bi] de

Y J (sec 9 + M)2 (sec @ = M);2

cot'lpg

-f[slna - cosQ][sin[TgsecQ(h Hsin@)jjﬁ] + sin [n;sece(l-Msine)Lg]] de

P (1 + H sin 9)° (1 - M sin 8)°

0

(31
cot'lpg

-f?-,.s'mecose cos[yz,secu(h nsineud + cos[yz;,sece(l- Msin-?)/'p]] de

J ™ (1 + M sin 6)° (L - M sin 8)°

*LF%L% +un2+mvf]+cmiﬂ\h«(m92-mAﬂ]
T,
LoV o e w? (M v ()? - m?
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= 2ylarctan{l - M| + arctanjl + i
= B e

And the radiation reactance is,

I*Z..
: - fﬂswe COS Y(uwe + r)/BQJ + sach cos[Y(sece - M)A}?]] de
5 (sec @ + h) (sec ® ~ M)2

=1
cot TPy » .
+f silne - cos@][eos[yk,sec@(h mslne)/p] + COS [YLSece(l- Msme)/a] de
] 22 (1 + N sin®)* (1 - 4 sin 8)2

cot Z

—f ?.,Lmecocu u\.n[Yt seced(Le fxung)/ﬁ] + sm[w sece(l~ MainO)/p]]
Ye. (L + ki sin 9)5 (1L - M sin 9)J

)

(32)

+ «[sin[y(lﬁ_—; (902 + 1)/ 2, sin (VL + QZ ? =
e (V1 + (pz,)2 v )2 (V1 + (ﬁc -m?

-p[mLY(l+M /pj +SlnE{(l- J!_]] +_l_[ 1+ 1 ]4-2_

Yol (1. w)?l (1 - m)° pell M 1-M g2

- disfarctan[l - M} - arcltan|l + iq)]
p3 B B

As a matter of interest, the above equations for R and X are equal to Egs.
(20) and (21) if zero Mach number is substituted.
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' developed in terms of three paramaters; (1), the ratio of cavity width to length,
(2) the normalized frequency parameter, kL , and (3) Mach number. Calcula-
tions for R and X were performed on a digital computer using numerical inte-
~ gration routines.

b, Supersonic Velocities

The assumptions made in deriving the radiation impedance for a cavity in a
supersonic Flow are the same as those for subsonic flow except as follows:

(1) The effect of a source at (x, y) is felt only at points (x', y') within the
Mach cone with origin at (x, y). The enclosed half-angle, ¥ , of this
cone issin=! 1/M. OQuiside the conical region the effect of the source
at (x, y) is zero.

o bt st ool il

(2) The pressure at field point (x', y') has a double solution, instead of the
single solution for the subsonic case. The field point, (x', y') at a
particular instant of time, t , is influenced by two wave fronts which
originated at time f] and t2 earlier. A wave generated at (x, y) at t]

radiates spherically with velocity of sound ¢ and is carried down-
stream with supersonic velocity u.. The spherical wave is therefore
traveling downstream at a velocity greater than the speed of sound, so
that the field point (x', y') will both enter and leave a particular wave, !
which is not possible in the subsonic case. Therefore at time t, the '
field point will be emerying from o wave generated at time H and

b et

penetrating a wave front generated at time t (= ty=> t]).

The equation for differential pressure at x', y' with source at x, y is

. e 1 2 N ] 2
. imupemt, le[-h(x -x) - Ds] /l)5 . eik E-.x(x - X} + DsJ /[;S) (33)
B 2n D } ax dy
s
where
b, = 1/(x'- x)¢ - Bg(y'- 9)° p§ . nla 1 (34)

The next step in deriving the radiation impedance is to determine the limits

of integration. It is seen from Fig, 2a that if sin y= 1/M, then tan ¢= M2.1= Boe
The pressure at (x', y') is the sum of differential pressures received from sources 8
bounded by the Mocz; cone opening in the negative x direction with origin at

(x', y') and the upstream boundarys of the cavity. By examination of Fig. 2a

and Fig. 2b it is seen that the integral equation for pressure at a point (x', y')

in region 1, from sources in the shaded area, will have different limits than the
integration for pressure at (x', y') in region Il. The dotted line in Figs. 2a and

2b separate region | and 1. The angle 4 between the line separating the two
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FIGURE 24,

ILLUSTRATING PRESSURE |
POINT (x', y') IN REGION |

FIGURE 2b. 1
y

ILLUSTRATING PRESSURE
POINT (x', y") IN REGION Ii

0,0

Ly O

Lyr L

Yy

region§ and the x axis is defined by

8 = tan"? #) = tan'l(l/ps)
b= 1

and the angle & , separating the radial vector from 0 to (x’, y') and the x axis
is defined by

o= ban'l(y'/x')

Therefore if 6 < 4, the point (x', y') is in region | and if 6 > 4, (x', y") is
in region II.
The pressure at (x', y') for (x', y') in region I, using Fig. 3a, is as

follows. The limits for the x integration, holding constant, will be from
0 to the intersection point of the Mach cone along the x axis which is

x - (v - y)tan b= x'- (y - VB,

WADD TR 61-75 12
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mitsfor the sh ed reglon A are from 0 foy'. Therefore the
pressure at (x', y') is T e : o TR g

‘- '8y
sb(x:y') - f (dp)
[+}

The x limits of integration in region (1 from inspection of Fig. 3b are as
in the previous integration 0 to x' - (y'=y)ps. In setting up the y limits it is
necessary to find the point of Intersection with the y axis of the K:we‘r patt of
the MacK cone. Thispointis y' = x'/tan @ =y'-x'/ ps. Then the y limits are
y' =~ x'/Bsto y'. Therefore the pressure contributed to (x', y') from the shaded
region of Fig. 3b is

' x'- (y'= 9B,

y
pxly') = _!: '/ _f (dp)
- x/Bg ©

FIGURE 3a.

ILLUSTRATING LIMITS OF
INTEGRATION FOR THE
SUPERSONIC PRESSURE
EQUATION

FIGURE 3b.

ILLUSTRATING LIMITS OF
INTEGRATION FOR THE
SUPERSONIC PRESSURE
EQUATION
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conslderation there are some problems. Regions | and 11 defined in the derivation of
gress'ure each may have two different geometric shapes as seen in Figs, 40 and 4b. In

ig. 4a 8> tan~] (l.y/\.x) or MBB> (EyAx) and in Fig. 4b. A < fan'l(l.)/'.x) or

1/8g < L/L,.

O'Ly B

FIGURE 4a. 1 dy’ . ,
yl

- . Ly, Ly

SHOWING LIMITS OF
INTEGRATION FOR THE
SUPERSONIC FORCE INTEGRAL

0,0 I Lx, 0
FIGURE 4b. ,
SHOWING LIMITS OF 4 t
INTEGRATION FOR THE
SUPERSONIC FORCE INTEGRAL
0,0 LXI 0

First, the force on area LxL will be derived for 4 = tan=1 (L /Lx)' In
region |, the x' limits of integration are from a to L where a = y'/tan & =y'Bg and
the y' limitsare 0 toL_. Forregion Il the x' limits of integration are 0 to
a= y'Bsand the y' limits are 0 to Ly. Using these limits, the force integral is

Lo Iy L y'B

Fa Y p_(regiom I) dx 'dy' Y ¢ L

Pplres y o+ f fpp(region II) dx dy
o y PB Q Q

or, noting that the force from region B is equal to the force from region A
when integrating pressure over the total area L, L , with respect to dx',dy’,
the force is Y

WADD TR 61-75 14
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...p.g[_. g zf (dp,) dx dy dx'dy
.p‘

' ’ ' ' ( 35 )
by LBy x = (v = ¥)B,
+ 2f [ l: f (dlb) dx dy dx'dy'
) - "795 [
Fora < t.an'l(Lx/L y)or (BsLy/Lx) 2 1 the order of integration for force is
reversed to dy' dx'. For region [, from Figure 4b, the y limitsare 0 to x'
tan 4 =x'/Bg, and x' limitsare 0 to L,. Inregion Il, y' limits are x'/Bgto Ly
and x' limits are 0 to Ly . Using these limits the force is
'
L x /Bq . L Ly o
Fe f f pp(region 1) dy dx + f f pp(region 11) dy dx
'
o "o o x/ps
or substituting in the expressions for
L x'p, y x'-(y'- V),
F f [ f (dp) ox dy dy'ex’
(4] []
(36)

Loy x'- (y'- Y)Bg

L L .
+[ﬁ f: . f (dg) x dy ay'ax

X/Bg Y x/p, O

Now that the limits of integration have been established the radiation
impedance Z con be set up and solved.

The first case to be integrated is for p L = 1. Substituting Egs.

(34) in Eq. ( 35) the radiation impedancd Yeqltion is

. L L y' x'- (y'- y')p’
et T ff ff B(xyy,%sy ) dx dy dx'dy'

°© Vg 0 0 (37)'

y x - (.v'- .V)'P
f f F(x,¥,%,y ) dx dy dx'dy'
]
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By changing variables, the function £ (x, y, x', y') can be made dependent upon
two variables instead of four as stated above. The following indicdted changes
are therefore made:

x-xmE  ply -y =m

Then

P& = (1)) [.“‘(M * D)y | ikl - D,)/#i]
where
and changing limits in Eq. (37 ), the resulting equation for Z s

Ba¥ x|

L

i "y
zr.ﬁ:.f['[ fF(’C-n) dE dn dx'dy’

¥

[

n

N Ly y x x'
= f fa f f F(E,n) df dn dx'dy'
s [+] [+) n

o)

Upon interchanging the order of integration, the above equation for Z’ is

p

L L
y wdu (B X sly '
r 2 F(&yn) dx dy d§ dn
Q

n
Pa. h A
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© - AfYer liegration with respect to x' ond y', ‘Eq. (40 ) reduces to
: L
i 8 _
Zr "ﬁ [ I(Lx- E)(Psby- Y\) F(E,q) d¥ dn (4] )
n

The next step In solving for supersonic impedance is to use the normalizing
factors of Eq. ( 12), requiring the following form:

i.maLJ sz’ D
2, ....T’.‘. ﬁl - u)(paz = v) F(u,v) du dv (42)

n
p& [+] v

where

F(u,v) = (l/'“ué- v’-)[e-m““ ¢ V- v L g rihu - V. v"')/p:)

In order to simplify the above equation, another change of variables must be

1272 . . . .
incorporated. Let Ds ="Vu—y" andsin® = v/u. Using Jacobian transformations,
du dv = D_ sec @
g 8ec st doe (43)
Solving the above relationships for v and v it is seen that

u-Dssece v-Datane (44)

