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Flush—Mounted Pressure Transducer Systems as Spatial
and Spectral Filters

G. MADANIK

Naval Ship Research and Developmeni Center, Washington, D. C, 20007

Analysis of the responses of a flush-mounted transducer system to the pressure field in a turbulent boundary
layer and to the boundary pressure field induced by an incident plane acoustic wave is formulated and
discussed. The transducer system is considered as a spatial and a spectral filter. The properties of the filters
are defined and illustrated for the case where the system consists of nominally identical transducers. The
analysis is limited to geometries where the centers of the transducers are regularly placed at the centers of 2
plane rectangular grid. Time delays between transducers are allowed for in this analysis.

. INTRODUCTION

N recent papers,? the properties of flush-mounted
pressure transducer systems were examined. The
transducer systems of particular concern were those
possessing a number of transducer units set flush in a
flat infinite rigid boundary. The transducers are placed
s0 as to bear a definite geometrical relationship with
respect to each other. The utilization of these transducer
systems for the study of turbulent boundary-layer
pressure fields and as devices for increasing the “‘signal-
to-noise ratio” of planar array systems was the major
theme of these papers. A point of view was taken that
a transducer system is basically a spatial filter re-
jecting some components of the pressure field to which
it is subjected and readily accepting others. By proper
adjustments of the spatial characteristics of the trans-
ducer system, one can predetermine which of the
pressure-field components are rejected and which are
accepted.? In one of these papers,! the analysis of the
spatial filtering action of the transducer system was
conducted in k space; the Fourier conjugate of the
spatial space. The transducer system in k space was
analyzed in terms of its properties as a wave-vector
filter. Insertion of a frequency filter in the circuit of the
transducer system provided one with a spectral filter;

1 G. Maidanik and D. W. Jorgensen, “Boundary Wave-vector
Filters for the Study of the Pressure Field in a Turbulent Bound-
ary Layer,” J. Acoust. Soc. Am. 42, 494-501 (1967).

3D. W. Jorgensen and G. Maidanik, “The Response of Point
Transducer System to Turbulent Boundary Layer Pressure Field”
(to be published). .

a filter operating in {k,w} space. It was shown that such
a filter can be employed to analyze the spectral nature
of a convecting boundary pressure field.!:?

In this paper, time delays between the transducers
of the transducer system are introduced. The possi-
bility of introducing time delays to increase the versa-
tility of the filtering action of the transducer system
was implied in Ref. 1; here the effects that time delays
have on the spectral filter (a filter whose properties are
defined in the {k,w} space) are analyzed and illustrated.

The analysis is limited to nominally identical trans-
ducers and to special geometrical relationships between
them. The elements that underlie the response of the
transducer system to turbulent boundary layer and
incident plane acoustic pressure fields are discussed and
illustrated.

L RESPONSE OF FLUSH-MOUNTED PRESSURE
TRANSDUCER SYSTEM TO A STATIONARY
BOUNDARY PRESSURE FIELD

The pressure field is considered stationary, both
spatially and temporally. The transducer system is
considered to consist of several individual transducers
feeding the same output channel. The cross-frequency
spectral density of the pressure field ¢m(y,w) as mea-
sured by the transducer system is given by'?

Fu(y,0) =220 2 2 §*¥(yw)Fi(w)F ¥ ()
Xexp[—ww(ri—75)], (1)

3G, M. Corcos, “Resolution of Pressure in Turbulence,” J.
Acoust. Soc. Am. 35, 192-199 (1963).
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where

&ij(’%w) =$ij{ y— (Y1_ Yj); w} ’ (2)

¢Hi(yw)= / w/dzq's{ z—[y—(yi—yi)] «}

Xs1~“fmii(z)y (3)
ussmes(a) = f / V(@ +9), @

é is the true cross-frequency spectral density of the
pressure field, k; is the spatial sensitivity function of
the ith transducer, y is a spatial vector defining a
spatial translation of the transducer system, y; is the
spatial vector defining the location of the center of the
ith transducer, F;(w) is the frequency sensitivity func-
tion of the ith transducer, w is the frequency variable,
7: is the time delay associated with the ith transducer,
and s; is the sensitivity of the ith transducer. [Unlike
Ref. 1 the mean square measured pressure and the
mean square true pressure, (pm?) and (p?), are con-
sidered embodied in ¢ and ¢, respectively.!]

