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ABSTRACT

Circular electrostrictive plates, oppositely polarized
and cemented together to form bilamellate disks, are sub-
merged in a semi-infinite medium and driven by an applied
electric field, or by applied acoustic pressures, to radiate
sound. Formulasfor plate velocity, acoustic power radiated,
acoustic pressure, mechanical Q, etc., have been derived
for the cases of centrally supported and edge supported
disks in infinite baffles.

PROBLEM STATUS
This is an interim report on one phase of the problem;
work on the problem is continuing.
AUTHORIZATION
NRL Problem S02-05
Projects NR 441-000, Task NR 441-004
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ON THE THEORY OF FLEXURAL PIEZOCERAMIC
CIRCULAR PLATE SOUND RADIATORS

INTRODUCTION

A convenient source of underwater sound in the range of 100 cps to 50 kc is the
family of flexural, circular, piezoceramic bilamellate disks. These, in diameters of 0.5
to 25 cm can radiate up to 1/2 to 1 watt per square centimeter for applied electric fields
of 150 to 250 volts rms per millimeter of half thickness, pulsed power. A simplified
theory of the performance characteristics of such sources is presented in this report.
In the first part of the theory the piezoceramic disk is centrally supported, and in the
second part the disk is simply supported on its edge. Both cases are treated only with
reference to the presence of an infinite stiff baffle enclosing the half space into which the
sources are radiating acoustic energy. The analysis proceeds on the assumptions of a
Class I (Fischer's classification) piezoelectric transducer and not on the basic laws of
the Class II transducer, to which the electrostrictive types belong. This has been done
to avoid transduction ratios and lumped parameters which are frequency dependent. As
a result of this choice, the material constants appearing in the course of the paper are
only "effective" piezoelectric moduli, to be measured on particular samples of polarized
ceramics by techniques conventionally applied to true piezoelectric crystals. In short,
the ceramics have been converted to "effective” crystals, and standard piezoelectric
theory has been applied to their behavior.

CENTRALLY SUPPORTED FLEXURAL DISKS
The Structure

The transducer (Fig. 1) is a bilamellar disk, one or both halves of which may be
actively polarized electrostrictive ceramics. While it is always advantageous to have a
disk of two active halves, the use of a central support may require half of the bilamellar
structure to be a passive metal, e.g., brass. Each face of an active ceramic plate is
completely electroded with fired silver paste. Permanent polarization of the ceramic is
in the z direction, normal to the plate. The structure is driven into forced flexural vibra-
tion by the application of an alternating electric field E applied across the thickness of
the ceramic plate.* Upon submersion, the disk radiates sound into a semi-infinite liquid
medium of characteristic impedance o ¢, from a circular hole of equal diameter in an
infinite stiff baffle.

Figure 2 shows the conventions of signs which hold in this analysis. The neutral
axis of bending is set at z = 0. For small displacements w in the positive z direction, the
displacement u in the x direction is u=-z(3w/3x), where ow/3x is positive, as shown, The
strain S_, in the x direction is S, = 3u/2x = -2(3%w/3x?). We note that ’azwfax2 is nega-
tive When w is positive and that the strain is positive (tension) for positive z. Similarly,
for d1sp1acement v in the y direction, the strain in the y direction is S, = -z(3v/3y) =
-z(3%w/3y2), A pos1t1ve bending moment M, or M, is one which causes a deflection of
the disk in the positive z direction, i.e., downward as shown, and induces resisting
stresses T,, or T,/

*See List of Symbols at end of report.
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Figure 1 - Schematic cross section of a piezoceramic-brass
circular plate sound radiator
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Figure 2 - Diagram illustrating deflection
parameters on an elemental section of the
circular plate sound radiator

The same conventions hold for a
cylindrical coordinate system in which
the origin corresponds to the origin of
the xyz Cartesian system.

Equations of State

The circular bilamellar disk (half
thickness h) is assumed "very thin," and
the stress system correspondingly two-
dimensional. This restriction to stresses
in a plane is indicated at any stage in the
analysis by a bar over all material con-
stants (i.e., ¢;,, @, etc.). A cylindri-
cal coordinate system is used, and, for
convenience in writing, r, 4, z are desig-
nated by the numbers 1, 2, and 3. In such
a planar cylindrical system the equations
of state of the bilamellar disk under sym-
metrical electrical excitation may be
immediately taken from the tensor form
used by Mason (1).

g, e 1 odw

Ty =-Cnz 53" S22t dr ~ € Fs (12)
_ e _d%2« __g _ 1 dw _ -

T, =~ €122 37 ‘n?y dr - e Ey (1b)
. d? . 1 dw), s £

Dy = - ®z{ 2%t d)" €33 Fa- (1c)

The negative sign appears in the term -&,, E; for the following reason. If a cylindri-
cal pill of material is scooped from the interior of the ceramic, and if a positive gradient
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E, is applied across the thickness, the pill is assumed to expand in the z direction, the b

polarization being correctly oriented for this expansion. Now if the material adjacent to "
_the pill in the z direction is hindered from moving (condition of zero strain), it will o
develop a resisting compressive (negative) stress. Similarly, simultaneous contraction =

of the pill in the r and 6 directions will induce tension stresses in the adjacent material
which are the resisting stresses T, and T,. Since the "effective" piezo modulus &3, is a
negative number, a minus sign is added to the term &, E, so as to render T, and T,
positive. ’

Corresponding to the internal resisting stresses T, and T, due to the applied field E;
are the internal bending moments M_, M, resulting from bilamellar action. By suitable
integrations over the thickness of the plates, expressions are obtained for these bending
moments in terms of displacement derivatives.

+h Y 2
_ - d’w v dw) _ €31 h* Egl
Mr—jh ledz-D(derrT E) a3 (2a)
+h = 2
_ d%w | 1 dw) _ €31h"Esl
Mg—J Tzzdz=D<v ?4';' d—[_—)"’_i—', (Zb)
-h

M_ is the internal bending moment per unit of circumferential length
M, is the internal bending moment per unit of radial length

D is the flexural constant, - (2/3) h38J

v is Poisson's ratio, which for planar stress is ElEQ/ElEl

¢ is 1 or 2, depending, respectively, on whether the backing plate is inactive (i.e.,
is metal) or aciive (i.e., is a ceramic plate polarized for bilamellar action),
assuming, if active, that active halves are connected in parallel.