From Fig. 5, the area of integration is bounded by (0, 1,pg%, A). For simplicity
the angle &g is used in setting limits. The integration is to be divided into two
triangles, one bounded by (0, 1,pg%) and the other bounded by (0, psz, A). In
the lower triangle the limits on &g are from 0 to fon"‘( Pgk ). The variable

D, = u2 - v® can be visualized by rotating the vector u' about the point

(u', 0) until it intersects a line parallel to the u~-axis that also intersects the

point {u', v'). The variable Dy is the distance between (u', v') and the inter-

section of the vector u' with the parallel. The relationship between 8 and 6g

issin@®=(v'/u') =tan (6_). When a point (u=1, v} is considered tan&_=
8 ]

v =sin 8. With the relationship Ds = Vu 2 v2 the upper limit for Dy is

1-5in0 = cos @ and the lower limit is 0. The upper limit for @ is 0 =

sin'](v/u) = sin"(ﬁsz.. ).
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FIGURE 5.
- RECTANGULAR TO CYLINDRICAL

-COORDINATES FOR SUPERSONIC
~IMPERANCE INTEGRAL

SR B L LT

L

Bt

[T

WS 0 C

[LLUSTRATING CHANGE FROM

For the upper triangle, 6, varles from tan-‘( Pgilto n /4. When the point
(U, v= By% ) is considered tan 6s-psUu'and Ds =/( pgk) cot 65'( pat;) =

Pgkcotd. Using these limits, the equation for Impedance is

. . Lwold sin"laaz, cosg
r “Ps _of _of(ﬁ,l. = Dytan 9)(1 - Dyaec @) F(p,,e) dD, de
(45)
imoLi n/2 Byt cot @
* -;r 1 (Bgk - Dytan 0)(1 - D sac 8) F(Dg,0) dD_ de
s “ain Ba%

where

2 2
=iy(M 9+ 1)D - -
F(DB’O) = (gec Q)L (M sec ) s/Bs .o iy(ln sec @ nDB/BS)

Integrating Eq. (45 ) with respect to Dy and separating the recl and imaginary
parts as was done in Eqs. (32) ond (33 ), for the subsonic medium, the equation
for normalized radiation resistance, R, becomes
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ﬂ/2 -]
+‘f ( #in @ y + F %00 osc q,m[,_-,(mao 9 + oot G)/ﬁa]de
hin" ﬁ (M + cos 8) (M + cos 9)’
s

(46)

n/2
yeot © csc @
. (( sin @ . EsL gj_n[gv(ﬂcac @ - cot 9)/ﬁ,]d9

ain'lpa!; M - cos 6)° (4 - cos O)

2 2 2
M+l -1
, Pa 008 [y( + 2)/”3 _ By coa[Y(M )/95] . %1' ) “§x

and the normalized radiation reactance is

nLy

-1
2 sin gk [ oos (i1 + co (-J)/‘2 cos |y(M - cos@)
5 [pz’ 2 [ roE b’] [ ﬁ-] cosd de

X ===
(M + cos 9)2 {M - cos 9)2

) f‘/2 ( e ) Bek cotd csce\
(M + cos e)2 (M + cos 9) ’

cos[r,y(r«l cscd + cot.e)/p's] do (47)
sin-lpsz

n/2

p % cot8 cscd

+ f sin © 5 - s )eoe[m(M csco - cote)/ps] de
sin'lpsz. (i = cos 8) (M =« cos 9)

i Bg sin[Y(M + 1)/53 Pg sin[Y(N 1)/"2] e,
y(M + 1) y(M - 1) ;z -F:{
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" ’;:'xfp; 5 -(y y)p' T

z,-}—:'g]k[ ff F(x.vax:r)didydxdv

- (y'- = iy

; _ ; x'
s - * —- '[ [ f P(x,375%,y ) dx dy dx'dy’
| Jbg ¥ = x/p "

where F (x, y, x', y') is defined In Eq. (37).

Using the substitutions and changes of variables of Eqs. (38) ~ (45 ), the
equation for the radiation resistance is:

pl M2 ginfyin 9) infy(4 = cos 8)
Re- 5 [p’ ('_['H—Hi‘:T'/-p.] : N[Y = /Bsa cos® de

§ LA IR, R S TSR

bOIEL

i

~ + cos @) (8 - coe 0)2

(49)

B coaIY(M + 1) /8 ] Pa coal‘f(M - l)laal L

v(M + 1) Y(M - 72 ;?'
With the formulation for reactance as seen below,
L 2 "/2 coel'f(M + cos 8)/p ] cosIY(M - cos 8)/p ]
o i o de
M’Y Lia (M + cos 9)2 - cos 0) co8

(50)

p sinfr(M + 1)/33] '”‘I”(" - V/6E] g
Y(M * 1) - 1) ;! p

It is of particular interest fo note that Eqs. (49 ) and (50 ) are equal to
Eqs. (46) and (47) If the sin=1 gy =n/2.In other words, for Bg% greater
than 1 the sin~1 pgyis always equal to 90°. This fact is helpful when the
impedance is to be colculateJusing a digital computer,
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C. PRESSURE RESPONSE 7
Experimentally, the results indicate (as will be shown) that for short cavities,
or perhaps more inclusively far cavities of Ieng‘!h—fo-depth ratio of the order of or

less than one, the response is almost exclusively in the depth modes. On the other
hand, the longer cavities - where length >1.0 - show definite experimental evi-
p

e
dence of response in the length modes.

Mathematically, it is desirable to effect a general solution which aceounts
for response in any mode, whether it be length, depth, or transverse, At the sume
time, it is recognized that a theoretical simplification can be realized if the
assumption of a depth~-mode predominance is justifiable. Thus the following is con-
cerned with hoth developments, first the general case and then the simplified case.

1. GENERAL SOLUTION

To effect the general solution, it is hypothesized that the problem comprises one
of determining the characteristic response of a rectangular enclosure. The enclosure
is assumed to be bounded on five sides by walls of infinite impedance (i.e., rigid
walls) and on the sixth by a finite complex impedance which is the radiation impe-
dance determined in the preceding section.

As shown by Morse (Ref. 3), the characteristic response function of the
snclosure is

ng z n
{)N = cosh| —i:— cos‘—:g) cus rme’-‘-)
X

o~
n
e

S

where Lz is the depth of the cavity
L, is the width of the cavity
L is the length of the cavity
Ny, Ny are integers denoting the modes in the y and x directions.

The parameter gn appears in lieu of ny because of the finite impedance
terminating the cavity at z = Lz . It is defined by the following equation.

) |
g, tanh(ng ) = 1[—l1——)] (52)

an(R + 1L

The solution of Eq. (52) is complex, such that

By = &t imy (53)
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The roots £, are calculated from Eq. (52 ) using iterative methods. Upon
: -sipurqtié\g Eq. (%2) nto real and imaginary components the following sguations are
obtained.

: N, cosh(ng n) - VL'R/an(R2¢ Xa) sinh(ﬂtn)
cou(tny Eam(nen) - |¥LX/nl (R%+ X°) cosh(ng )

(53q)

) Encosh(nzn) - I-rsz/an(sz x"’) a:l.nh(n&;n)
t ft 2 - — om———
oot ™ nnai.nh(nzn) - [ysz/an(;i+ x2 coah(nl;n)

From the above equations, an expression for 7, In terms of &, canbe
obtained and is

yL R coth(2ng_)
an(qu °)

YLR csoth(mlzn)]2 . 2YL XE coth(2nk ) i [(YL‘/an)r* 2 (53b)
nI

: an(R!'r 12) nL (R% K%) (R%+ x%)

%-

Using the first of Eq. (53a) the following form is also derived.
F: - coa(nqn) [Ensmh(ﬁgn) - (Ysz/nLk(R2+ xz), coah(nzn)]
- sin(mn ) [qncoah(nzn) - (TLzR/“Lx(R2+ x?i etnh(ﬂé’.n)] ‘ (53c)

In order to numerically obtain a root from Eqs. (53b) and (53c), a value of &,
is chosen and substituted into the equation for n_ This gives two values for 7,
which are used in Eq. (53c) to solve for values orh:+ and F-, F+ denoting the
results using the positive radical and F- using the negative radical. When a pair
of values En, 7, give a zero value of Fi a solution is obtained.,

The characteristic frequency equation, in terms of g,, is (Ref. 3)
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which yields the resonant frequencies of the cavity by iteration. The iterative
process is necessary because of the frequency~-dependent nature of gy, .

The magnitude of the response is determined on the premise that the cavity
is forced by a simple source positioned randomly over the cavity opening. The

equation for pressure at a point (x, y, z,) can then be written, after Morse
(Ref. 3), as

~iwt, , 8 V) QN(X’Y:Z) QN.(x;y;z')

(xy5y2) = ;I.m_o.a__A( X552 ) (55)
b (= “‘1%)
where
“n,n inh(2ng ) + 2

- X s n + 4N

LY mg—nx[ gy) + 2ng,]
- (56

a, =0 E'nxng" nx>|), 5r‘.x'l (5¢)

n_="0,¢e =2%n >O,an-l
y Oy y y

It is convenient to normalize Eq. ( 56 ) for more general results. Thus, let

£ = yefonl, (57)

after which, leaving out the time variations, Eq. { 56 ) can be written in the
normalized form

(x,¥,2)9, (x,¥12')
(X,¥,2) = ilénoc'rA(x,y,z ) ¢N ’ N ,
% " n ®n rinh(an )+ 2Ng

(58)

[v - (n)? [(n /1) (ny/Ly)z- (g,,/nz)z]]

where A (x', y', z') is the strength of the simple source.
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2. SIMPLIFIED SOLUTION

IF the response of the cavity is entireiy that which arlses from excltation of
depth modes, as the experimental results seem to verify for length-to~depth ratios
of less than approximately one, it Is more convenient to write the cavity pressure as

ip cos (Zﬂ/k),(bz-ﬂ) (59)
B* % eIm(2nL /)

where ¥, Is the specific acoustic impedance of the cavity at the open end, and

% = R + 1[X - cot(anL, /)] (60)

Again exﬁressing the amplitude response in terms of an amplification,
there results the final equation

1
B/p, [[a sin(vl, /1)) % [x statvpny - con(vL, /L, )] "']"" (61)
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1l - EXPERIMENTAL TECHNIQUES
A. TEST ARTICLES