The spectral density of the pressure field &y (k,w) as
measured by the transducer system is given by?

&y, (k,w) = 8P (k,w) Z Z Fi(w)F* (w)s{st (k)

X exp{ — ik (yi—y;)— e (re—17)}, - (5a)

where ®(k,w) is the true spectral density of the pressure
field, k is the wave-vector variable and M ;(k) is the
Fourier transform of m;(z). Note that s;s;M;(k)
= H(k)H*(k), where H;(k) is the Fourier transform
of k;(z). v

It is noted that the function

W (k) =873 Z 2 Fy(@)F *(w)sis,M (k)

X exp{—ik- (y.~y)—iw(ri—7;)}, (5b)

in Eq. 5a describes the spectral filtering action of the
transducer system; it is a functional of the parameters
of the transducer system only and is independent of the
parameters of the pressure field.t

The relationship between ¢ (y,w) and &y, (k,w) is given
by the Fourier integral transform

- 1 -w .
butr) - [ [t e, ©

+In this analysis; it is.considered that no-feedback is established
between the pressure field and thé transducer system,
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II. FORM OF THE TRUE CROSS-FREQUENCY
SPECTRAL DENSITY AND THE SPECTRAL
DENSITY OF A CONVECTING BOUNDARY

PRESSURE FIELD

In this Section some relevant features of a typical
boundary pressure field are considered and stated. The
predominant feature of the boundary pressure field
considered in this paper is its convection. The cross-
frequency spectral density ¢ of a convecting boundary
pressure field has the approximate form?

e =s0( ) exp(—i‘i‘), ")

Ct Ct C

where ¢; and Q' are the convection velocity and the
normalized spatial correlation function of the frequency
spectral components of the boundary pressure field,
respectively;

£= {61,63}

$(w)=¢(0w);
and
s {e,e3} = {ce€1,0}.

The convective nature of the pressure field is de-
scribed by the exponential phase factor in Eq. 7. The
parameter w/c, is used here as a normalizing factor for
the spatial separation vector variable e. (That such a
normalization is useful in describing the pressure field
in a turbulent boundary layer has been discussed by
Corcos.?)

A cross-frequency spectral density must obey the
following conditions®:

6(81“"):‘5(_8’ _w)=‘5*(_9: w)' (8)

For the expression given in Eq. 7 to satisfy the condi-
tions stated in Eq. 8, Q' must be real and of the form

We Wez
e ) ©

C: C;
The spectral density ®(k,w) of a convective pressure
field can be derived by the appropriate Fourier trans-
formation of its cross-frequency spectral density ¢(e,w).

It can be shown that the form of ®(k,w) that describes
a convecting pressure field is®

& (k,w)=2°(k, v—c;-k), (10)

£]. S. Bendat and A, G. Piersol, Measurement and Analysis of
Random Data (John Wiley & Sons, Inc., New York, 1966),

weyr

Ce

Weg

Cy

b

Chap. 3.

N ’Fhe convection velocity c; is a parameter that is employed in
this paper to describe the functional form of the pressure field. In
Eq. g, it approximates the velocity of propagation of those fre-
quency spectral components of the pressure field whose spatial
correlation is given by the function Q of Eq. 9. Most pressure
fields that are encountered in practice possess spectral densities
that have regions of high concentration. In Eq. 10, the convection
velocity approximates the phase velocities of those spectral com-
ponents of the pressure field that lie in these regions of high
density. In this sense, the convection velocity in Eq. 10 is a
parameter that is employed to describe, in an approximate fashion,
the spectral density distribution of the pressure field.
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where ¢, {k1,ks} = {c.k1,0}. The wavenumbers £, and &,
are the Fourier conjugate variables of ¢ and e,
respectively.

That the Fourier conjugate of the temporal variable
appears in Eq. 10 in the form (w—c,-k) is directly re-
lated to the convective nature of the pressure field
(a Doppler effect). It is further observed that if the con-
vection velocity were constant, independent of £ and ¢,
and in a moving coordinate system (moving with this
convection velocity), the cross correlation of the
pressure field were independent of the temporal variable
(a frozen pressure field), ®° would have a delta function
factor in the variable (w—c¢;-k).