Similarly, the average slectric displacement in one plate is

€ah /42
D, = - 31 (dw 1 dw

s
7 \g2 T vE) * €a3fs (3)

As the radiation of sound induces a real surface pressure on the face of the disk
exposed to the medium, an expression is needed for the internal resisting shear Q_ per
unit of circumferential length. Since the applied electric field E; is independent of the
radial coordinate r, we may use conventional thin-plate theory and write 2

ddw . 1 d% _ 1 dw
R A = &) @)

Equations 1 to 4 are the foundation equations upon which the frame of the analysis is
built. They carry with them the limitations that restrict the final formulas to narrow
grounds of validity. In particular, they are piezoelectric in origin, linear, and planar,
the electric fields are low in frequency and small in magnitude, the sound fields are due
to infinitesimal displacements, an infinite stiff baffle is present, and edge effects, cement
between plates, etc., are considered to affect the results in minor ways only.
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Coefficient of Electromechanical Coupling

The mechanical and electrical equations (Egs. 2 and 3) for the state of flexure must
be satisfied together; that is, they arise from independent laws of nature and are not
reducible to a single statement except by simultaneous solution. H the expressions for
M, and M, are added and the resultant solved for the displacement derivatives, we obtain

L1 dw _ Mr t My E3;E5l
r

d?w +
r D(1t+v) D(1l+v)'’

dr?

i.e., mechanical curvature of the disk is expressed in terms of the internal bending
moments representing the mechanical and electrical fields. Since the same quantity on
the left appears in the electric field equation (Eq. 3), we have, upon substitution, a single
equation combining the influence of both fields.

~ 2
_ _&3h /M + M s 3 285,
Dy = 2 \Bi+sy) P enBa |1t 3 s (5)
cn(l + v)es,

This equation is a statement that a charge per unit area on the electrodes of one
plate accompanies the condition of flexure. The first term on the right-hand side is the
mechanical or motional charge, and the second term is the charge due to applied field.
The coupling effect of the mechanical field appears as an increment in the clamped
dielectric constant ¢35, which takes the form of the second factor in the enclosed term.
Such a group of symbols appears in planar piezoelectric analysis and is conveniently
designated as the coefficient of electromechanical coupling in the flexure mode. Bech-
mann (3) defines the mixed planar coefficient of electromechanical coupling (kp2 Jmix PY
the relation

_2
(i 2 _ 283,

P )mix - ’3‘11(1 +y)e;3 ’
For the state of flexure, therefore, the coefficient of electromechanical coupling kf2 is

2 _
ke =

oow

L) (6)

We note that this equation is independent of the manner in which the disk is mechani-

cally supported. When the structure has one active half and is metal backed, k2 =

3/8 (k 2)mix . Equation (6) reveals an important feature of flexural sound radiators,

nameIDy that the interconversion of electrical and mechanical energy is markedly reduced

by flexure from the latent potential of the planar state to 3/8 [ of this potential. This

reduction of coupling is balanced, of course, by the increased compliance of mechanical
structure and the consequent lowering of natural

z frequencies of vibration. In many applications,
the latter advantage more than overrides the
resulting poorer power-handling capacity of the

structure.
@8 r dr
& Mechanical Displacement Under
¥ Forced Electrical Drive
NETRAL The mechanical displacements of a piezo-

ceramic disk which radiates sound into a semi-

Figure 3 - Elemental volume infinite liquid medium ay be found by applica-

of a circular plate sound tion of conventional elastic and acoustic theory.

radiator Figure 3 shows an elemental volume of the disk
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in cylindrical coordinates; m is the mass per unit of area and M, the total differential
bending moment per unit of circumferential length. Equating 1nterna1 force per unit cir-
cumferential length on m (F; in the z direction) to the acceleration of m, we have

daM 2
el S d*w
Fy = rry m{rd 6 dr) _dt2 .

Now to quantities of the first order in infinitesimals, we see from Fig. 3 that

u

dM
ML |:(M AP dr) (r+dr) d6 - M_(rdd) - 2 (Me dr ——)+ Q, rdrd&]

dM,
M, *+r e - M, +rQ |drdé.

Letting the primed symbol represent differentiation with respect to r, the force-
acceleration equation becomes

¢ " ' ] d2
2M, +er'—M9+rQr + Q. -—rmp.

Although M' and M; are independent of the applied electric field, the magnitude of the
elastic constants €1, €4, etc., depends upon thlS f1e1d For low electrlc f1e1ds, we
assume D, very small and use the constants &7y, €3 instead of the constant ef, &8,
etc., where by definition

- = 2
1 = B3 (1 + k)
el =ef, 1+,

For the state of larger electric fields, D, is hardly zero and we must use a value of
g;, that lies between ¢J; and &}. In all cases, however, k2 is, at most, about 0.10, and
the correct choice for the constants is seen to be no crltlcal matter. Substitutmg for M
Me, thus modified for the particular magnitude of drive, we obtain

d%w + 2 d3w _ dw
- T T3 dr ™ ™ * !
dr* t drd3 2 dr 3 dr  p* dt D* D T

where

The internal shear force Q  per unit of circumferential length depends upon q(r), the
external load intensity per unit area. Static equilibrium requires that

r

27rQ, =f 2medr q(r),
0

from which

&-{-_1_ er:qﬁ._)
., p° dr " p*

From the assumptions of thin-plate theory, we restrict q(r) to acoustic loads; i.e.,
q(r) is the reaction acoustic pressure p(r). In the condition of steady-state sinusoidal
vibration, the equation of motion becomes
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d2 1d _,2)\(d 1 d 2 _p(r,w)
[(ﬁ*?—r ) (45 a‘r”‘lﬂw‘T' ™
where
2 3ppw2
» 2 =D °
D h <A

The surface pressure p(r,») may be determined from the following considerations.
Since each element of area d A and velocity W radiates a spherical wave into the half
space, the surface acoustic pressure is a summation of the pressure interaction effects
of these waves. We have, from Fischer (4),

c k . a-ikR
p(rot) = 3 O [ 4 Sman,

where R is the distance from an arbitrary point P in the plane of the disk to an element of
area RdRd ¢ and ¢ is the angle between R and the line P drawn to the origin of coordinates.
For the steady state, W is equal to joW, and since p(r,») is a negative quantity, we obtain
the final elastic-acoustic equation of motion

2
,ov;cw2 k

4 4
7w - ktw =
1 27 D*

f We-ijdedo, (8)
A

where vt - kl4 W equals the left-hand side of Eq. 7.