1. EXPLORATORY

Exploratory tests were performed in Lockheed's four=inch subsonic supersonic tunnel,
shown in Figure & schematically, The cavity test article consisted of three interchange-
able cavities which were mounted in a specially designed section of the tunnel wall.
Cavities of 0.5, 1.0, and 1.5 inch lengths; 1.0 inch width and 1.0 inch depth were
used, The cavity floor and tunnel wall 1.0 inch upstream and downstream of the cavit
were instrumented with high Intensity microphones. Sound data from these were recorded
on tape ond analyzed for frequency and amplitude content. Static pressure and temper-
ature data were observed from visual indicators. The tests were conducted at subsonic
Mach numbers from 0.20 to 0.86 and ot a single supersonic Mach number of 3.0,

2. WIND-TUNNEL MODEL

a. General

Supersonic tests were performed in the 40 X 40 inch tunnel at AEDC, Tullahoma,
Tennessee, through a range of Mach numbers from 1,75 to 5.0, The model comprised
a cylindrical body of revolution having a 15~calibre ogive nose section, and a rectan-
gular recess of variable dimensions located near the front of the cylindrical section,
as shown in Figures 7(a), 7(b), & 7(c). Cavities with lengths of .5 to 8.0 inches,
depths of 1.0 to 3.5 inches and widths of 2.0 and 4.0 inches were tested. Seund data
veore obtained with thirteen flush-mounted high=intensity microphones and recorded on
tape for subsequent analysis. Figure 8 gives a schematic diagram of the instrumentation
used. Static pressure, Mach number, and temperature data were recorded automatically
and printed out by a computer. Schlieren movies were taken of the flow in the vicinity
of the cavity. Boundary layer profiles along the model exterior surface (90° away from
the cavity but at the same longitudinal location as the leading edge of the cavity) were
measured with a pressure rake. Further definition of the boundary layer was obtained
fhrgu ha Iimifecrnumber of hot-wire measurements of the longitudinal component of
turbulence.

b. Model Mechanism

The variable cavity mechanism made it possible to change cavity size without
opening the tunnel repeatedly. The cavity floor was designed to permit depths of 1.0"
and 2.5". Motor - controiled slugs allowed any desired cavity length for either depth.
A third slug was also provided so that cavities with a depth of 4.5 inches could be tested;
however, due to a malfunction shortly before the test, this feature could not be used.
Control circuitry was varied during certain phases of the test program so that a wider
range of depths could be investigated at 8" cavity length,

Widths of 2.0" and 4.0" were tested over comparable Iength ond depth ranges.
The basic mechanism involved the 4" width, with provisions for inserts and a different
floor and movable slugs to convert to u 2" width. A remote motor control permitted
cavity dimensions to be varied from outside the tunnel. All data cables, tubes and
control wires were run through the model stino and then out of tunnel. Microphone
and pressure tubes had flexible cabling and tubing to permit movement of the various
parts.

WADD TR 61-75 25

i

e

st »
kb e A bbb O 25




R PRRE

B. INSTRUMENTATION AND TEST PROCEDURES

1. SOUND PRESSURE

Sound pressure levels were measured with 13 high intensity Altec BR=180 and
BR-200 probe microphones. Ten microphones were mounted in the cavity floor for the
4-inch-width configuration, 2 in the rear wall and one on the model surface 1 inch
upstream of the cavity. In the 2=inch-width configuration four microphones were
mounted in the floor. Figure 9(a) gives a location diagram for the microphones, and
illustrates the mounting procedure used. The probe tip in each installation was isolated
from metal~to~metal contact by means of a layer of resilient tape, as indicated in

Figure 9(b).

Four of the microphones used were standard Altec=BR-180-3 probe microphones.
The remainder were either BR-180-1 or BR-200~| microphones fitted with probe tubes
fabricated for the investigation. These tubes were somewhat shorter than the Altec
probe, but were found from comparative laboratory calibrations conducted in a small
anechoic chamber to produce satisfactory response characteristics up to 8000 cps.
Above that frequency the modified probe in conjunction with the BR-180~1 series of
transducers produced a more rapid decrease in sensitivity than the commercial system.

Microphone outputs were carried from the model to decade amplifiers where
necessary. The signals then went to @ C,E.C. 14 channel recorder, on which half
the channels were recorded by frequency-modulation techniques and the remaining
half by direct-record techniques. Daily field calibrations of microphones and system
were made as a matter of operating routine,

2. STATIC PRESSURE

Static pressures were measured by means of 8 flush-mounted pressure pickups in the
cavity floor, 2 pickups in the rear wall, 1 pickup on the model exterior and five pick-~
ups in the boundary~-layer rake. Locations of the pickups are shown in Figure 9 (a).
Actual location of the exterior pickup and the rake was previously described. Pres-
sures were transmitted by steel tubing to C. E.C, electro-dynamic pressure transducers
and associated instrumentation. This instrumentation resulted in punched data on a
paper tape which was in turn read and printed out by a computer. The computer also
calculated and printed out Mach number data from the pressure and temperature data
which comprised its input.

3. OPTICAL

High-speed Schlieren movies at 8000 frames per second were made of the flow in
the vicinity of the cavity for every condition tested. These movies were taken with a
Fastax 16 mm movie camera, modified to take 8 mm exposures in order to achieve the
desired frame speed. All photographs were taken with the Schlieren knife edge in the
horizontal position. In some cases regular-speed movies were taken from direct views
into the cavity, which was coated with ultraviolet sensitive oil, These pictures show
flow patterns on the model surface and cavity interiors.

4. DATA REDUCTION

In the 40" by 40" supersonic tests, simultaneous tape recording of all microphones
used required only about one minute total tunnel time for a given condition. One
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minute was considered the necessary time to ebtain a good sample of noise data.

- Atomatic readout and- printout-of pressure, . temperature, and &mh number required
only a few seconds. Thus data for a given run was back in the control booth usually
in about five minutes. In this way close check was kept on the data for unusual
occurrences,
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FIGURE 7 (c) . CAVITY CONFIGURATION
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FIGURE 9. TRANSDUCER LOCATIONS AND MOUNTING DETAILS
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IV = EXPERIMENTAL RESULTS - EXPLORATORY

In order to gain better insight into the problem of cavity response, a series of
exploratory tests was performeg with the arrangement shown in Figure 6. Three
cavity sizes, comprising lengths of 0.5", 1.0", and 1.5" were tested over a range of
subsonic Mach numbers from 0.2 to 0.9 and at a single supersonic Mach number of
3.0. In all cases cavity width and depth were held constant at 1.0", As discussed
previously, sound pressure levels were ohserved at either one or two points in the
cavity floor, depending upon cavity length, and at a point 1.0" forward of the cavity
in the tunnel wall. As a matter of interest, levels were also observed at a point in

the tunnel wall approximately 1.0", downstream of the cavity, Data were recorded on
a two-channe! tape recorder for later spectral analysis with a 1/3 octave spectrometer.

A. EFFECT OF MACH NUMBER

b a0 Lo I

Figure 10 illustrates the spectra of sound pressure observed in the cavity of 1.0"
length at each subsonic Mach number tested. The first clearly =discernible sign of
resonant response occured at approximately 0.2 Mach number, at which point the 1/3-
octave analyses exhibit a pronounced peak in the spectrum in the vicinity of 2000 cps,
and a lesser peak at about 8000 cps. The same peaks appear at a lower level in the
upstream spectrum, indicating that radiation from the cavity is taking place.

As Mach number is increased, there is a rapid rise in the sound pressure level
associated with the lower mode, such that a maximum level of 152 dE occured at Mach
0.665. Further increase of Mach number results in decrease of response in this mode up
to the limit of the tests, or Mach 0.86.

It is noted that the same Mach number which maximizes this lower-mode response
also represents the clear onset of response in another mode of higher frequency. This
responise, at approximately 8,500 cps, is visable in the spectrum at all Mach numbers,
but is of considerably lower level than that of the [ower mode up through a Mach num-
ber of 0,.665. Above that Mach number, however, a rapid increase in level of this
higher-frequency response occurs, such that at Mach 0,835 it is the predominant res-
ponse, with a SPL of 161 db.

Insofar as the frequency of response is concerned, an increase in Mach number
produces an increase in frequency of the lower-mode response, although the proportion=
ality is not a direct one. For example, an increase of Mach number by a factor of
approximately 4.0 produces a frequency increase of approximately 60%. The high-
frequency mode is noted to change still less with Moch number.

On the basis of these results and some indications of the early, simplified theory
(to be discussed subsequently), it was concluded that the response of this particular
cavity is more nearly that of acoustic resonance than of any other phenomena.

B. SUPERSONIC FLOW

Figure 11 gives the response spectrum of the configuration just discussed at u Mach
number of 3.0. It is interesting to note that essentially the same frequencies characte-
rize this response as characterized the high-subsonic response. The magnitude of the
response is quite different, however. The higher mode is not predominant, as it was
at 0.835 Mach number; and neither response exceeds 132 db. Of course the static
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pressure existing in the cavity is appreciably lower in the superscnic test. The level
of the boundary layer noise is also observed to be reduced, but not to nearly the extent
that SPL in the cavity is,

C. EFFECT OF LENGTH

The effect of cavity fength is illustrated by Figure 12 which shows the spectra ob-
tained from cavities of 0.5%,1.0",1.5" length at approximately 0.60 Mach number. Cer-
tain significant similarities appear. All three cavities, for example, exhibit a peak in
the 2700-3200 cps range, which is hypothesized to be the depth mode. The 1.5" cavit
appears to involve a more complex response. |t contains a very highly predominant pea
at 1700 cps which appears in no other case.

In explanation of these results, consider first the simplest calculations of modes
of an enclosure of 1.0" width, 1" depth, and lengths of 0.5",1.0" or 1.5". The
characteristic frequency equation is:

N CRCEC

From this the primary length and width modes are calculated as shown below:

Configuration M ny %2 f (cps)

D -1, w- 1 L- 0.5 1 0 0 5640
0 1 0 2820

D=1, W:=:1" L= ] 0 0 2820
0 ] 0 2820

D=1",w-=1", L=1.5" 1| 0 0 1880
0 ] 0 2820

in addition to the depth modes, it might be expected that the above mades should
appear. The 0.5" cavity exhibits none of these frequencies, and its response is assumed
to be entirely that of the first two depth modes. Although the 1.0" cavity appears to
have essentially the same kind of response, it will be noted that the peak occurs at about
2800 cps instead of 3200 cps, as it does in the 0.5" cavity. This corresponds to both the
tirst length and first width mode as tabulated above and may actually be that mode. The
results with the 1.5" length seem to support this since the predominant response is at 1700

cps, which is clearly the frequency of the first length mode. The peak at 5200 cps appears
to be the third length mode.