In the subsequent discussions, the functional forms
of the pressure field [¢(e,w) and ®(k,w)] are specialized
to describe the pressure field in a turbulent boundary
layer and the boundary pressure field due to an incident
plane acoustic field. For the moment, the analysis is
further developed in its more general form.

III. MEASURED FREQUENCY SPECTRAL DENSITY OF
A CONVECTIVE PRESSURE FIELD

The flush-mounted transducer system is considered
to be subjected to a convective pressure field of the form
described in the preceding section. In practice, one in-
variably measures the response of the transducer

where

system in a chosen frequency band. This response is
obtained by inserting a frequency filter in the output
circuit of the transducer system. One may account for
this filtering operation by appropriately modifying the
frequency sensitivity function F;(w). However, it is
preferable to reserve this function to describe the
inherent frequency characteristics of a transducer in the
transducer system. The frequency filter filtering action
is designated by a frequency function D(w,wo,A). If the
function D(w,wo,A) describes an ideal band frequency
filter whose center frequency is wo and its bandwidth
is 24, then the expression for this function is

D (w,m00,4)
= 20Ut A— |6~ Ulw—a— o), (11)
where
1 a>0
Ua)= 0 a<0 (12)

From Egs. 1 and 3, the measured frequency spectral
density is

4;'!\(07“’)= Z Z $m’.j(0:w); (13)

lsl'l'lij(o""") = [émji(oxw)]*= 21!'5,5,‘(5 (w)Fi(w)Fj* (w)D (wywO)A)
X / / drQ( |2+ &5’ |, |2/ +nii’ | Imi(2) exp[—i(&i'+7:/+21")], (14)

{&iimi) =Ei=yi—yi; crEi={cti,0}; &= (/c)ti;

The mean-square response (or simply the response) of
the transducer system is

(0,A) e (0\ 15
o) = L o (0,0). (15)

Corcos® examined extensively the functional form of
$2*/(0,w)/$(w) or its equivalent forms. His arguments,
by and large, are valid for a single transducer, i.e., for
$n*(0,w)/¢(w).” His arguments concerning finite size
transducers with 45 j are not valid even if one is to

7K. L. Chandiramani, “Interpretation of Wall Pressure Meas-

urements under a Turbulent Boundary Layer,” Bolt Beranek and

ll\I%vg;nan Rept. No. 1310, Contract No. Nonr 2321(00) (Aug.
965).

® w w
/ . I — . / — . 7
M =—ji; s'=—21; zd=—zs 1i=0w(ri—71;).
C Ce Ce

accept that the spatial correlation Q is exponential in
form. This is so because of the condition imposed on the
frequency spectral density as stated in Eq. 8.

The expression for m;(z) was evaluated by Corcos?
for cases of a uniform rectangular and a uniform circular
transducer. Thus, if one knows the functional form of
Q, one may compute the integral term in Eq. 14 for
such transducers. This is essentially the procedure
followed by Corcos.® To extend these computations to
other types of transducers, one has to determine the
appropriate functional form of m;:(z). Similarly, in
order to compute this integral term for cases where
15~ j, one has to determine the appropriate functional
forms of m;;(z). In the special case of a transducer
system consisting of nominally identical transducers,

1019
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one has m;;j(z)=m(z)=m;i(z) and of course F;(w)
=F j(w)=F (w). This special case is of particular interest
in this paper. Since m;;(z)=m;(—2) (see Eq. 4), one
readily concludes that

mij(z)=mi(z)=m(|z]), (16)

and Eq. 14 reduces to
b (0,0) = 25,5, (0) | F () | 2D (w,00,4)

x [ / Q|5 +87 |, |55 -+ns Im(l2])

Xexp[—i(tif+7./+2/)] (A7)

In Eq. 17, s; is not set equal to s; for it is assumed that
the values of these parameters can be adjusted at will
by electrical means external to the transducer units.
(The sensitivities s; are considered real in this paper.!)
Equation 17 can also be written in the form

b H(0,0) = 2ms:5;p () | F () | 2D (w,00,4)

x[ f dQ(|2¢ 1, |2 [ym(|2+ &)

X exp[— 1 (21""" 1',',")]. (18)

With 7;;=0 and |F(w)|?=1, Eqgs. 13 and 18 become
those equations on which Jorgensen and Maidanik?
based the evaluation of the ‘““signal-to-noise ratio” of a
doublet and a triplet transducer system.