Except for very simple geometries and for simple displacement distributions, this
integro-differential equation is intractable. We can avoid this difficult mathematical
situation by making the right-hand side independent of the variable r, which means in
effect independent of the variable W. The reaction pressure, which is known to be a func-
tion of the coordinate r and the frequency «, is replaced by an approximate pressure
constant with radius but strongly dependent on the wavelength of radiation, that is, on
frequency. Instead then of seeking an exact solution to the radiation problem posed by
Eq. (8), we will seek the solution to a germane problem in which the external reaction
pressure of the liquid medium is arbitrarily defined to be independent of r, while still
retaining dependence on «». In place of Eq. (7), therefore, we will set the equation of
motion to be

VW -k W= ——p(;;“’) \ (9)

where a is the outside radius of the disk.

The reaction pressure p(a,») can be only an average estimate of the true pressure
p(r,»). A convenient procedure for determining p(a,») is to assume a displacement
curve, W(r) for the flexed disk, conformable to the boundary conditions, and perform the
integration required by the right-hand side of Eq. (8). The result of this first step is the
pressure function p(r,»). McLachlan (5) carried through such an integration for the
assumed distribution W = %_[1 - 7(r2/a*)] and found that

. 2 4 6 . 23 25
p(r,t) = pyc ¥, [% g2 — 47 24V ;_!g6 -t (zg1 -3r 8 tgr 8 ") (10)

where g, and gs are known algebraic functions of the radius r, and g, and g; are known
hypergeometric functions ¥F(z,8,7,8) of the same coordinate. The symbol z stands for the
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wave parameter ka. The infinite series of Eq. (10) is applicable to any size disk having
the velocity distribution prescribed. In general, however, the frequencies corresponding
to the grave mode of vibration are so low that ka is less than 1/2. We assume, then, that
ka << 1/2 and write, after McLachlan (5),

. 2
p(r,t) = p,e W, [%i + j(ka)gl] (11)

for the case of the centrally supported disk. The exact expression for g, is

1.3 1 2 2 (pf-1 1 2y _1a(_1 1 2
wodrlhbo) el d g delddoan)

N

The average pressure p(a,t) is found by averaging Eq. (11) with respect to disk
area. The result is

. 2
p(a,t) = pe W, [S%)— - ka] (12)

A convenient symbol for the impedance portion of this equation is z(a,®), defined by
the relation

p(a,t) = Z(a,w) ilo

2
20 = e, [ 4 38 v .

Having now defined the nature of the expression p(a,t), we return to Eq. (9) and sub-
stitute our results, recalling that in the steady state, W = jwW,. We have, then,

joW, Z(a,)

VW - kW= -

(13)

This is an inhomogeneous differential equation, the right-hand side of which is independ-
ent of the coordinate r. A particular solution is easily seen to be

joW,Z(a,w)
D* k,}

The complementary solution of the homogeneous equation is found in various texts,
e.g., Ref, 6. Adding the particular solution to the complementary solution, we obtain the
complete solution ,

' joZ(a,») W,
W(r,w) = aJo(kr) + BYo(kr) + yIg(kr) + §Ko(kr) T S (14)
1

where a, 8, v, and & are four constants, to be determined from the conditions of support.

The boundary conditions for the case of a flexural disk supported by a rigid built-in
central pin (radiusb) are easy to formulate, but they may not correspond to the actual
stress configuration because of local yielding, rotary inertia effects, etc. At the risk then
of stipulating what may be an ideal situation at the point of support, we specify that
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at r = b at r = a
1. w=0 3. M =0
dw _ —
2.3—;—0 4.Qr—0

Four conditions are thus available for determining the four constants a, 3, v, and §
by employing explicitly the general solution contained in Eq. (14). Upon performing the
necessary derivations, we come to

jwZ(a,w) W,
aJolkib) + BYy(kyb) + ¥Ig(kib) + §Kp(kyb) = T (15a)
1
-k[aJ (kb)) + BY (ksb) = ¥I (k;b) + 8K (k;b)] = 0 (15b)
3 €3 E3
Ay + BA Ay + Ay =~ — ——
R e (15¢)
k3 [aBy + BB, + ¥By + 8Bg) = 0 (154d)
where
A= —Jo(kla) + (1 - V)J’l(kla)/kla
A, = ~Yy(kya) + (1 - v)Yy(kya)/k,a
Ay = -Ig(kqa) - (1 = v)I (kya)/ka
Ay = Ko(kja) + (1 - v)K (kyja)/ka
B, = Jy(k;a), B, = Yy(kya), By = I;(k;a), B, =-K,(kja).

Simultaneous solution of Eqs. (15a, b, ¢, d) is rapidly performed by use of Cramer's
rule, We can, however, simplify the results by noting that for centrally supported disks
the ratio b/a is considerably less than unity, so much less, in point of construction, that
we may assume that b— 0 without major error. As a consequence of this choice, Eq.
(15b) reduces to

limit
oho [BYy(kyb) + 8Ky (kb)] = 0,
or

=~B-3=0,

m

Substituting this result in Eq. (15a), and again letting b—0, we obtain

jwZ(a,w) W,
*.4
D k1

a t =

Completing the solution for the two remaining conditions, Eqs. (15¢) and (15d), and
substituting the results in Eq. (14), we obtain
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W(r,w) ={M) + o [83 (Az +72:'A4) ;Aa (Bz +%B4):|} [ToCkyr) = IoCkyr)):

B, - B A3(By; - By) - Bo(A; — A
+|:"7( IA 3) + e 3(By 3) = a(Ay 3):| [Yo(klr) +%Ko(k1r):|
+ dlIg(kyr) - 1], (16)
where
MT*% o2’ ST RA
C1D1 hkl D k1

A= (A - Ay) (32 *%B4> = (By - By) (Az +%A4)-

The important quantity, of course, is the displacement at the outer edge, W,. Atr=a,

2
w7 {(132 += 34) [Jo(kya) = Io(kya)] - (B; - By) [Yo(kla) +%xo<kla)]}

° T iwz(aw

2 2 _
o {33 [A2 +2 A4] - A [52 +~T-r-B4]} [Tolkya) - To(k,a)]

v’—“iDZ,(Taf;“’—) {A3(81 ~ By) - By(A; ~ As)} [Yo(kla) + 2 Ko(kla)]v

S Liez(aw)

~ k14 olka) - 1] .