The sound speeds in the AEDC supersonic wind~tunnel for the various test Mach
numbers are tabulated below:

MACHNO. | 1.5 2.0 25 3.0 3.5 40 4.5
SPEED OF | 1160 1152 1160 1162 1182 1185 1205
SOUND, FPS
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UPSTREAM MICROPHONE

LOCATION
Cavity Configuration I
Length: 1.0 in.  Emm—
Width: 1.0 in,
Depth: 1.0 in.

FLow MLt

Microphone MACH NO, 3.0
Location:
Upstream 150

x = =1.13 Inches

140

130

120 .nJm\"\ M\
U w\\'\-wwd ! o

110

SPL -db

100

Microphone
Location:

Cavity Bottom 160
x =0,50 Inches

150

140 v

130

110
100 200 500 1K 2K K 10K 20K

SPL - db

Frequency - cps

FIGURE 11. SPECTRAL RESPONSE OF A 1" LENGTH X 1" WIDTH X 1" DEPTH CAVITY IN
SUPERSONIC FLOW
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V -~ EXPERIMENTAL RESULTS -~ AEDC

The more detailed tests were performed in the 40" X 40* supersonic tunnel at
AEDC, using the model of Figure 7. The procedure followed in the test program was
to obtain data at various Mach numbers at as nearly constant tunnel “g" as possible, and
then to evaluate the effect of "q" at one particular Mach number. Thus, unless other~
wise identified, all data presented were obtained at the maximum™g" of 5.00 psi with
one exception. At a Mach number of 5.0, it was not possible to obtain full "gq* without
condensation, hence all data at 5.0 Mach number were obtained at q = 2,68 psi.

A. BOUNDARY-LAYER CHARACTERISTICS
1. VELOCITY PROFILES

In order to define the conditions under which the data were taken, boundary
layer profiles were obtained for each tunnel condition. Figure 13 gives the results ob~
tained for Mach numbers of 2.0, 3.0, 4.0 and 5.0. The data points are plotted along
with two theoretical profiles. The solid curve in each case gives the conventional 7th
power law; the broken curve gives the profile calculated by the theory of Reference 8
for compressible flow., The indications are that the profiles existing on the model agree
reasonagiy well with those for fully-developed turbulent flow.

2, TURBULENCE SPECTRA

To further catalog the flow field in which the data were taken, a limited number
of hot-wire measurements of the spectrum of turbulence in the boundary layer chead of
the cavity were attempted. The measurements were successful at Mach numbers of 2.0

and 5.0; at other Mach numbers wire atirition precluded taking of the data In a reason-
cble length of time.

Figure 14 gives the dimensionless spectra of the longitudinal component which
were obtained in each case. At Mach 5.0, the spectrum was found to be typically ran-
dom. At Mach 2, on the other hand, the spectrum contains a very pronounced discrete
frequency, at 2580 cps. The origin of this periodicity is not known conclusively, but it
is assumed to be associated with the tunnel itself,

3. AERODYNAMIC NOISE

The microphone located upstream of the cavity afforded the determination of
boundary layer noise as further definition of the test conditions. Spectral analyses were
made at all test Mach numbers and at five "q" values for one particular Mach number.
Figure 15 illustrates the dimensionless spectra obtained at the various Mach numbers.
The level of boundary layer noise was found to decrease markedly with Mach number
when "q" was held constant. Figure 16 depicts the observed variation of the SPL of
three spectrum level samples. The levels at Mach 5.0 have been increased by 6.0 db.

since the "q" at that Mach number was approximately one=half that at all the other
Mach numbers considered.

The indications are that Mach number plays a large part in determining the
pressure level of aerodynamic noise. As shown in Figure 16, spectral levels of three

typical frequencies varied from around 110 db at Mach 1.75 to around 68 db at Mach
5, arange of 42 db.
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- -Figure 17 plots the averall level in terms of its ratlo to dynamic pressure as a

function of Mach number. It is observed that again a large effect of Mach nuniber Is
indicated. Implicit in the above mentioned figures is a decrease in static pressure with
increasing Mach number. This may be as much a controlling factor in the reduction of
sound pressure as the effect of Mach number. For this reason the static pressures corre-
sponding to the test Mach numbers are included on Figures 16 and 17,

The numerical values obtained for \/F/q are somewhat disconcerting in that they
are appreciably lower than those obtained in other investigations. This difference may
reflect the lower~frequency limitation in the present case, which for convenience of
analysis was 200 cps. The analyzer used had the capability of continuous analysis through
two decades, either 20 - 2000 cps or 200 - 20,000 cps. To obtain the full range from

20 - 10,000 cps required twice the analysis time; therefore, the analyses were limited

to a lower cutoff frequency of 200 eps. In view of the rising spectrum envelope at the
fow frequencies, it would be expected that the overall SPL may be appreciably higher
when frequencies down to, say,20 cps are considered.,

B. CAVITY RESPONSE

The results of the test program indicate that the pressure response of a cavity can
be categorized broadly as a dual phenomenon - a discrete frequency resonant response
and a random buffet response. The former is hypothesized to result from excitation of
the normal acoustic modes of the cavity; the latter results from the unstable nature of
the separated flow in some cases, which tends to permit an intermittent direct impinge-

ment of flow on the rear face of the cavity. As might be expected, the buffet response
is greatest for the larger cavities,

The discussion to foliow considers three aspects of the response, i. €.

1) The flow characteristics
2) The frequency response
3) The magnitude response

1. FLOW STUDIES

The characteristics of the flow associated with a cavity were investigated in de-
tail by means of high~speed Schlieren movies and static pressure measurements, and to a

lesser extent by oil~flow movies which permit visualization of flow conditions on the
floor of the cavity.

a. Schlieren Indications

Sizhlierenmovies taken at 8000 frames/sec indicate that the cavity induces a
highly unstable flow condition in some coses. A typical case is shown in Figure 18
which presents 12 consecutive frames from the movie of an 8" length 2" width and 2.5
depth cavity at a Mach number of 2.0. Each frame comprises the view shown by the
dotred lines in the insert and the boundary layer is identified as the white band in the
right corner of each figure. .

The instantaneous displacement profile of the separated boundary layer is seen
to assume a variety of shapes, reflecting an unstable, rapidly fluctuating flow state,
Although not clearly shown in this figure, the movie itself indicates that such extremes

are encountered at the front of the cavity and that there is sorctimes a shock rather than
the expected expansion fan.
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‘Further Investigation of the fluctuating boundary-layer displacement was conducted

"to détermine the time history of displacement at certain representative lengthwise stations

along the cavity, Figure 19 shows a sample of the results at Mach 2.0 for an 8" L X 2"
W X 1.5" D cavity. Here the locus of the free~stream side of the boundary layer (as de-

fined by Schlieren pictures) with reference to an arbitrary zero is plotted against time to
give the wave shape of displacement.

There appears to be a definite tendency to periodicity in every case, with a lower~
frequency predominance near the rear of the cavity. This latter trend is accompanied by
a pronounced increase in amplitude at the rear of the cavity as well. The maximum ex-
cursion Is observed to vary from 0, 18" at the 2" station to 0.6" at the 6" station. Simi-

larly, the ms value of displacement varies from ,052" at the 2" station to . 161" at the
6" station,

Further evidence of the periodicity of this motion is afforded by the correlatich

between various pairs of points along the streamwise dimension. Correlation coefficients,
defined as

T T,

N —
,,2"2

To VTy

were determined numerically from the time history records for a cavity of length 8",

width 2*, and depth 1.5" at Mach 2.0. Figure 19b gives the correlation diagram which
was obtained therefrom. The curve is very similar to that assoclated with a periodic wave,
especially in the rather high degree of ne?ufive correlation obtained, On the premise of
periodicity, indications are that the wavelength is of the order of 4.8 inches (toking the
average o{ positive and negative abscissae intercepts). This corresponds to a frequency of

f=c=1100x12 = 2750 cps
~ TE&E

Reference to Figure 27a indicates that the predominant pressure response of an 8"
cavity occurs at 2200 cps, at which frequency the sound pressure level in the cavity is af
feast 10 decibels above that of any other frequency,

These fluctuations of the boundary layer show a strong correlation with cavity
dimensions. At a given Mach number, the fluctuations become very small when cavity
depth is decreased to 1". Conversely, they become larger as depth 1s increased. Figure
20 illustrates this tendency for depths of 1.0%, 1,5" and 2" at statlons 2* and 5" from
the cavity leading edge. The change in maximum excursion between a depth of 1.5"
and 1" is quite apporent, particuldrly in the rear of the cavity, Where a maximum ex-
cursion of 0.6™ occured at the 5" station for 1.5" depth, the maximum isonly 0.3" for
1" depth. At 2" depth, the maximum excursion is 0.7".

As would be expected short cavities do not show nearly the instabilities that are
shown for the 8" cavity, the separated flow being cble to bridge the gap. The Schlieren
movies reveal that there are fluctuating displacements in the case of a short cavity, but
these appear to be more in the nature of an inphase motion throughout the cavity rengfh.
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Ce:ﬁsﬂn other features of the flow over a cavliy become evident in the pictures, however,

~as shown in Figure 21. Here the cavity is short eneugh (1" length) that the field of view

of the camera peimits observation of the flow for some distance downstream of the cavity.
Clear evidence of a periodic disturbance in the boundary layer is seen. Presumably this

Is a traveling-wave disturbance} which is probably also present with long cavities as well.

A sample time history for the 4" cavity length is shown in Figure 22 in the interest
of completeness. Comparison of this figure with Figure 19 shows that the fluctuations are
greatly reduced at the 4" length.

b. Oil-Flow Movies

Model-fabrication considerations precluded the possibility of direct Schlieren
view of flow conditions inside the cavity. Therefore in an effort to gain insight into flow
conditions therein, a limited number of movies were made with the floor of the cavity
coverad with a film of oil containing luminescent particles in suspension. lllumination of
the model with black light then made the oil clearly visible. These were not particularly
revealing, although there was definite indication of a vortex within the cavity in some

cases, Figure 23 shows the photographs for lengths of 0", 1/2% 1*, 2", 3", 4", 5", 6",

7", and 8", The view shown is almost directly into the cavity, with flow from left to
right at @ Mach number of 2,0, At length 1/2" the oil tends to collect in a lateral line
about halfway back in the cavity. The same pottern is evident in the 1" cavity. In the
2" cavity there is clear indication of a vortex formation which seems to have a vertical

axis. At longer length there is some slight indication of the same sort of formation, al=-
though it is not as clearly defined.

c. Static-Pressure Indications

Static pressures were measured along the cavity floor in all cases. Some runs also
had pressure pick-ups on the front and rear walls. Rear wall pressures were usually of the
same magnitude as the rearmost floor pressure for a given conﬁguraﬂon whereas front wall
pressures were usually from zero to ten percent higher than front floor pressure. Due to
the scatter and Incomplete wall datq, fﬁe following discussion Is concerned mainly with

floor data, The model local static pressure Is giver In all figures In this section, and Its
relation to cavity pressures can be seen.