Of particular interest, is the manner in which the
normalized time delay parameter r;/ influences the
response of the transducer system to the pressure field.
Each pair of transducers in the transducer system may
be thought to be subjected to a pressure field of the form

(7 0,7 )=(@)Q(| 2], |2 |)
Xexp[—i(z'+7:)] (19)

(cf. Egs. 7 and 9). Thus, the time delay between a pair
of transducers can be accounted for by imposing a
phase factor on the expression describing the cross-
frequency spectral density of the pressure field; this
phase factor is simply exp(—i7;;). Once the time delay
is accounted for as just described, one may proceed in
the usual manner to account for the spatial character-
istics of the pair of transducers; one defines a spatial
filter operator?

0%= 21D (w,wo,A) | Fi(w) |2[/dz- <94, (20)

where

0'i=sism(| 2+ &) (21)
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The graphical form of 6/ for uniform rectangular trans-
ducers was presented by Jorgensen and Maidanik in a
recent paper.? In the special case of point transducers,

0'i=s;58(2z+ &), (22)

where § is the Dirac delta function and §(z)=6(21)6(z3).
The expression for 6¢/ as given in Eq. 22 can be con-
sidered to represent a good approximation for trans-
ducers whose sizes are such that bw/c,<<1, where b is a
typical linear spatial dimension of the transducers.?

It is observed that for uniform transducers the size
of the transducers, as measured by bw/c, tends to reduce
the value of the ratio ¢n*/(0,w)/$(w);? the larger the
value of b, (w and ¢, are assumed fixed), the smaller is
the value of this ratio. It is clear from Eq. 17 that the
value of this ratio is also influenced by the frequency
factor |F(w)|.2 In most situations, particularly those
associated with the measurements of the response of
the transducer system to turbulent boundary layer
pressure fields, the spatial transducer size effects on this
ratio are dominant. However, there are situations where
the reverse is true. In the case of turbulent boundary
layer pressure fields, these reverse situations may arise
when the transducers are in the form of “pin holes.”
When the back cavities are held constant and the sizes
of the pin holes are reduced, a stage is reached where
the influence on the ratio in question due to the fre-
quency response function overtakes that due to the
transducer sizes.?

IV. MEASURED SPECTRAL DENSITY OF A
CONVECTIVE FIELD

Just as it is convenient in certain problems to
analyze the situation in terms of the Fourier conjugate
o of the temporal variable, it is convenient in certain
problems to analyze the situation further in terms of
the Fourier conjugate k of the spatial vector variable.
In this Section, the analysis of the response of the
transducer system to a convecting pressure field is made
in Fourier conjugate space, that is, in terms of the
vector variable {k,w} in this space. Specifically, in this
Section, Eq. 5 is examined in greater detail. As was
done in the preceding section, the analysis is primarily
limited to nominally identical transducers and, in addi-
tion, to particular geometrical relationship between the
transducers.

For nominally identical transducers, and taking
account of the frequency filtering action, Eq. 5b
becomes

W(k)w)""o’A) =8r’D (wwa;A) I F(w) iZM (k)
X2 X sisjexp{—ilk-E+ri/ ]}, (23)

where Fi(w)=F(w); M;j(k)=M(k); and the function
D(w,wo,A) is as defined previously.
8 F. E. Geib, Jr., “Measurements on the Effect of Transducer

Size on the Resolution of Boundary-Layer Pressure Fluctuations,”
Naval Ship Res. and Develop. Ctr. Rept. 2503 (Aug. 1967).



' PRESSURE TRANSDUCER AS A FILTER

The term involving the double summation can be
readily evaluated in closed form under special condi-
tions. These conditions are:

1. The transducer system possesses two orthogonal
principal axes.

2. The separations between the centers of successive
transducers lying in the direction of a principal axis are
nominally equal.