(17)

The edge (maximum) displacement W, is proportional to the electric gradient E, (that
is, proportional to the constant n). In the absence of acoustic load (i.e., when Z = 0) the
expression for A becomes zero for an infinite number of values of ka. The lowest of
these (excluding ka = 0) corresponds to the grave (or umbrella) mode of vibration; the
remaining values of ka correspond to modes of vibration consisting of a successively
increasing number of nodal circles. With the accession of an acoustic load the denomi-
nator, for certain values of ka, reaches a minimum, but it may never be zero, since
Z(a,®) is a complex quantity. We note in particular that it is the resistive part of Z(a,®)
which contributes an imaginary term to the denominator and that a purely reactive load
will not restrain the motion of the disk at mechanical resonance.

Transduction Ratio

The time-varying charge Q accumulating on the electrodes of one plate is obtained
by integrating the expression for the dielectric displacement, Eq. (3), with respect to
plate area. We have (assuming b—0)

L} 2 1
Q= J; D; dA = -85, hr J; (% Ly %g) rdr + 7a? e;aEs
or
Q=-7&,;,ha daw +ma? €33E;. (18)
dr

r=Aa

ez,
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The alternating current due to an applied voltage V5 (across one plate) is therefore

2
-n {B +—B)
i= jw’ﬂislhkla{J—z—w—4‘—

x [Ji(kya) + I4(kqa)]

n(By ~ Bj3)
S [Yl(kla)+%l(l(ka)]

2 2
jwZ(a,w) W, | By |Ay + — Ay) - A3 {By + 7B
{ 3 ( 2 vy 4) - 3 ( 2t 7 4) } [T Ckga) + Ty(kya)]

oy
Dk1

jwZ(a,w) W, I:A;.;(Bl - B3) - B3(4; - A3)] [Y (k,a) + 2k (k a)]
1t¥y 7 T1VR1

*1 4 A
D k1
jwZ(a,w) W, s
- — TI,(k4a + jwC Vj.
o k14 1( 18) ) 3 (19)

While the electric current thus found is a useful parameter in exploring the acoustic
performance of a centrally supported disk radiator, successful application of four-
terminal network theory requires some simpler form than that presented by Eq. (19).

To obtain a more convenient expression for i, we note, from Eq. (16), that to a first
approximation in kr, the deflection w has a parabolic distribution with respect to the
coordinate r; that is, W ~ r2, I then we assume a deflection curve of second order in r,

W= W (r%/a?),

we find Gg) = % W (second-degree terms in W only).
I'= 8

o

The charge for a condition of parabolic distribution becomes
gl = N LA ma? €33 Ea, (20)
where N = 2783, h = méy, t.

The symbol N is the ratio of electric charge accumulating on the electrodes of one
plate to the peak mechanical displacement (at the edge of the disk). To the approxima-
tion of second-degree terms in r for the variation of mechanical displacement with radius,
N is seen to be a real number. When fourth-order terms (and higher) in the deflection
curve are considered, the magnitude of the slope diminishes, and with it the transduction
ratio N. To find the transduction ratio corresponding to higher order deflection curves,
we assume more complex displacements, consonant with the boundary conditions, or,
alternatively, we assume some known mechanical load on the surface of the disk. Two
examples of the former method and one example of the latter are given below.

Example 1. Let the displacement curve be of the form

wew, [a(2) «5(2)):

This type of variation with radius has been used by investigators in recent times.
Southwell (7) has shown that such an assumed curve yields a value of grave resonant fre-
quency 75 percent of the correct figure, if A= 1 and B = -0.275. Proceeding with these
assigned values of A and B, we obtain




NAVAL RESEARCH LABORATORY 11

(&),

IN| = 0.457%;5,¢t.

0.9

and

Example 2. Let the displacement curve be the one which Southwell has shown to
yield a value of grave resonant frequency 99 percent of the true value; that is, let

w

v, [rq - ——74————“2("'2) a?"2 12 1og %]
q= 2.89.

Proceeding with the integration, we find that

IN| = 0.527 €3, t .

Example 3. Let the disk be loaded on its surface with a uniform real static
pressure p,. It is easy to show that the total charge |Q| from one plate is

44 2
o =§ 2520 F gy
where F = p 7 a?,
From the theory of elasticity,
. _Fa’
° 7 YOE t3
Hence
ol = % ™ Yg dgy t W,
= 0.5257 8, t W, (for v = 0.3).
Therefore IN|- X% 0,53 m&,, t. A

The inclusion of terms to fourth order in the slope (dW/dr)r = a reduces the transduc-
tion ratio found for parabolic distribution by a factor of 2. Correspondingly, the presence
of an external static pressure load introduces a similar reduction in N. Terms higher
than fourth order affect these results in minor ways only. We conclude that the trans-
duction ratio under actual operating conditions lies between |N| = 7&,, t and |N|=(7/2)%;, t.

We have now reached a point in the analysis where further progress is impeded by the
complexity of the approximate deflection curve as revealed by Eqs. (16) and (17). It is
more convenient, from this point on, to assume a deflection curve of simple algebraic
form, consonant with the boundary conditions, such that computations of acoustic power,
ete., are facilitated. Such a choice would leave one factor, namely the peak displacement
¥,, indeterminate. However, the transduction ratio N relates W, to the charge Q and
therefore relates mechanical force F to applied voltage V;. With the magnitude of N
explicitly known, the peak displacement, velocity, etc., become electrical quantities whose
magnitudes are then precisely determinable. In accordance with this procedure, then, we
choose a deflection curve of simple parabolic form, namely W = W_ ( r/a)?, and proceed.
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Radiated Acoustic Power, Mechanical Reactive Power, Kinetic
Energy, Resonant Frequency, Acoustic Pressure and Mechanical
Q of a Centrally Supported Disk Whose Deflection Curve is
Parabolic (Second Order in r). Infinite Baffle Present.

In the far field, at a great distance R from the infinite baffle in which the disk with
parabolic deflection is located, the radial distribution of real acoustic pressure p, has
been found by McLachlan (8) to be

-
p, = Pwv;i,a [Jl(z) _ 2 Jz(z)] (21)

z z2

N
H]

ka sin 6 k = ;,Tﬂ A = wavelength.