(1)  Effect of Depth: The depth of an 8" long cavity was varied in half~inch steps from
T"to 3.5" ot all Mach numbers. The daia obtained at Mach 2 is typicai of that
for the entire program (Figure 24). A trend of increasing cavity pressure with in-

creasing depth is shown. Pressure profile shape does not change appreciably but is
a little flatter for shallow cavities.

(2)  Effect of Length: Variation of length has several effects, as indicated in Figure 25.
The Front floor pressure decreases with increasing cavity length to a point and then
rises again. For cavities greater than 4" length, the rearmost floor pressure is con-
siderably higher than that anywhere else ir the cavity. At high Mach numbers this
wus not true, however, the floor profile being almost flat. Llowest floor pressure

occured approximately two-thirds of the way back on the floor regardless of actual
length.

WADD TR 61-75 43




USRS Rl |

(3) Effect of Width: Variation of width from 4" to 2" did not change floor pressures, but
"did produce the highér pressures measured on the front wall which were mentioned
previously, No other effects of width changes were observed.

(4) Effect of Mach Number: Increasing Mach number in general gave more scatter in date
Tor @ given location, and length and depth effects do not show up as well. The floor
rofile becomes flatter with increasing Mach number (Figure 26). At low Mach num-
ers, the rear wall pressures were slightly less than rear floor pressures while at high
Mach numbers, the rear wall had slightly higher pressures.

(5) Effect of *q": Increasing "q" from .77 to 5.1 psi at Mach 2.5 produces a general in-
crease in all cavity pressures. Floor profiles tend to be flatter at very low "q* and
assume the typical shape at high “g".

2, CHARACTERISTIC FREQUENCIES ’

The typical response obtained in both the exploratery and AEDC tests is o discrete
frequency response confaining several peaks. Some of these are harmonic, or nearly so,
and some are not, Additionally, the spectrum may contain a random low frequency
response which is referred to herein as "cavity butfeting". To illustrate a set of typical
responses, Figure 27-a gives the spectra for all lengths tested at a particular Mccz num-
ber, in this case M = 2, Figure 27-b illustrates the effect of "q" on the spectrum of res=-

ponse.

a. Effect of Dimensions

Figure 28 gives a composite plot of all discrete frequency components which are dis-
cernible from the spectra obtained at Mach 2.0. In the sense of a preliminary orienta-
tion as to the response frequencies, a family ot harmonic curves is shown along with the
data. To obtain these curves, a single curve was faired through cll data points relating
to the second lowest discernible component (selected instead of the lowest component
because of its sharpness). The harmonic curves were thus normalized on this as a base,

This figure illustrates the point just made. For any length the frequencies observed
are nearly harmonic, but not quite so, and there are usually one or two extra points, |t
is apparent that there are so many frequencies excited that almest any hypothesis can be
supported, depending upon how the data are viewed, For that reason, the final analysis
of the entire response spectrum will be discussed in that section of the report wherein
theoretical and experimental comparisons are drawn.

For the present, certain conclusions seem warranted by the data for the first four
response frequencies. First, the trend of the lowest-frequency response, hereaofter re~
ferred to as "1st mode, " is suggestive of an inverse relationship between frequency and
cavity length. Also, the 1st mode and the 2nd mode frequencies are almost exactly
harmonic. Thus it might be concluded from these experimental data that at least for the
first few modes

f oo n/Lx where n=1,2, 3, etc.
L
"X

Y

cavity length

WADD TR 61-75 44

i bty %

o et w4 W oty S il Wi




v

ERE LA

[IRL R (cB31

T b BTl Ly

R . R

Figure 29 gives a comparison of the ex[:erimental daté for ﬁ?ch of théfffi[flsf fg:dltn;ode
e scope of the r an

wlth the curve depleiting this relationship.
perhaps bring info ﬁerSpecfive other parameters, data are plotted for the 1" depth along
with the 2.5" depth, and for a 4" width and 2.5" depth as well.

n erder to broaden

For lengths from 4" to 8" the 15t mode data seems to follow the f eX /L, curve
very well, regardless of cavity width or cavity depth. For lengths of 2" and less, how-

ever, the lowest observed experimental frequency is appreciably less than indicated by the

f o n /L, curve. The same trend appears in the 2nd mode comparisons. For the 3rd
mode, the divergence between the o n/Lx curve and the data is perhaps not as great,
but there is a markedly higher degree of scatter.

These results seem to indicate three broad conclusions:

1. The cavity response for long lengths is a different phenomena from that for
short lengths, perhaps corresponding to the difference between length modes
in the former case and depth modes in the latter.

2. A factor of 2 chonge in cavity width has little or no effect on frequencies.of
the first two modes, considering lengths == 4", (this is not to say that there
will not be a definite widih effect on some of the higher modes.)

3. A factor of 2.5 change in depth has no appreciable effect on the first two or
three modes of a large cavity, again considering lengths > 4,

b, Effect of Mach Number

The observed effect of Mach number is shown in Figure 30. Here the Ist mode is
selected for study, and data for Mach numbers of 2.0, 3.0, and 4.0 are plotted together
to determine if any systematic effects occur.

In general, the indications are that the effect of Mach number is small. With the
exception of the data at 2" length and at 4" length, in every case the points at different
Mach numbers are almost coincident.

As discussed previously, the 2" length was found to produce clear indication of a
vortex within the cavity. This factor, which suggests that a different flow regime exists
at that length, may be the cause of the wide spread in response frequencies shown in
Figure 30 at the 2" length.
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3. AMPLITUDE RESPONSE

In consideration of the amplitude response both the buffet and resonant contributions
must be considered. These are discussed individually in the following:

a. BUFFET RESPONSE

oo tind ool A o

The buffet response of the cavity is characterized by a random spectrum which H
reaches its maximum value in every instance at the lower limiting frequency of the *
analyses, Thus, there is some uncertainty as to what the frue maximum may be., Some

few analyses made with 100 cps as the lower limiting frequency still showed a risin

spectrum envelope. Thus, in view of the uncertaintyregarding overall level, all dis-

cussion of this facet of the response will be confined to representative spectrum-~level
variations.

(1) Effect of Cavity Dimensions: Figure 31 illustrates the effect of cavity length and
cavity width on the Tevels observed in 50-cps bands centered at 200 cps and 400
cps. The upper giaph gives the results obtained at Mach 2.0 for a 2" width; the

*  lower graph gives corresponding resuits for the 4" width. The indications are that
there is approximately a 10:1 (20 db) increase in buffet level over the length range

tested. The buffet response reaches a maximum at the &" length and remains con-
stant for greater lengths,

The 4" width exhibits about the same response, both in maximum value and minimum
value. There is one notable difference, however; the maximum response is reached
with a shorter iength of 4" in the wider cavity.

(2) Effect of Depth: Although the 2" and 4" widths show very similar buffet response at
Z.5" depth, They show markedly different levels of response as depth is system-
atically varied. Or more precisely, the good agreement shown in the preceeding
figure is perhaps only a fortuitous result, for Figure 32 indicates that as depth is
varied in an 8" cavity the width becomes an important factor. The 2" width cavity
produced a buffet response which increased continuously throughout the range of
depths tested, whereas the buffet response of the 4" wic{fh cavity reached its maxi-
mum at 1.5" depth ond decreased therecfter. This result suggests that cavity vol-
ume, as well as length may be a conirolling parameter in butfet response.

(3) Effect of Mach Number: Figure 33 depicts the effect of Mach number on the buffet

response of a given cavity. Sound levels decrease rather uniformly with increasing
Mach number.

(4) Spatial Distribution: The streamwise variation of buffet levels in an 8" cavity are
shown In F?ure 34, The highest levels occur in the rear of the cavity, as might

be expected. A difference in level of the order of 15 db. exists between front and
rear of the cavity.

b. RESONANT RESPONSE

The amplitude of the resonant response is considerably more difficult to categorize
than that of the buffet response since it involves presumatly the characteristic distri-
butions of a number of different modes. The following discussion will attempt to derive
from the voluminous data obtained certain conclusive indications of a general nature.
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The distribution of sound pressure inside a given cavity is, of course, a matter of
interest. This facat of the response is best studied with a long=cavity configuration,
where data are available from a rumber of microphones. Figure 35 shows the distri~
butions of pressure in the first four modes as observed in the streamwise direction on the
centerline of the floor in a cavity of length 7" and depth 2.5". The Mach number for
this example is 2.0,

The most general result indicated is that, regardless of the shape of the distribution
curve, there is a pronounced tendency for the response to be greatest near the upstream
end of the cavity. Or, stated another way, it appears that whatever typical response
exists, it is subject to the superposition of what is probably an exponential decrease of
intensity in the streamwise direction. It is observed that this is directly opposite to the
buffet distributions.

Now consider the individual responses. In the first and third modes there is a
definite tendency for a standing-wave type of distribution, perhaps as shown by the
curves which have somewhat ar%ifrarily been drawn through the data. On the other
hand, the distribution for the second mode has very little tendency toward periodicity
but accentuates the exponential decrease.

The same sort of cyclica | response as that just discussed for a given length occurs
at a given point as the length of the cavity is varied, For example, Figure 36 (a) shows
the response at a point 1/2" from the leading edge of a cavity whose length was system-
atically increcsed from 0.625" to 7" at a Mach number of 2.0, Cavity depth was held
constant at 1" and width at 2", Extremely wide variations of pressure are found to oceur
in each of the first three modes. The pressure at this particular point was found to reach
a maximum when the length was adjusted to 2", and to decrease sharply as length was
further increased. At the 5" length a minimum was recorded, and at still greater lengths
another substantial increase in level occured. Perhaps it should be noted that two un-
usual conditions are associated with the 2" length. First, at this Mach number, both
the hot=wire turbulence spectrum and the upstream boundary=layer-noise spectrum showed
a strong periodic component. In the turbulence spectrum this occured at about 2580 cps.,

In some cases the cavity response has a peak very close to this frequency. This may
only reflect cavity response off-resonance to discrete-frequency forcing, but it may also
reflect coincidence of the discrete input with a cavity resonance in which case a very
large response would be expected.

Secondly, the oil-flow movies revealed that the 2" length permitted a pronounced
vortex formation in the cavity, which could also change the response greatly.