3. The time delays between successive transducers
lying in the direction of a principal axis are nominally
equal.

4. The sensitivities s; of the transducers lying in the
direction of a principal axis are either equal to (—1)*
or to (—1)%

Under these special conditions, Eq. 23 becomes?-*

W(‘k,w,wo,A) = SﬁD(w’woaA) IF("") l 2

XM (k)Sw(dkx,7v")Sp(e,kp,7p"), (24)
where
sin?(av,/2)
—_—; 5= (—1)% 25
sy’ Y (252)
in?(av,/2
Sa('Y,k..,fa')=s-:—sz((—y32—)z; si=(—1)%; aeven, (25b)
cos?(av,./2)
———— si=(=1)%; aodd, (25
T si=(—1) o (25¢)
Va= (ka‘y'l' Ta,) 3 (26)

the integer N is the number of transducers in one
principal direction (designated by V), d is the separation
between the centers of successive transducers lying in
this direction, &y is the wavenumber associated with
this direction, and 7’ is the normalized time delay
between successive transducers lying in this direction.
The integer P is the number of transducers in the other
principal direction (designated by P), ¢, kp and 75’ are
the corresponding parameters in this direction (see
Fig. 1).

The function M (k) describes the wave-vector filtering
action of a single transducer. For uniform circular
transducer,®®

M (k)= (2J1(kR)/kRY*; k= |k], @7
where J; is the Bessel function of the first order and R
is the radius of the transducer.

For uniform rectangular transducer®-®

sin?(ksb/2) sin?(k;/2)

Gab/2r G2

* M. Born and E. Wolf, Principles of Optics (Pergamon Press
Ltl(‘i,., New York, 1959), Chap. 9.

S. A. Schelkunoft, Electromagnetic Waves (D. Van Nostrand
Co., Inc., New York, 1943), Chap. 9.

(28)

|
Nd
1
U7 U4 T2 734 WA W4 WD
) 04 22 71 7734 U4 )—LT
w, A w7 U7 U4 U703 W [ Omy —-*
Pe oz A U7 7 T :[e
e 2 ] UM 74 U4
/A 43 WA 770 W73 WM W wa U4
| kL
d Ty
Rk ky
L322
b
N, kn kb

F16. 1. Typical flush-mounted pressure transducer system con-
sisting of N X P transducers (N and P also designate the direc-
tions of the two principal axes of the transducer system,
respectively).

where b is the width of the transducer and / is its length.
The wavenumbers &5 and k; are the Fourier conjugates
of the spatial variable along the width and the length
of the transducer, respectively (see Fig. 1).

For the purposes of this paper, only uniform rec-
tangular transducers are considered. It is further as-
sumed that the widths of the transducers are aligned
such that they lie in the direction of one of the principal
axes, the one along which the separation between the
centers of successive transducers is designated by d; the
principal axis V (see Fig. 1). With these geometrical im-
positions ky=Fky and k;=kp. A graphical presentation
of the factor Ky in Eq. 24

sin2(kxb/2)
———S~(dkw,7n'),
(knb/2)?

as a function of ky for two typical representative cases
is illustrated in Figs. 2 and 3.
It is apparent from Egs. 25, 26, and 29 that

Kn(d, b, —kn, T8 )=Kn(d, b, kx, —7n8"). (30)

It is noted that r5'=w7x and, therefore, a change of
sign in either 74 or w induces a change of sign in 74’.
It is also noted that Kp and Ky are similar functions,
and hence, by replacing ¥ by P, d by e, kx by kp and
75’ by 7¢/, Figs. 2 and 3 become graphical presentations
of the factor Kp(e,l,kp,7p") in Eq. 24 as a function of kp.

The nature of the filter operator W (k,w,we,A) in the
{kx,w} plane is illustrated in Fig. 4 for a typical trans-
ducer system.! It is observed that the time delay

Kn (d)b:kN’TNI) = (29)

1 Strictly the filter operator is the integral operator

@) f deo f[dk- T (oo 8).

The function W (k,w,we,A) is essentially the “joint acceptance” of
the transducer system as defined by A. Powell. Indeed the nature
of W (k,w,wo,A) with ry=71p=0 is closely related to the modal
joint acceptance function of a responding flat plate [see for
example: A. Powell, “Aero-Acoustic Excitation of Structures,”
David Taylor Model Basin Rept. 2232 (Sept. 1966)].