Since the liquid-particle velocity v at great distances is P./pyc, s the peak sound power
P, radiated into semi-infinite space is

A

2
Pw 402 2 (Ji(2) 27,(2)
P_= pavdA=2w?-a W f 7 - 3 sin 6 d6
A w 0

a o z

or

l @ m .m 2m
o Pw.2 4 (-1)" 2 (ka)
Pam 25, % o Z (m+ 1) (2n-1)...

a c [
w
me 0

2+ 2m 4+2m 3+2m
(%) (2+2m! 4 (%) 4+m)t 4 (%) (3 +2m)! (222)
(2+m)! (L+m)!  (4+m)! (2+m)!2  (3+m)! (1+m)! (2+m)t|

When this expression is expanded, the peak real power becomes

Py ka)?
P, = 2n-‘::w4w‘fa4 [11_6— (—Ta% + % (ka)* - ] (22b)

At the frequency of mechanical resonance in the grave (umbrella) mode, the magni-
tude of ka is usually less than 1/2. Limiting the infinite series of the above equation to
the first term only, we obtain
7202 a4 (peak power for condition

o ¥ 8 ka << 1/2). (22¢)

P =

a

nl‘o
€

© oold
€

The mechanical reactive power P, can be derived by a similar procedure applied to
the reactive pressure P;, explicitly written in Eq. (10). As in the above case, we limit
the expression for p; to the first term in ka and write

P, I p; vdA
A

1

jpwcw2'na2\.N°2 (ka)J’ glbsdb.
0

Since the value of the integral is 20/637, we have
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P, = jwl; W2 (23a)
L, = 42 o.e%. (23b)

The parameter L, is the inertial mass which the liquid medium adds to the disk
flexing in the grave mode. It coincides with the values found by McLachlan (5).

The magnitude of the kinetic energy of vibration (Tb) of the disk with no acoustic load
is also found by a simple integration:

a " 4
Tp =J‘ §2ﬂrt ,Opwo (-a-) dr
b0
or

- Mg2 = a2
T =g W M=ma’pt. (24)

The lumped mass, corresponding to the edge velocity W , is therefore 1/3 of the
actual disk mass. Adding to this lumped mass the inertial mass of the water (L,), we
obtain the total kinetic mass M, corresponding to W

My =TE o (146) (252)
_ 120 P8
A= &an Pyt : (25b)

The presence of a semi-infinite liquid medium may be thought to raise the density of
the plate from its value o, to p,(1+8). In an ordinary design for a water medium o a/p,t
is close to unity, making g about 2/3. One result of this added mass is to lower the
natural resonant freqhency w, of the disk 1n the grave mode from its value in a vacuum
(approximated by air) by the factor (1+48)%. An expression for «»_, may be obtained by
solving the secular equation

A=0, (26)

where A is the denominator of Eq. (16) in the absence of acoustic load. We obtain as the
first root of this equation the value ka = 1.933, a magnitude quite close to ka = 1.937 found
by Southwell (7). Upon solving for »,, the vacuum resonant frequency becomes

A%
W, = 1.081i o ¢, = <p_11> . (27)
P

Hence the resonant frequency in a liquid medium (wg) becomes

&\
* o — 28
_1081—cp, % = \oa+h) - (28)

A spherical wave (such as is radiated by the disk for the condition ka << 1/2) of
source strength Q,, looking into a semi-infinite medium bounded by a stiff baffle, develops
a pressure p in the far field (distance R) whose expression.(4) is

-jkR

p=j ;277 P .e.R___ (292)

......
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We omit the time-dependent factor. If the velocity distribution over the surface of
the disk is parabolic,

(ma2/2) W, .
From this, the absolute magnitude of far-field pressure is seen to be

2 .2 '
Pw® 8 o ‘(29b).

lpl = —7— ¥,

Another important performance parameter of the disk sound radiator is its natural
damping factor ay, or its steady-state mechanical Q,. For assumed parabolic deflection,
the rms radiated power (P, ) is

o 9 Pw 2 4
Prms—-l—G&) -c—woa.

£

The rms kinetic energy of the plate and water is one-half of the magnitude found
previously, since this quantity varies as cos2wt. In any cycle of vibration, however, the
mean energy T, is twice the kinetic energy. Hence the mean energy of plate and water is

T

m

maZp (1+8)t « 2
IO

o °

Now the diminution of mean energy during free vibration is equal to the radiated
power; that is,

dT
d_tm_ == Prns
or
mo (1+,8)tW°Woa2_ T o Pw2 4
3 = -1 @ ?;Wo a% .
From this,
wo = —'adwo ’
where
2,2
_ i p'wa @
%716 ot c (17 P (30)

The quantity a, is the temporal damping factor for free vibration, when the damping
is due entirely to radiation. With it we can derive an expression for the number of cycles
of free vibration (at resonant frequency wg) that must be completed for the amplitude W,
to be reduced to 1/e of its original maximum value. This is wp/27 a4, and hence

wg 3/2 'ppcw
= 0.788(1+ i -
2ray (1+5) PuCp
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Now by definition, the mechanical Q is

_ “R
Q= 3o
Therefore
PoCy
0, = 2.47(1+8)>? p:cp . (31)

Mechanical Displacement Under Forced Mechanical Drive
and Receiving Response

A steady-state (sinusoidal) pressure of magnitude p, (independent of the parameter
ka) is allowed to drive the submerged, centrally supported disk. We stipulate that
ka << 1/2 and write the equation of motion as

vkt we g, (32)
where

j P
¢:sz#).' @' = °

D Pt

As for boundary conditions, we require that D; = 0 (i.e., open circuit). Assuming
once again that b/a << 1, we obtain for the first two boundary conditions

aty=¢+ @'
2 -
?,B-b—o.

Proceeding with the two remaining boundary conditions, solving for «, 3, v, and & on
the assumption that E, is zero, and substituting in the displacement equation, we obtain

7 {[“3("2 2 - 3y, + 2 A)] it - Ty + gy~ Ay~ ABy B [ty + 2 iy
W, = A _,i%?@ [Bs (0 +2 ) - 25 (B, +72r-B4)] [Jykega) ~ To(kya)]

j ) & 2 j 3
- l%‘,z(—;f—) [A5(B, ~Bg) ~By(A; ~Ag)] [Yo(kla)+-ﬁl(0(kla)] --L“’B,Z—(lff‘i) [Ty(ky) -1 .