Further indication of the possible uniqueness of this response is offorded by the ser
of partial curves at the right of Figure 3610). These were obtained under precisely the
same conditions as the other data, ' except that the depth was held constant at 2.5 in-
stead of 1*. Unfortunately malfunction of the cavity drive mechanism precluded the ©
setting up of lengths less than 3", so that the response of the 2" length was not obtained
at this depth. Even so, from the data at lengths greater than 2" it is apparent that this
deeper cavity represents a quite different situation. It is also clear that over most of the
common range of lengths of the two sets of data, pressure response in the 2.5" depth is
several orders of magnitude greater than that in the 1" depth. This result is certainly
consistent with the indications of Figure 21, which led o the conclusion that the bound-
ary-layer fluctuations of the 1" deep ccvity were considerably less than those of the 2.5"
cavity,
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Figure 36 (b ) gives a comparable plot to that of Figure 36 ( a ) but a Mach

numberof-370. ~Two things are evident. First, the maximum levels are of the order

of 30 db. lower than those at Mach 2.0, a result which is compatible with the re-
duction of boundary=layer noise between those same two Mach numbers. Secondly,
there Is no evidence of the extremely high levels at the 2" length, Rather the

levels in that vicinity tend to exhibit a more cyclical variation of the type that would
be expected of a resonant response.
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VI - COMPARISON OF THEORY & EXPERIMENT

In moking comparisens of theory and experiment, it will be helpful ta consider first
the cases where the simplified theory may be expected to apply. This has the merit of
considering the simpler responses first, and determining the factors which limit the range
of applicability of the simplified theory. Then the more general cases, in which both
depth and length modes appear, can be considered with better insight.

A, SHORT CAVITIES
1. SUBSONIC

The simplified theory is predicated on the assumption that the modes in which the
cavity responds are predominately depth modes; that is, no standing waves in either the
streamwise or tranverse directions are considered. While this approach would hardly be
realisiic for lung cavities, there is evidence that it may be adequate for short cavities.
To explore this possibility, consider first the data for a 1/2" length X 1" width X 1"
depth cavity from the tests conducted at Lockheed.

a. Frequency

Equation (61) gives the calculated amplification of pressure which would be expected
between the bottom and top of a cavity Calculation of a complete family of response
curves by this equation yields the results shpwn in Figure 37 for Mach numbers from 0,1
to 0.9. First consider the implications of these curves. They are the following:

1) The cavity should exhibit two responses {(within the frequency limits of 0-10,000
cps) at all subsonic Mach numbers.

2) The frequency of these iwo resonant responses should decrease slightiy with
Mach number.

3) The low frequency mode should predominate at all Mach numbers. However,
increasing Mach number causes lower response in the low mode and a more
predominant response in the higher mode.

Figure 38 gives the measured response spectrum of the 1/2" X 1" X 1" cavity
throughout the subsonic regime. It is observed in the way of generalities, that the first
of the above theoretical conclusions is confirmed by the data. There are two principal
frequencies of response. Sccondly, the experimental response frequency has a slightly
increasing trend with Mach number as opposed to the theoretical prediction. Thirdly,
the lower mode becomes less predominant with increasing Mach number and the second
mode amplitude response increases with Mach number, however the increase is very
much more predominant than predicted by the theory.

Thus, the predicted general trends are found to occur. Now consider the numerical
agreement between theory and experiment insofar as response frequencies are concerned.
Figure 39 gives a comparison of calculated and measured frequencies for the 1/2" X 14
X 1" cavity throughout the subsonic Mach number range. In general the agrecment is
rather good, particularly in the first mode. As a matter of fact, numerical agreement
between theory and experiment in the 2nd. mode is also quite good up to about 0.7
Mach number, although there appears to be a divergence between the observed and
calculated trends.

All factors considered, it is felt thot the general and numerical aspects of the com-
parisons of Figure 39 support the hypothesis of a resonant response of the short cavity in

ite denth modes.
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Now consider the situation with o longer cavity. Figure 40 gives a comparison

width X 1" depth cavity at subsonic Moch numbers. Unlike Figure 39, this does not
give a depiction of all experimentally-observed frequencies for it is apparent from
Figure 12 that there are frequencies in the response of this cavity which are not repre-
sentative of depth modes. The intent here is to show that the simplified theory does
account adequately for a part of the total response. This is evident from Figure 12,
which indicates that the theory accounts reasonably well for most of the response fre-
quencies.

A pertinent analytical result can now be considered; that is, the effect of cavity
length on frequency of the depth modes. For the present this wili be confined to the sub-
sonic flow regime. Figure 41 gives the calculated variation of frequency of the first two
modes of the cavities used in the exploratory tests, as cavity length is increased. A Mach
number of 0.6 is considered. As a matter of interest the experimental frequencies from
Figure 12 are included for comparison with theory at 0.6 Mach number.

It is observed that the first-mode frequency decreases with cavity length throughout
the range of lengths considered, and this is verified by experimental results. Theoretical
results for the second mode show the same frend.

b. Amplitude Response:

Equation (61) derives the amplitude response in terms of amplification of pressure in
the cavity. This approach was followed in order to obtain results that are independent
of the input itself, the premise being that this yields a more general theory. Such an
approach is analogcus to the derivation of the transfer function, or impedance of a
mechanical system which can then be considered for any arbitrary input.

In the present case, however, difficulty arises in definition of the input. The
boundary:-layer noise existing in the flow could conceivably be viewed as the input.
On the other hand, any instability of the separated boundary layer which results in
time-variant displacements of the separated layer may well constitute o velocity input.
In the practical case, much more convenience is associated with assessing the boundary-
layer noise than the Fluctuating boundary-layer displacements. For that reason it was

decided to explore first the possibility of obtaining satisfactory results using bourdary-
layer noise as the forcing function.

In order to make the comparison of calculated and measured amplifications it will
be necessary to reduce the theoretical and experimental results to a common basis of
analysis. Becouse the input is random, the experimental response levels represent the
output as integrated by the cavity over its resonant bandwidth, and the input level rep-
resents integration of a random signal over the frequency limits of the appropriate
1/3-octave filter. Theoretical results, on the other hand, are calculated in terms of
response to sinusoidal input of variable frequency; as such they are the spectrum level
of response.
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- For purposes of comparison let the amplification p/p, be defined as:

P/ Po = Pa f/ pspecf.

where

Pspect is the spectrum level of boundary-layer noise Ppf is the response as
integrated over the theoretical half-power limits of the frequency response characteristic.

Let it further be assumed that the 1/3-octave response level for the output is entirely
composed of P 5 ¢, having no contributions from frequencies outside these limits. The
theoretical results can then be put on a comparable basis with experimental results and
plotted. Figure 42 gives such a plot for the first and second modes of the 1/2" X 1" X
1" cavity, where the amplifications shown are (1/3 or;tcwe)/pspecf .

The indications of this figure are quite encouraging. For both the first mode and the
second mode the agreement between theory and experiment is quite good. Actually,
it would appear that the implications of this agreement are of more consequence than the
agreement itself, for the use of boundary-layer noise as the forcing function seems to be
a realistic and satisfactory practice. As mentioned above, this will permit much better
utilization of the results since both the characteristic spectrum and intensity variations
of boundary~layer noise are now fairly well catalogued in the literature.

It should be noted that because the simplified theory considers only depth modes,
the streamwise distribution of pressure within the cavity is constant. That is, the pressure
at any point on the cavity floor is theoretically the same. Of course, pressure will vary
on ulrverficcl surfacks, with a maximum oceurring at the bottom of the cavity and a
minimum at the top.

2. SUPERSONIC

a. Frequency

Figure 43 gives a comparison of experimental response-frequencies with calculated
frequencies for the 2" length X 2" width X 2.5" depth cavity at Mach numbers from 1.75
to 5.0. Consider first the theoretical results. Four modes were found to exist at fre-
quencies below 10 ke in most cases. These are non-harmonic, Unlike the results at

subsonic Mach numbers, the frequency of a given mode does not vary appreciably with
Mach number.

The data points indicated by squares are seen to follow the theory curves very
closely. Several interesting points arise in this regard. For example, the theory pre-
dicts the first mode to occur in the vicinity of 1800 to 2000 cps, but no resonant res-
ponse was observed at this mode. The reason apparently lies in the omplification;
although the theory indicates the presence of the mode, it also indicates extremely
small amplifications. The calculated amplification was only of the order of 0.5db as o

maximum. In view of this, it is not surprising that the experimental response spectra do
not show such a resonance.
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It is interesting to note also that for this cavity not only are all depth modes pre-
" dicted accurately by the theory, but these are the only responses which appear in the

measured spectrum. Thus the theory adequately predicts the entire frequency response
of this cavity at all Mach numbers.

b. Amplitude Response

Figure 44 indicates the measured and calculated emplitude response of the 2" length
X 2" width X 2.5" depth cavity at all Mach numbers tested. In general, the calculated
spectrum of amplification shows agreement with the experimental spectrum in its fre-
quencies, as was indicated by Figure 43, but the agreement in amplification is rather
poor except for the Mach 3 case. In this case the amplifications are in fair agreement
for the 1st and 3rd modes. The experimental amplification of the 2nd mode is much
higher than calculated, but judging from the sharpness of the response curve, a part of
this may be due to the filter bandwidth used in analysis. The spectrum shape is indicated
correctly only if the width of the resonant peck is large relative to the bandwidth of the
filter used in analysis (50 cps). This does not appear fo hold for the second mode, hence

the filter output may be taken as indicative of the response integrated over its own band-
width.

Further comparison of theory and experiment is afforded by Figure 45, which con-
slders shorter cavities at a Mach number of 2,0, Cavities of 1" length and 0.5" length
are considered for a constant width of 2" and depth 1", In both of these cases the
agreement is considered to be rather good, particularly for the 1" length.

The results of Figures 44 and 45 tend to add further confirmation to the conclusion

that the simplified theory is adequate only for cases wherein length/depth is less than
unity,

B. LONG CAVITIES
The experimental evidence presented herein indicates that in cavities of length~
to-depth ratios greater than approximately one, there is significant response of the
cavity in its length modes. There may also be excitation of depth modes, as was shown

to be the case at L)(/Lz = 1.5 in the exploratory tests, but predominance of the length
modes is to be expected.