The Journal of the Acoustical Society of America
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N2 Ky
T 5= (-1
2N +-3
/ o8t \ N=10
// \ Tr'f%
/ osT \ F1c. 2. The effect of time delay 7»
sin2 (X42) between successive transducers on a
/ \_‘?-— e typical single-band wave-vector filter.
041 \ ()
/ 02+ \
/ \
—_— T v AN — T~ -k
T T T 1 U T 1 1 1 T T T "W
_&T  _sm _4m _3W 2w _T 0 T 2w 3 4w sm em
d d d d d d d d d d d u

between transducers can be used to induce variation
in the location of the wavenumber bands of the trans-
ducer system. In this sense, time delays may be used
to advantage in making the transducer system a more
versatile instrument than was previously described.! In
Fig. 4, only the first and fourth quadrants are shown.
This limited representation is made possible because
the first quadrant is identical to the third, and the
fourth to the second. Further remarks concerning Fig. 4
are made in the next Section.

V. RESPONSE TO A TURBULENT BOUNDARY-LAYER
PRESSURE FIELD

As in Ref. 1, it is assumed that the spectral density
®,(k,w) of the pressure field in a turbulent boundary
layer is separable.

@g (k,w) = ‘I)u (kl,w)<1>¢3 (k;;,w)flho (w— klU), (31)

where U is the convection velocity® of the spectral com-
ponents of the pressure field [U=c¢,] and &, and &y
are assumed symmetric and reasonably smooth func-
tions of w, k; and k.

As was discussed in Ref. 1, the function ®.4(w—k,U)
peaks substantially in the range where wk,U. Al-
though the convection velocity may be a function of k

and w, it is found that the spectral density is substan-
tially confined to a narrow region in {k,w} space; the
region is roughly defined so that w~k;eU,, where U,
is the free-flow velocity and 0.6<50<0.8.37 Elsewhere
in this space the spectral density is substantially lower.
This situation is illustrated graphically in Fig. 4; the
situation illustrated is that where the direction of the
flow coincides with that of a principal direction of the
transducer system, i.e., ky=*%ky and ks;=kp. A few re-
marks about Fig. 4 may be in order. Figure 4 consists
of two quadrants, the first and the fourth. The situation
in the first is identical with the third, and the fourth
with the second, and hence, only the two quadrants
need be considered. Examination of the foregoing
analysis shows that the first quadrant illustrates those
spectral components that propagate in the positive
direction of the principal axis N, while those in the
fourth quadrant propagate in the negative direction.
(The propagation of concern in this connection is
associated with the phase velocities; these velocities are
equal to kw/#%) It is clear from Fig. 4 that the filtering
action in the first quadrant is different from that in the
fourth quadrant for a nonzero 74’; the filtering action
of the transducer system is different for a positively and
a negatively propagating spectral component. Further,
a change of sign in the time delay 7y can be accounted

N2k,
| "t
,‘t° s, = (-1
// RS N=10
\ d4-3
/o e ¢
/ Ty= %’
/ {oe \ smz(ﬁgﬂ) F16. 3. The effect of time delay 7w
\ Jube between successive transducers on a
typical multiband wave-vector filter.
/ \

/

02

7
=i

A

R

L \
T /' . > T ' y ]\‘ ‘v> kN
o A e S 0 o3y e sm em
1022  Volume 42  Number 5 1967
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Fi6. 4. Typical filtering
action of a single-band
wave-vector filter with time
delay 7y (wry==7'y) be-

TRANSDUCER AS A FILTER

tween successive transdu-
cers. Also illustrated are the
spectral density of a turbu-
lent boundary-layer pres-
sure field and the spectral
density of a boundary pres-
sure field due to an incident
plane acoustic wave.

Ky = (- 13)/d

Ky = ( +Ty)/d

kj = m/d

for by reflecting the filtering action on the &y axis and
using the images as the true filtering action. The
spectral density remains unchanged. On the other hand,
a change of sign in the convection velocity can be ac-
counted for by reflecting the spectral density on the &y
axis and using the images as the true spectral density.
The filtering action remains unchanged. If the time
delay 7y is zero, the filtering action in both quadrants
is identical. In this case, one can illustrate the entire
situation in one quadrant. The spectral density in the
fourth quadrant can be reflected on the %y axis and the
image of this spectral density is simply added to the
true density in the first quadrant. The first quadrant
then illustrates the total situation. Indeed, this is
precisely what was done in Ref. 1 where time delays
were considered equal to zero.