(33)

The complexity of this expression requires that some simpler representation be
sought for the accumulated charge |Q due to the pressure p, than is contained in the
requirement that |Qf:= 7&;, ha(dW/dr)__,. We assume, as before, a parabolic deflection
curve, and calculate the open-circuit voltage V5 due to |Q| stored upon a capacitor of
areana?, thickness h, and dielectric constant €3;. We have then

v €3 tZnW
Py 4 a2 es. 53,3‘9'0’ , (34)

where n = 2 for parabolic displacements. We can use the same formulation for the case
of fourth-order terms by setting n = 1,

o=
ozt
%
pm
b
€t
(e
e
-
rawred
rei
6
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It is useful, at this point, to derive an expression for the receiving response at fre-
quencies so low that Z(a,») becomes negligibly small, that is, at quasi-static load condi-
tions. From the theory of elasticity,

W 4

o _ a .

Py - T3YD) (static load),
o “Av

where (YOD) av 1s the average Young's modulus at zero current.
Upon substitution, we obtain

2 eyn
—at— 6—,—%,—3)— (static load). (35)
33 (Yo, AV L

FNIY

Y.
Po

Formulas Describing the Acoustic Performance of a Metal-Ceramic
Bilamellate at Mechanical Resonance, Radiating«Sound into a Liquid
Medium. Parabolic Deflection Curve Assumed and Infinite Baffle Present.

At mechanical resonance in the medium, the magnitude of edge velocity Wo is gov-
erned solely by the radiation resistance of the medium to the disk vibrator. Since the
real acoustic pressure for the condition ka << 1/2 is independent of radius, the total
mechanical force restraining motion at mechanical resonance is Fy = pra?. We know that
edge velocity and pressure are related through the impedance equation, Eq. (10). Hence

2 2
e - pwcw(k:) ma :wo . (36)

When electrically driven by a voltage v;, the applied (mechanical) voltage force NV,
balances the mechanical resistance force Fg in the steady state. Recalling that N = n&;,t
for the condition of parabolic distribution, we find, for edge velocity,

W o= ANV
° pwcw(kxa)zwa2 ’
or
. _ - CWE3
WO =1.71 e31 ) (37)
. cp w

This is a key equation, for with it, and with Eq. (28) for the resonant frequency g, we
can substitute into Eq. (22c) to obtain an explicit equation for the acoustic power

2
c, Vs

w2
Py €y

P, = 5.36 85 (38)

Similarly, substituting Eq. (37) into Eq. (29b), we find that the (real) acoustic pressure in
the far field (distance R) for ka << 1/2 is

0.924 &4, ¢,

"‘ .
- 3
ch

lp| = (39)

As for receiving response (V/p,), when an alternating pressure of constant magnitude
p, is applied (at the mechanical resonant frequency) to one side of the bilamellate, and
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when simultaneously the electric terminals are open-circuited, an edge velocity is ini-
tiated whose magnitude is

4p
wo = __0__2._
pye(ka)

In consequence of the electromechanical coupling action, an alternating electric cur-
rent i=NW, flows through one plate of the disk and charges the capacitance C* to a potential

NW, 4p, N

V = _Q- = =
: : 2 s
C®  jwC jpc(ka) wgC

Substituting for «; and N, we obtain

2 -
a“€jy; ¢
(), = s iy (40)
Py w=wR t €330, cp

The open-circuit voltage reported by this equation depends, for its magnitude, on the
presence of an infinite stiff baffle. In the absence of such a baffle, the magnitude of
response would fall by a factor of 2. The response, in any case, is that across one of the
two possible active plates of the disk.

Conclusion

Equations (6), (27), (31), (37), (38), (39), and (40) are the most useful results of this
part of the analysis. Taken together, they form a relatively complete summary of the
acoustic performance of a centrally supported piezoceramic. One seemingly vital equa-
tion appears missing, namely an expression for the motional admittance. This is not a
serious omission, since the small magnitude, of flexural electromechanical coupling
renders the bilamellai» almost a pure capacitor, when loaded by a liquid medium. In
many instances the motional resistance is less than 1/10 of the reactance at mechanical
resonance, and for moderaie power absorption the current flow through the radiation
resistance is relatively small. No great error therefore ensues in treating the bilamel-
late as a "'pure" capacitor. As for material constants, it is best to determine these by
actual test; e.g., it is best to determine cp* by measuring the resonant frequency in the
liquid and computing this quantity from Eq. (28). Only in this way can one avoid dubious
values for these parameters. Preliminary estimates of the values of these parameters
based upon the available literature may be obtained from Table 1, which lists the piezo-
electric properties of three popular piezoceramics.

An alternative procedure for determining the electrical series resistance R at veloc-
ity resonance is to assume that R ¥ X;/Qg, where Xg is the blocked series reactance at
resonance and Q; is the electrical Q. The factor Q; may be obtained from a knowledge of
Q, and k2 by the additional approximation that Q; = 1-k2/k:? Q,. At velocity resonance
therefore the electrical impedance is approximately

k2 Q X
A f m B,
Z(w=wR) N——l—kfz ] XB .

______
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Electromechanical
Property
(See List of Symbols)

(planar stiffness)

TABLE 1
Material Constants of Polarized Ceramics
Ceramic*
Ceramic B pPzT-41 PzT-5%
BaTiQ3 - CaTiO; PbTiO;3 - PbzrO; | PbTiO; - PbzrO,
127.9x10° (N/m?) 91.3 x 10° 74,7 x 102
38.3x10° (N/m?) 27.9 x 109 23.0 x 109

(planar stiffness)
s;; (compliance)

kp (planar coupling
coefficient)

(strain-electric
field modulus)

€33 (blocked dielectric
constant)

zero stress)

p, (ceramic density)

v (Poisson's Ratio)

€3, (planar piezo modulus)

(dielectric constant at

8.62 x10-12(m%/N)

0.33
-58 x 10-12 (C/N)

-9.45 (N/mV)
9.64 x10-°(C/V.,)

10.7 x 10°°(C/V,)

5.4 x10% (kg/m?)

0.3

12.05 x 10-12

0.48
-97 x 10-12

-10.38
7.89 x 10-°
9.7 x 10-°

7.6 x 10°
0.3

12.05 x 10-12

0.54
-140 x 10-12
-12.01
10.24 x 10-°
13.22 x10-?
7.6 x 103
0.3

*The chemical content of the above listed ceramics may be obtained by writing to the

author of this paper.

{The two PbTiO3 - PbzrO3 mixes are different in composition.