Consider the cavity of B" length, 2" width, and 3.5" depth, Figure 46 gives o
comparison of the calculated and measured sound~pressure spectra at @ point on the
bottom of the cavity 0.5 inches from the leading edge at o Mach number of 2.0. The
theoretical spectrum is calculated from Eq. (58). In order to obtain absolute values
for the calculated pressure spectrum, it is necessary to obtain either a theoretical or an

empirical value of source strength A. In the present case A was evaluated empirically
as follows:

At distances T >> % from the source, the sound pressure can be written as

. ~-iwt
ppz Lwole » Ppmg™ —gA

hymr
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The spectrum of pressure response at the point of interest in the cavity was
observed at a high frequency (6000 cps), which was off resonance. At such a
frequency the rgquirement tKot r>> A is at least approximated, since A =
2.2 inches and (r) avg. = 5.2 inches, assuming the source to be located at
random in the plane of the cavity opening. From the spectrum - level pressure at
6000 cps_and 1Ee average r,the source strength was computed as A6000 oS
46.8 cm3/Sec. P

To be useful, the spectrum of source strength must be determined. In view of the
relatively flat slope of the turbulence spectrum shown in Figure 14 it was hypothesized
that

A(w) = constant = 46.8
for the case under consideration; i.e., a constant-velocity source is assumed..

Within the limitations of the assumptions made regardihg source s trength and
characteristics, Figure 46 indicates reasonably goed agreement between calculated and
measured spectra . While there are some appreciable differences between theoretical
and experimental amplitudes, it seems clear that the phenomenon of cavity response is
correctly defined by the theory.

Some further insight into the phenomena is afforded by the tabulation below,
which compares calculated and measured resonant frequencies and identifies the nature

of each by its modal description

RESOMANT FREQUENCIES, 8" L X 2" W X 3.5"D

Feal . " Fmeas Modal Description
600 560 -1 n =0 9, = 9,
800 -- ne*? n, =0 9, = 9
1450 1350 n. = l n, - 0 9, = 9
2200 2250 n, - 2 ny =0 9, = 9 9,
3250 3150 n =3 n =20 g — g

x y n “c
4050 4000 n, = 1, 4 n, = 0 9, = 94, 95
4550 4850 nx = 5 ny -0 gn = go
5600 5600
-~ 6550
7600 7000
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An interesting point arises in connection with the first two calculated frequencies.
Theoretically, two resonances should occur, at 600 cps and at 800 cps. .In this case
only one resonance Is indicated, However, Figure 27 shows that in many cases the
analyses are made with sufficient definition (50 cps) to distinguish between the two
modes in the way of a double-peaked curve.

Figure 47 gives a similar comparison of theory and experiment for a 4" length X 2"

width X 2.5" depth configuration. In this case, the resonant frequencies may be iden~
tified as follows:

RESONANT FREQUENCIES, 4" L X 2" W X 2.5" D

Feal. feas. Modal Description

1250 1325 n,=1 n, = 0 g,=9;5
1800 - - n, =01 ny=0,0 %, = 9,
2450 2700 n. =1 ny = 0 g,=9
3950 3850 n,= 2 n, =0 8, = O
4400 4250 n.=12 n, = 0  g,=6y 8,
5250 5750 n, =1 n, = 0 g, = 82
6000 6500 "x=2 ’ ny=0 B, = 9
7600 7600 n, = 2 n, = 0 8, = 83

The comparison of theoreticol and experimentul response spectra given in Figure 47
indicates reasonably good agreement for the lower-order modes. At the higher modes the
theoretical specirum tends to overemphasize the response. In this regard, it should be
noted again that the theoretical spectrum shape is directly related to the assumed spectral
distribution of A, and the absolute pressure levels are directly ralated to the magnitude
taken for A, Obvlously the evaluation of A from the sound pressure on the cavity bottom
will over estimate source strength by virtue of the reverberant characteristics of the en-
closure, which reinforces the pressure above the assumed free-space level.

Further uncertainty exists in the hypothesized spectral envelope of A. As discussed
previously, the colculations depicted in Figure 46 and 47 are based on a source strength

which is independent of frequency, since the spectrum of turbulence was found to approx~
imate this condition.

On the other hand, the envelope of sound pressure measured in the boundary layer
follows more nearly a  1/w  type of variation, Thus the assumption that A (w) ¢ 1 /u
may well be a better approximation to the actual conditions. Certalnly this would yleld
a more representative response envelope as judged from the measured enveiopes.

.., A further point regarding the higher-order modes is that appreciable air dissipation
will increase the damping at the frequencies involved here. é?nce this is not accounted

for fhjoreficolly, some overestimation of the higher order modes Is probably to be ex=
pected.
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FIGURE 37, THEORETICAL AMPLIFICATION OF SHORT CAVITY

WADD TR 61-75

84




mpr vt T IR 4:13«3&.#: HpRap Qw3 g

MOTd DINOSENS NI ALIAYD H1dIA ol X H1QIM « | X HIONT] wZ/1 V¥ 40 V38153dS ISNOISTY AYOLvIOXT “8E JNOI

sdo - Aouanbaig sdo - Aouanbaiy
A0t A6 p. 4 Al 00s 00¢ 001 01 AS AL At 00s 00 00 _oo
l
.
. , . ol
! - . O wy L&/ 0Zi m
| ’ _ =il 7} :
o
| v el &
: { GEE® YI°W
; ~ _ 8—.
_ Jool4 K41a0D) wosysdn
: sayoul (G°0 = X SPULEL"[-= X |0
| 00l
| _ \ . =
m _ P 7){ g} / otl
[ r \ j\ﬁ.‘.{ (W 7 (; oct x
| Lﬁs n .JﬁL W 0El &
662" YPW %
> 4
Joo|4 A11anD woaysdn
saydou! 0G0 = X sayoul gl l-=Xx oSt
W ” 00!
| SR} N
_ ; mye i otl
w | i W I\ M, .
” 3
. 74 s
: . 4 / "\ , C,g -~
, , 1
M m F. P’ cel o
1 0C" YoPW
Jc0}4 Aj1aDD woasysdny ovi
saysul 06°0 = X mwso.:_ .m_ fl-= % oSl

WADD TR 61-75



d»or S .

sdo - Aosuanbauy

p (4]

("psucD) ‘g€ "OH

sdo - Aouanbauiy

AG

Y2DW

e

Joojg A3ir0D
Pyoul G ) = X

wn

gl i-= X
1 1

4

ioo] A11A0D

sayoul 06 0 = X

seyoul £1° |

f
RIS RN

00!

oll
A
ocl
orl

0s!

091
oLt

A
oel
ovl

0ct

091
oll

oc!

oct

ovl

oS!

091

ap - 1ds

86

apP ~ 1dS

ap - 1dS

WADD TR 61-75



Aol

AS

(*pucD) -ge NI
sd> — Asuanbaiy

AZ

M 00s

e T

3
_%
2

10014 A1140D

sayoul 69 = x

GLL” YOW

Jool4 A11AnD
ssyaul Q= X

GLL® YOW

ENRF

woaxsdn

sayoul gl |- = x

00e ool

oLt
1741
ogl
orl

oSl

091
oLl

174

oel

orl

osl

091
otl

ozl

otl

ori

oSl

091

9P - 1S

9p - 1dS

9P - 1dS

87

WADD TR é1-75




Srie

Resonant Frequency, psi

WADD TR 61-75

12,000

10,000

8000

6000

4000

2000

Mach Number
FIGURE 39. COMPARISON OF THEORETICAL AND EXPERIMENTAL

0” ‘ Ekperiment
—— | Theory
—— | 2nd Mode
\
v\-\—
0 o
Ist Mode
0o O]
® o—009
0]0) D
P
.2 4 .6 .8 | ‘.0

RESPONSE FREQUENCIES FOR SHORT CAVITY

Length = 0.5"
Width = 1.0"
Depth = 1.0"

88




R S 2

H | 12,000

10,000
& 8000
Q
i
>
Q
| =4
v
2
g
w6000
€
g
2
o
4000
2000

WADD TR 61-75

e nin e o T M £ M L0

Mach Number

FIGURE 40. COMPARISON OF THEORETICAL AND EXPERIMENT:A L
RESPONSE FREQUENCIES

Length
Depth
Width

].5“
]”‘)n
1.0

89

e |Theory
© |[Experiment
2nd Mode d
(O]
Tsl Mode
o 0
0]
O . s
0 0.2 0.4 0.6 0.8 1.0




S e i L

12,000 T
— M=z=0.6 Calculated
© M=0.6 Experiment
10,000
d
2rd Mode
™~
8000 <>\\ \C}
a
QO
]
& 6000
0
D
o
o
u
4000
¢
'\\\(D\\ c> Ist Mode
2000 —=
0
0 .5 1.0 1.5
Cavity Length - in.
FIGURE 4). THEORETICAL EFFECT OF CAVITY LENGTH

WADD TR 61-75

ON FREQUENCY OF DEPTH MODES

Width = 1.0"
Depth=1.0"

90

2.0

ot e Gl V0 e




B

(RS Rlens B

e

60

Amplification - db

Amplification - db

P8
Q

[0
(=)

60

PN
[en]

[ >4
o

(O]
Q D o
T —o—
Ist Mode
Theory
© |Experiment
0] 0]
© O
h
0]
2nd Mode
0 0.2 0.4 0.6 0.8 1.
Mach Number
FIGURE 42. COMPARISON OF THEQORETICAL AND EXPERIMENTAL

WADD iR 61-75

AMPLITUDE RESPOINSE

Length
Width
Depth

91

'5"
] 'Oll
- ] '()Il

i




R A I A R

e e ————— e

12000 , T
o} Experiment
s Theory
10000 25—
[t
Q
8000 i
8
]
o
g' 6000 : o g
[V »
&
® 4000
= el
2000 e
0
0 2.0 3.0 4.0 5.0

Mach Number

FIGURE 43. COMPARISON OF THEORETICAL AND EXPERIMENTAL
RESPONSE FREQUENCY FOR A 2" LENGTH X 2" WIDTH
X 2.5" DEPTH CAVITY AT SUPERSONIC MACH NUMBER,

WADD TR 61-75 92

R A i ,.mwwmmiﬂﬁm‘“ ‘x




§ R I AN RN

WADD TR 61-75

+30
__Mdch 2
mme——- Experimental
=====Theoretical
+20
Depth =2,5"
Length =2,0"
Width =2,0"
+10
/‘\\
/N
A \
Q\An
0 /’—-n——-;' /\
$ / /
! /
& /
]
5 -0 / /
b
- Mach 3 A
‘g +10 —l\
2 |
3 Depth =2.5" / \
v Length =2,0" / \
Width =2,0" \
/
0 \
7/ N\
/
/
/
1o / A\
/
/
/
{ /
~20 —
/
/
Z
1000 2000 4000 7000 10000
Frequency - cps
FIGURE 44, COMPARISON OF CALCULATED AND
MEASURED RESPONSE SPECTRA
93




