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a composite loss function, L, to account for the energy loss mechanisms that
occur as the wave propagates. This loss function is incorporated into the
general equations of motion and series solutions for bulk, and surface waves
in the inhomogeneous lossy medium are derived. The displacement fields are
examined over the frequency regime in the near and far field for the waves.
The effective Lame parameters are included in the solution, and their contri-
bution, as well as the frequency contribution to the wave field is seen.

. Higher orders of scattering and diffraction are seen as well as the anhar-
monicites and nonlinear effects of losses. These effects may be observed in
the general wavefield description. Also the effect of losses on the dispersion
behavior is observed as a frequency shift of the wave. & — -.

The specific losses for an inhomogeneous granular medium (powder) sur-
rounded by fluid (liquid/gas/or vacuum) are developed and ordered in magnitude
over the frequency spectrum. These losses are then incorporated into the
general solution and a specific solution for the granular powder is obtained.
In addition, further specific examples including source function and loss
function incorporation for a nonlinear lossy situation for geophysical and
engineering instances are handled by the general method with boundary condi-
tions for finite media. Finally, a comparison of the range of validity of
perturbation theory as opposed to the generalized solution in nonlinear series
is made and crossover criteria with regard to loss mechanisms operating
(frequency considerations) is made. The general method may be applied to
acoustics, electromagnetics and seismic wave studies by the appropriate
recasting of the governing equations of motion and development of the functional
forms for the losses in the medium considered, as well as the generation of the
correct constitutive relationships.
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CHAPTER 1

INTRODUCTION

For the most part, theoretical work on elastic wave
propagation has dealt with the development of solutions
that do not adequately (if at all) account for the energy
loss mechanisms that take place. Indeed work on scattering
has been done, from a correlation point of view (Chernov,
1960) and from an intrinsic attenuation point (Klemens,
1955). The nonlinear occurrences and effects of strong
scattering as well as the formulation and identification
and actual development of losses and microscopic mechanisms
has not been handled. Up to now layering to linearize
the wave equation has been dealt with by the linear theory
(Kfavtsov, 1968) (Brekhovskikh, 1955, 1960). Mathematical
solutions to the wave equation have been developed in
terms of displacement potentials but have not included
loss mechanisms (Ewing, Jadetsky and Press, 1957). The
classical theory of attenuation has been produced but
it has not included non-linear effects. Losses have not
been used in an idealized model (Auld, 1973) (Brillouin
1946, 1960). Wave propagation in inhomogeneous media
has been approached from a geometrical description of

particle stacking and size rather than from a more
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sophisted mathematico-physical standpoint (Brutsaert,

1964; B, 1961). Similar approaches in linearization of

the prob and omission of any other losses but scattering
has been lowed (Christian, 1973; Egorov, 1961).

Multe order scattering interactions are not handled

completelsSkudrzyk, 1957) while an idealized Green's

function .ytion with no losses enumerated has been proposed

(Beaudet, 70). Finally, Burger's equation has been

dealt withn a estimated manner in handling lightly dis-

sipative mqa (Leibavich and Seebass, 1974). Consequently,

Solutions gecribing progagation lead to idealized behavior
that can, ira number of instances, depart from observed
phenomena soqnuch that the solution's value is depleted.
This protlem has been undertaken because one desires
to formulate theories in conformity with reality as much

as possible. A definition of energy transport in the

light of dissipative energy mechanisms occurring in the

Propagation process, leads one to the point of developing
a solution that incorporates the loss mechanisms in its

functional form and orders these dissipative processes

over the frequency regions. 1In this way, the propagation

including dispersion, loss mechanisms, and waveform behavior

is examined and presented in a functional form. One can

then deduce certain physical phenomena that are actually
observed in the propagation process as a result of having

the generalized solution, such as damping of electrical

signals in lossy materials, whereas an idealized solution
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omits these processes. Dominant loss mechanisms occurring
over the frequency spectrum are now investigated and one

is provided with insight into the physical mechanisms
occurring during the propagation process. 1In this treatment,
a granular, inhomogeneous lossy medium is considered,

but the method developed is applicable to a wide spectrum

of propagation problems that occur in acoustics, elasticity,

electromagnetics, and geophysics.
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CHAPTER 1I1I

Formulation and Development of Generalized Solution
for Equations Governing Elastic Wave Propagation

in an Arbitrary Inhomogeneous Lossy Medium.

As any elastic disturbance propagates through a lossy,

inhomogeneous medium of arbitrary composition, there are

several sources of energy loss that occur. For an inhomo-

geneous granular medium composed of solid and fluid com-

ponents, one encounters the following loss mechanisms.

S

(1) Scattered energy out from the primary wave
due to inhomogeneities.

F - (2) Intergranular sliding (frictional loss due
to motion induced by passing wave).

V - (3) Viscous energy dissipated into fluid by
the motion of granules relative to the fluid.

T - (4) Thermodynamic heat loss, (Energy given up
by the wave to the medium as heat as it
goes through a pressure cycle, heat conduc-
tion)

A - (5) 1Intrinsic Attenuation in the solid (rate
process).

B - (6) 1Intrinsic Attenuation in the Liquid (rate

process).




n

As a result of trese energy losses, the propagation

cf a wave will be modified from that of the lossless case.