EDGE-SUPPORTED BILAMELLATE DISKS

We shall consider in this part a bilamellate disk of two active halves, simply sup-
ported at its outer edge. Care must be taken, in building this structure, to insure sim-
plicity of support, i.e., to insure absence of clamping while at the same time not restrain-
ing radial displacement along the outer rim. In any case, the boundary conditions W = 0,-
M, = 0 must apply; that is, the external casing must restrain but not flex the disk.

Coefficient of Electromechanical Coupling, Bending Moments,
Dynamic Equation, and Solutions

A few of the results of the previous derivations are immediately applicable, since
the mode of mechanical support does not enter into the basic equations of state. From
Egs. (2a) and (2b), we obtain (since { = 2),

_pt |9, v

=
>
il

dl‘2 r

dw = 2

2
D‘[Vé——- + %d_w]_ 331h2E3.

(41a)

(41v)
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Similarly, the coefficient of electromechanical coupling in the flexural (grave) mode is

- 3
ke —L T(kp)mx ) (42)

In order to write the dynamic equation, we need an expression for p(a,w), as required
by Eq. (9). Now the radial distribution of pressure p(r,t) has a form identical with that
expressed by Eq. (10), with the exception that the g's (hypergeometric functions) contain
additional terms. Restricting ourselves once again to the condition ka << 1/2, we employ
only factors g; and g, in the infinite series of Eq. (10). On the assumption that the
deflection curve has the form W = W_[1 -(r/a)?), we consult McLachlan (5) and find that
gy = 1/2, and ¢; is

C_ef 11 2)_.1(_21 z) 2[(_11 2)-1(..11 z)
gl—F< 3:3+ 1L b {31«‘ 513 L b2+ b2 [Fi~5,5, 1, b 7 Fl-3.3.2,b .

Performing once again the necessary integrations, we find that the reaction pressure,
averaged over the surface area of the bilamellate disk, is

pla,w) = jwW, Z'(a,w) (43a)
2
Z'(a,0) = pye, [—U;—"L i ka] : (43b)

It may be concluded that a change in the mode of support has altered the pressure
distribution in a minor way only, assuming, as has been done, that the deflection curve is
parabolic in both conditions of support. Equations (43a) and (43b) lead directly, in con-
junction with Eq. (13), to the equation of motion (steady state):

j oW, Z'(a,w0
vt oo efe T

1 D‘ (44)

Although Eq. (14), with W_ replaced by W, is a general solution of the differential
equation, the boundary conditions noted in the introduction to this section of the analysis
require that S and 5 be zero. Our general solution to Eq. (44) is therefore

i} jwz'(a,e) |
W(r,@) = aJolkyr) + ¥ Iolkyr) - —D—k{'_w_ L (45)

The two conditions that determine «,y are

Tock Itk jwl'(a,w)W,
aJ, a) + a) = —————
o(kia) + ¥Ig(ksa) D‘k:
3 €31 E3
a.A1+'yA3=—_ = .,
2 =D 2
v} klh

Upon solving these simultaneously and substituting the results in Eq. (45), we obtain

€3, Ey ‘[Io(kla) Tolkyr) — Jo(kya) Io(klr)]

3

W(r,w) = 5
2 =D 2 J

el kih A

+

jw2'(a,0) o Az Jo(kyr) = A Ip(kif)]  jw Z'(a,0)
p* k} ¢ A’ - p* kl4 c

Lo
e
L
o
ot
L
(¥
e
gy
(]
!
o)
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where A" = Ay Jo(kya) - Ay Ig(kga) . (46)

From this, upon setting r = 0, we obtain

W = _3_ -631 E3 [I()(kla) - Jo(kla)]
© 2 gD k2h [A, . jo8'Z(a,0) jwzl(a,w)(A:,-Al)} (a7)
D" k! D*k*

The displacement W, according to Eq. (46), is parabolic to a first approximation in
the parameter kr. We have seen (Eq. 20) that for such a distribution of deflection, the
transduction ratio N for one plate of the disk is 7€3;t. Under surface loads, however,
the transduction ratio diminishes, as may be seen from the following development. Let
the simply supported disk be subject to a static surface pressure p,. The charge accu-
mulating on one pair of plate electrodes is

*s_+ s
Q:d31J. r2 t277rdr,
0

where
ds; is the electric displacement-stress "effective’ piezo modulus
s,,s, are the radial and tangential stresses induced in the disk by the load p,.

From the theory of thin plates, it may be found that

S, tS¢ 5 a? 4 12
R R ONC T L

and

P, = - %

Upon performing the required integration, we obtain

Q=3 7Y,tdy W
1\43 B
»\,ereutwc ,

that is, the transduction ratio N for the (static) loaded state is 3/4 of the value predicted
by a parabolic deflection of the disk. When two plates are considered, the ratio, of
course, will be twice the value of one plate. The advantage of using two active plates is
thus clearly evident, since the coupling, power, pressure, etc., will all be improved.

Acoustic Power, Mechanical Reactive Power, Kinetic Energy,
Mechanical Resonant Frequency and Mechanical Q of a Simply
Supported Disk Whose Deflection Curve is Parabolic (Second
Order in r). Infinite Stiff Baffle Present.

An expression for the acoustic pressure in the far field {distance R) due to a
baffled disk having a deflection curve of the form W = W_[1 - (r/2)21- is given by
McLachlan (5):
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20, aZ W‘c Ja(kqa sin 8)
be " k (kya sin 6)? . (48)

A suitable integration over the spherical area of radius R of the product of the acous-

tic pressure and the particle velocity yields the peak acoustic power radiated. In symbols,

d
]

J dA = 1 J 2dA
a Apav ‘pwchP

Pu =2 4 J:f J"22 (kja sin 8)

= 87— W _ sin 6 d6.
Ty, e 2 0 (kya sin )4 san
Upon evaluating the definite integral, we obtain
2( 2+
(%) (3 ay2mom s

.
1}

Po 422 . (=1)™ (4 + 2m)!
8 <, a” W, Zo m!(4+m)! (2+m)!2  (2m+1)(2m-1) ...

or

P

“ 2
a—n%a“wf [%--Q%)—+'"]. (49)

We note that if ka << 1/2, the expression for peak acoustic power in the medium due
to a flexible simply supported disk is the same as for a centrally supported disk, both
having parabolic velocity distribution and both having equal maximum displacements.