T e o 48

L

Cavity Amplification ~ db

+20 I
Mach 5
e Experimental
h
= « = Theoretical n
+10 | A
Depth =2.,5" \\ | {
Length =2,0" | \
Width =2,0" \l ] ‘
0 \ 4 \
A
I,\
\ /
I\ yd
10 — T A D
/
/
/ N ‘
' /
/
/
/
/| /
40 L2 _
1000 2000 4000 7000 10000

WADD TR 61-75

Frequency - cps

FIGURE 44, (Cont'd)

94




b ARG

1

+20
Mach 2

+10 , /

Depth =1.0"
Length =0,5" /
width =2,0"

-,
-

— EXpErimental /

e == = Theoretical  /

/
«20 y4

Mach 2

Cavity Amplification - db

+10

Depth =1 ,0"
Length =1.,0" ~
Width =2,0" A

-10 /

/
/

s
7

20LL
1000 2000 4000 7000 10000
Frequency - cps

FIGURE 45. FURTHER COMPARISON OF CALCULATED AND
MEASURED RESPONSE SPECTRA

WADD TR 61-75 95




sd> - Asusnbaij

*ALIAYD H143Q «6°¢

| X HIGIM oZ X HLONTT «8 V¥ SO V¥1D3dS ISNOJSII JRNSYIW ONV d3iVINDTVD 40 NOSHVIWOD 97 FdNOId

i 0000t 000/ 000G 0002 0002 0001 004 00s 00C
“ 1 T ¥ T T—T T _ T 08
1ojuswIadxy ~
2/ jPo143108Yy] ~———
‘ 06
A A
A
M . ~_/ 00t
e
\ —
7
| | AL LN
| ~ N o1t
_. AT VAR
‘ 1 / 1 -
H : . } & ' -
W \-,\\
|/ /
Y4
7 _ \ oct
_ A \ Z Yyoow
iod mc_._:mom«z\_ oct
_
{. e ——— i

AR ] A G T S RO NI

BRI R e S TCE TR I P

qP - IBAO"] ()J(\Ssa_ld I’)UHOS

926

WADD TR 61-75



sds -~ Asuanbaiy

: ‘ALIAVD Hid34 «6°¢C
X HIOIM +Z X HIONT o7 V 40 W¥1D3dS ISNOLSTY aRNSYIW ANY aILVINDTVD 4O NOSIVIWOD "/ NSOl

60s COb

0oe

|oo14et09Yy | ———~ =

[osusyadx ]

‘—--"

o e o

Z 4ooW

gp - |3A®7 ainssaly punog
97

WADD 1R 61-75




s, '

R e L s Lk r—— 0 AT T o S s s

Vil = CONCLUSIONS

- The analytical and -experimental ‘investigation reported herein indicates the follow~
ing conclusions:

1.

2

)

The acoustic response of cavities in either subsonic or supersonic airflow com=
prises dual phenomena involving

a. A randota frequency buffet response
b. A discrete~frequency resonant response

For short cavities the total response is primarily resonant; for long cavities the
buffet and resonant responses are of equal importance.

The resonant response can be categorized as almost entirely the depth mode
for cavities of length-to~depth ratio of one or less, and predominately the
lengthwise modes for cavities wherein length is 2 to 3 times depth.

Classical theory, developed herein to account for the effects of a moving
medium adjoining the cavity opening, is found to provide excellent definition
of the response frequencies and fair definition of the amplitude response for
both subsonic and supersonic regimes.

On the basis of results presented, it appears that the spectrum of boundary-
layer noise may be taken as the forcing function in calculating response.

The theory can be simplified in the form of a design approach that will permit

fairly rapid assessment of the approximate response of a given cavity, as given
in the following section.
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V1il, DESIGN SUMMARY

The following is in the nature of a summary-intended to enable a designer to
assess the frequencies and dynamic pressure loading to be expected on the
structural surface of a given cavity.

A. CAVITY LENGTH/DEPTH 1.0

Both the amplification factor and the resonant frequencies are obtained from
Eq. (62) below.

1
s;,/po - [[R sin(YLz/Lx)]2+ [x sin(vL/L) - cos(ﬂ,z/Lx)] 2]'2’ (62)

where:

is frequency in cps.

is streamwise cavity length
is cavity depth

is the radiation resistance, given in Figure 48 for both subsonic
and supersonic cases at width/length ratios for .125 to 2.0.

is the radiation reactance, given in Figure 48 for the same Mach
numbers and width/length ratios.

B. CAVITY LENGTH/DEPTH >1.0

In these cases the length mades are predominant, and it is necessary to employ
the more general theory. Frequencies may be determined from the characteristic
frequency equation

i R-RCE

- +
where g, &y ir;n

e e™m

x

On the basis of experimental evidence, the transverse modes are not normally excited,
thus the resonant frequencies may be reasonably approximated by

~ 2 2 2 ]
selp- @] ey e ]
N 1’x l‘z Lz L2
A
Because of the frequency dependent nature of 9, determmutwn of f becomes an
iterative process, as outlined by the following steps

(1) 1t may be helpful in initiating this process to take the first approximation of
frequency as that for a closed cavity, that is

21n 2 n 2
st ] (45)

(2) Enter the impedance 1ables of Appendix B or C and determine values of R and X.
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Calculate the constants a and b as follows:

2fy L, X 2f bR (66)
c(R®+ X°) c(R®+ X%)

Take the values of a and b calculated in step 3 and using figure 49 read the
values of £n and ya for the desired mode. If the value of b is negative, treat
it as positive in determining £ and N but record 1,95 @ negative number. In
other words, . always curnesn the sngn of b.

With the values of E, and v_ from step 4 u second approximation of natural
frequency, fN can "be colculaled as follows (neglecting damping):

s ] )

Examine f,, incomparison with the first approximation of f. If f . - fis positive,
choose a higher value of § and if negative, a lower value of f,and go back to step 2.
When a change of signof f , = f is obtained, these points should be plotted as a
curve of f . = fvs. f. This method will give the approximate intercept on the
f-axis. More iterations can be made for higher accuracy.

It should be pointed out that in this process, certain values of @ and b inan
iterative scquence may cause the values of !; and n, to cross dotted mode
line in figure 49, thus apperently denoting @ chonge of mode. When this occurs,

the apparent mocle change may be disregarded and continuity of the iteration
maintained.

It is also observed that some modes may have a resonant frequency in the vicinity
of the crossover point, where radiation resistance changes from negative to
positive. In such cases two distinct resonances may be calculated.

Once correct values of f la and n_have been determined the resonant response
for the mode in question can be calculated from the following equations.
P
Py

py = 20 log, [—
N lo Pre

where (68)

v . ]
iBofy L A(x,Y 2 )gnl’N(x,y,z)@N(x,y',z')

P, ®= -
Py LxLyEn [s:mh(2ngn) + ann]gnnn

The coordinates (x, y, z) are the location of the point in the cavity where sound
pressure is desired and (x', y', z') is the location of the sound source of strength

A(x', y', 2').

The above calculations should be made for all combinations of n and n. It is

recommended that n_ range fromOtoéand n be 0, 1, ard 2.
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DATA:

SAMPLE CALCULATION

nx '2, Iﬂz - -],‘ n = O'HLX - o“’ I..y = 2. ", LZ = 3'.5“
¢ = 13,900, IN/SEC, x = .5", x' = 0,z = 0, 2' = 3.5"
A(x',z') = 3, o = 1,065 X 1078 LB-SEC2/|N4

Going through the steps outlined at the beginning of the section, the following
results are obtained.

(1) Using Eq. (65), the first approximation to frequency fN is, fN] = 2650 cps.
(2) Using the above frequency of 2650 cps, values of impedance from Appendix C

arc:

R = .846 X = .564

(3) Impedance and frequency from steps (1) and (2) yield the constants:
a = .73 b = 1.10

(4) From Figure 49 the values of £ and n_for n = 0 are:
£,z .14 " "n, oz .56

(5) The second approximation to natural frequency, using the values of step (4), is
f = 2045 cps

N2 '

(6) Compare FN of step (5) with fN of step (1),

sz - er = =605 cps

The result is negative, therefore choose a lower value of £

, say f = 2150 cps,
to insert into step (2). N N3

After calculation of steps (2) - (5), a natural frequency, f = 2070 cps is found.
Comparlson w~ithf . gives a value of =B0 cps so that smaller value of fN must be chosen.
Choosing f l\2600 cps yields a value of fNé = 2070 cps.

For fhe fmol iteration use a value of f_ instep (2) of 2070 cps. This results ina
value of f = 2070 cps instep (5). Therefore the correct value off is 2070 cps.

The correct values of 3,0 and n, are fo = .16, Ny = .59.

(7) Using the input constants and the above valve, of {N' ‘:n, N sound pressure
level in the cavity may be calculated.

The value of p  from Eq. 68 is
PN
b = 14.35 X 107
PN
PN T 94 db
In order to compare with the value of SPL from figure 46, a value of 17 db must be

added to account for the 50 cps bandwidth used for presenting SPL in figure 46. This

gives a value of p,  of 111 db which is approximately the sume as found with the more
complicated machine calculation.
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FIGURE 49. SOLUTIONS TO BOUNDARY CONDITION FUNCTION
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APPENDIX A

HELMHOLTZ RESONATORS

The Helmholtz resonator configuration may be regarded analytically as an extension
of the simplified short-cavity case. As with the short-cavity case, it is assumed that @
weightless air piston vibrates os a rigid body in the mouth of the resonator. The impe-
dance as viewed from the mouth of the resonator is then

ZT = ZR+ ZH
where ZT is the total impedance und
ZR = R+ iX

the radiation impedance as given by Eqgs. (32 ) and { 33 ) for o subsonic medium and by
Egs. ( 46 ) and ( 47 ) for a supersonic medium. ZH, the impedance of the Helmholtz
cavity, comprises the inductive reactance of the air piston in the mouth and the capa-
citive reactance of the volume of the resonator. 1t can be wriH2en as
- ol .y G ¢
2y = <o (Gh (T

Combination of this equation with Fq. ( 47 ) gives the total reactive impedance of the
Helmholtz configuration and yields the resonant frequency when X.= XL'

The amplification ot a Helmho!tz resonator is shown in Reference 9 to be, at
resonance,

L= 20 logyg (—m) where R is radiation resistance
Po ®w VR V is resonator volume
w is resonant frequency

Figure 50 gives a plot of the calculated resonant frequency of the resonator shown in
the inset.

Amplification calculations for this resonator indicated that an appreciable attenua-
tion, rather than amplification, should occur. This configuration was tested at all
Mach numbers of the AEDC test program, but in no case was the response of sufficient
maynitude to be observed over the buffet or microphone self-noise . This result may
be construed as evidence of very low respense.
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- APPENDIX B
SUBSONIC RADIATION IMPEDANCE
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APPENDIX C
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