It is apparent that the appropriate use of time delays
between transducers can be employed, over a limited
range of wavenumbers, to shift the center wavenumber
of a given single-band wave-vector transducer system.!
This is so, provided that the examination of the tur-
bulent boundary-layer pressure field is limited to those
spectral components that lie in the region defined so
that w~~k,U.2 It should be noted, however, that 74’
is a function of w and consequently as the frequency is
varied, to keep the center wavenumber at a fixed value
the time delays must be made to vary inversely to the
frequency.

Finally, the transducer system described in this paper
can be employed to study some aspects of the de-

12 The extent of the region that can be explored is contingent
both on the nature of the minor maxima in the wave-vector filter-
ing action of the transducer system and on the nature of the
spectral distribution of the pressure field.

=

DENSITY OF DOTS = SPECTRAL DENSITY OF TURBULENT BOUNDARY LAYE™ PRESSURE FIELD

SPECTRAL DENSITY OF BOUNDARY PRESSURE DUE TO INCIDEN " ACOUSTIC WAVE
FILTERED REGIONS [FILTER SPECTRAL ACCEPTANCE REGIONS]

pendence of the spectral density on the wavenumber £;.
This can be brought about by appropriately choosing
the parameters on which Kp depends. (It is apparent
that in the {kpw} plane normal to the convection
velocity, the description of the spectral density in the
first and fourth quadrants is identical; a description
commensurate with that of a nonconvecting pressure
field.)

VI. RESPONSE TO AN INCIDENT PLANE ACOUSTIC
PRESSURE FIELD

It is assumed that a plane acoustic wave is incident
on the boundary. This wave is incident so that it gives
rise to a boundary pressure field that is uniform in one
principal direction of the transducer system; the prin-
cipal axis P. The angle of incidence is designated by 6;
it is the angle between the plane of incidence and a
plane normal to the boundary containing the principal
axis P. The spectral density ®, of this pressure field is
expressed in the form

Pa (kw) = pa ()8 (w—Enca)d (kp), (32)

where c,=¢o 'sinf, ¢o being the sound velocity in the
fluid medium occupying the semi-infinite space above
the boundary. The angle 6 is considered positive when
the convection velocity ¢, of the pressure field is in the
positive direction of the principal axis N.

The nature of the spectral density ®,(k,w) is illus-
trated in Fig. 4 for the case where ¢, (w)= AU (w,— |w]|),
A and w, are constants. It is apparent that by proper
choice of the parameters of the transducer system the
degree of rejection of the acoustic pressure field by the
transducer system can be made substantial. It is also
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apparent that one can choose the parameters so as to
reject substantially the pressure field in a subsonic
turbulent boundary layer and make the transducer
system highly receptive to a narrow frequency band of
the acoustic pressure field. This latter use of the trans-
ducer system is more commensurate with the employ-
ment of such a system as a planar array where the
acoustic pressure field is the sought after signal and the
turbulent boundary layer pressure field constitutes the
unwanted noise.’®

The analysis is not restricted to the specific pressure
fields just described. Rather, the analysis can be general-

181t is emphasized that the degree of rejection (or acceptance)
of the turbulent boundary-layer pressure field (or any other
boundary pressure field) by the transducer system is contingent
both on the spectral nature of this pressure field and on the nature
of the operational filtering action mode of the transducer system.
It is not dependent solely on the filtering action of a single trans-
ducer; although, as the analysis shows, the filtering action of a
single transducer plays a definite role in determining the filtering
action of the entire transducer system (see Figs. 2 and 3).
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ized to any boundary pressure field that is stationary,
both spatially and temporally, provided one can assume
that the filter operator of the transducer system is inde-
pendent of the parameters of the pressure field to which
the system is subjected.*

Finally, as stated in Ref. 1, should a method be de-
vised to obtain the “simultaneous” signals of the trans-
ducers in the transducer system, a computer program
can be instituted to generate the required wave-vector
filtering. Time delays between transducers can be
simulated in this program. Such a program would sub-
stitute mathematical procedures for the many actual
experiments that would otherwise be required to utilize
the full range of a given transducer system.
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