To terms of first order in ka, the reactive pressure on the surface of the disk is

Py = i PyCy W (ka) g -

The magnitude of reactive power in the medium (P,) is therefore

!
<= jw2rad o W2 J gi(1-b2) bdb
4]

P. =
or
_ . 248 3g2
Py =315 @Pue Ve - (50)

The mechanical reactive power of the medium whose expression has just been
derived is due entirely to the inertial effect of the medium. If the motion of each ele-
mentary volume of adjacent liquid is referred to the peak velocity W., we see that the
inertial mass added by the medium is o, 2,3 (248/315). Since the kinetic energy of the
vibrating plate T, is

!

T = %J' puc, W (ka) 27 a2 (1-b2) bdb
[}

n

1 o2
g'nazpptwc s

we conclude that the total effective mass of plate and water (Mq’) referred to the peak
velocity W, is
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v _ 1 2 '
Mq—grra ppt(1+ﬁ)

r 3 248 pwa
B = <315> = 0,752 W' (51)

By thus increasing the effective mass of the plate, the liquid medium acts to reduce
the natural frequency of vibration in air «/ by the factor (1 +5’ Y4 An expression for
. is obtainable from Eq. (46) by setting Z( a,w) equal to zero and solving the secular
equation A’ = 0 for the lowest root, excluding ka = 0. We obtain, for this lowest root, a
value ka & 2,252, from which we fmd that the grave resonant frequency of a liquid-loaded,
simply supported plate to be

wp = 1.468 L <, (52)

=D %
o't - 11 i
p p(1+8")

Since for equal maximum displacements (Wo = i’c) the radiated acoustic power is the
same whether the disk is simply supported or centrally supported, and since for parabolic
displacements the kinetic energies of the unloaded plate are also identical, we see that the
temporal damping factor ) has the same form as in Eq. (30), with the exception that 8 is
replaced by 8’ and wg is replaced by @g. The mechanical Q, therefore, becomes

’

e 3/2 PpCw
Q= gy, = 181 (1+8") XN (53)
where
=D
e =1
P Pp *

Formulas Describing the Acoustic Performance of a Simply Supported
Ceramic Bilamellate, at Mechanical Resonance, Radiating Sound into a
Liquid Medium. Parabolic Deflection Curve Assumed and Infinite
Baffle Present.

In this section the same reasoning and the same steps in derivation are applied as
was used in obtaining Egs. (36) to (40), with the additional consideration, however, that
the transduction ratio N is, for the entire disk, 2X the value previously used. A first
result, employing N = 27e4,t, is the center velocity, ¥.. We obtain, for this key parameter,

. €,4¢c E
b - s 2 o
P w

Similarly, using Eqs. (49) and (52) and this value for "Nc, we derive the expression
for the acoustic power radiated

e V.2
— 2 w'3

Pa = 11.65 831 _T2 .
Pac,,

(55)

As for the acoustic pressure, it is noted that when z << 1/2 the limit of J2(z)/z2 is
1/8. Hence the resonant acoustic pressure in the far field (distance R) on the acoustic
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axes has the same form as in Eq. (29b), with the exception that \'Nc replaces Wo and wp
replaces wp. Substituting as before for « and W., we obtain

Cw v3

Ipl = 1.36 84y —— .
3107y

(56)

A procedure similar to that which led to Eq. (40) yields the resonant open-circuit
receiving response

\' a2 331 Cyw
(1) ot o o
w=wg 33Pw %p

We observe here the same precaution in the application of Eq. (57) as was noted in
the application of Eq. (40), namely that this is the response from a single plate (of two
possible active plates) and that an infinite stiff baffle bounds the half space from which
the incoming signal takes its origin. In the absence of the baffle, the response will fall
to a value of one-half that noted above.

Conclusion

Equations (49), (52), (53), (54), (55), (56), and (57) constitute in their entirety a sum-
mary of the acoustic performance of a simply supported flexural bilamellate disk radiat-
ing sound into an infinite half space. All the limitations, precautions, ete., noted in the

discussion at the conclusion of the earlier derivations are applicable to these last results.

In particular, it is of importance to repeat the stipulation mentioned previously that all
material constants occurring in the formulas be determined by test upon an actual disk.
Substitutions from generalized data available in the literature may,.or may not, lead to
dependable results. And a final point: all power, pressure, and voltage response for-
mulas are based on assumed 100-percent energy conversion, no losses occurring on the
way. In actual practice, overall conversion efficiencies vary from 40 to 70 percent at
low electric drive (0.01 volt rms per mil of thickness) to 15 to 20 percent at high, elec-
tric drive (10 volts rris per mil of thickness), In practice, too, the material constants
§;; and © ) are lossy (i.e., are complex quantities) and are frequency sensitive. From
these remarks, the approximate nature of the derived equations may be surmised.




Symbol

CS

cll’ 012, etc.

glr g3y etc.

h

3 (2), I (2),
Y (2), K (2)

Py

P;

LIST OF SYMBOLS
area in square meter
radius of plate (meter)
capacitance (farads) at constant strain
stiffness moduli (N/m?)
velocity of sound in water (m/sec)
stiffness constant, (N-m)
electric displacement (coul/m?)

piezo modulus

electric field (volt/m?)
frequency (cps)
hypergeometric functions
half thickness of plate (m)

Bessel Functions of order n and argument z

wave number, (m-?!)

3p, w?/h? 51’3 1

coefficient of electromechanical coupling in flexural mode
radial bending moment per unit of length (Noym)

tangential bending moment per unit of length (Np/m)
transduction ratio

acoustic power (watts)

real pressure

inertial reactive pressure

charge (coulombs)

mechanical Q

24
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LIST OF SYMBOLS (Continued)

Symbol Definition

Q, internal resisting shear per unit of circumferential length
R distance in sound field (m)

r, 8,z polar coordinates

S; radial strain (m/m)

S, tangential strain (m/m)

T, radial stress (N/m?)

T, tangential stress (N/m?)

v, applied voltage (volts)

v velocity in meters per second

w plate deflection in z direction as a function of time (m)

W plate cieflection in z direction as a function of frequency (m)
w, p subscripts for water, plate

Y.E Young's modulus (N/m?)

z acoustic impedance

z ka

a, B, v, 8, T constants

€33 dielectric constant at constant (i.e., zero) strain (farad/m)
4 1 or 2, depending upon backing plate of bilamellate

o density (k_/m®)

v Poisson's ratio

w angular frequency

A special denominator in Eq. (16)

NOTE: The MKS system is used throughout this paper.
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