't
(2]

In order then to descritce the actual propagation in i

s
-

2antirety, it cecomes necessary to examine the effect ¢

the lossy mechanisms that are taking place insicde the
medium. S—

To begin, one must obtain the displacement field
in the medium. The approach for doing this is to amplov ;
the wvector wave equation for inhomogeneous media with
a generalized loss term, L, as the starting point. The
loss functicen L, is incorporated in:to the eguation cf mction
and 3 serizs solution is develcped in the parameter (Xx)
where x = kl + ikz is the complex wave vector; from this,

cne may examine the solution and express it as a modification

f£rom the basic exponential soluticn for a lossless medium.
The equation of motion for an arisotropic inhomcgereous
medium as derived in Appendix 4 in its full form with

a generalized loss term, L, is the following:

vIR+28) v U= 9x (& VX W)+ [(VEA-0)-v&(7.Y)]
+2 [ v&x(VxU)] = = ¢ ‘3;"-1‘*’—“‘ t)

(2.1}

(1) In general A and u are fourth order tensors

for an anisotropic medium, however, for an arbitrary
medium the wave field will interact with

the medium as if a set of "effective" Lamé constants
X, u were present. Hence we define effective

4 anisotropic, A anisctropic as X, I that

will subsequently be developed frem the microscopic
theory to be used in the development.




where U = (u,v,w) is the general displacement vector
»
and A and u are the effective Lame parameters.
This egquation balances the net forces and accelerations

a small volume =2lement of the mediunm. Ir the vector

rv

o
icss term (L/%),v is the particie velocity (a complex
number), while L is the energy lost by the wave per uni
volume per unit time due to the various attenuation processes.
Here L must always be a positive quantity, and LAF is
an effective vector force per unit volume, always opposing
the instantaneous motion., The guantity L is additively
composed of contributions from the undivided lsss mechanisms.

In order to develop insicht into the processes taking
place in the lossy medium, one considers a quasi-one dimen-
sional problem,(z) thus with = (xt), w = u(x), x =
X(x) a plane-wave solution is examined whereby the fundamerntal
physics lies in the solution to the one-dimensional lcssy
problem. Equation (2.1) thus becomes, noting that the displace-

ment and effective elastic parameters are ncw functions

of cne variable, x,

30 — Qv °
(X 1-2_,7"— "‘7-{*‘"& V& A

(v (M) e 5+ (5)

(2.2)

(Z)A full three dimensional solution is obtainable
through the use of complex convolution of one dimensional
solutions.




! ' From the above, because of the functional dependences,
: the second and third terms vanish identically so that

the equation reduces to:

| b_k" =\ ¥\ _ 2V 3t
. X KH'ZM) x| =L e 7 L(T)

(2.3)
which may be written in the form,
ATEYY LYY RAY B Il ¥
3X>(3X)+?’<T5()(}x) =€ ot
2t 3TV T —
+ L(?v)”( Wi)()—i— z,u.>
(2.4)

This partial differential equation is then regrouped

as:

5= (55 = (323 - (3 (32

~L .é_t_)

AV (2.5)

Because, in the approximate low loss case, the series
expansion of the damped plane wave solution is composed
of constants times terms in (kx) (as seen in Appendix
1), one surmises that the displacement, U(x,t) in general
complex, can be expanded into a general series solution

of the functional form:

U= (U)() .Q(wt: g ﬁiwt[é A UQ)()M'*- Li{ Baq(k)(){] i
(2.6)
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Where m and q are integer counters and the m are
even and the q are odd, corresponding to the even and

odd terms in the general plane wave solution expansion.

This general form (2.6) is prompted by the "basic function”
i(k1 + ik2)x iwt
e e'®" for weak (and linear) attenuation process,

but is modified to account for the loss of a more general
character.

Substituting the trial form into the lossy equation
one obtains two systems of equations in terms of coef-
ficients of powers of (kx), through separating real and
imaginary terms, namely setting reals equal to reals and
imaginaries equal to imaginaries.

Now, in the weak, linear attenuation case the coefficients
Ap and Bq are constants (as seen in Appendix 1) corresponding
to the expansion of the classical exponential form. Now,
depending on the nature of L these coefficients themselves
become functions of k and x. The quantity k is analogous
to the wave number in the ordinary case. Every wave of
frequency w is assumed to have associated with it a parameter
k. After factoring out the oscillatory time dependent
term ei t, to allow for isolation of the dependence due
to damping one develops a power series solution in (kx).
From the general form, cited in (2.6), one notes that

k = k1 + ik2 because of the loss mechanism, so that, sub-

stituting this form into (2.6) there arises,

U T[T Al b5 Tt i))

(2.7)
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so that, upon regrouping terms, one has,

\U’Q - U g An (%}‘*m'" (;"e_‘l)_”(w cee s (o) )3 T

+\D) ‘62 B @‘o(kﬁ"‘) g~ - '%‘K*Q("_klﬁﬂng

(2.8)
For convenience in notation, one writes,
(4) - (j(i - s (gmen) )
R R!
(M) _ (V”') N 7Y,
N w! ) (2.9)

It is possible to simplify to the following, casting the

equation into the binomial expansion format:

W)= Vg an (£, 60" (9 () (2)
+v 6‘6 Bq (%ﬂ(k,}‘b'ﬂ (hz)ﬂ((ﬂ) (Xv (iﬂ |

(2.10)

One segregates U, into real and imaginary parts. From
this formulation for U, as a series one substitutes the
form into the generalized equation of motion with losses
and obtains the nonlinear coefficients Ap and Bq solved
as recursion coefficients. Segregating Uy into real and

imaginary parts, one has
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(Ux)=U[ G Z, A ) e U )

+t 2 S Am () (k) (I )

”h 1” I.’

0 Z 2 By(k) S (k)% (RI)(XY( §)

R'*R =0
e‘ung

) & Bk (Y (Y]

V& T R =
odlﬂ, !

Now the general form is convergent, since, for the

weak attenuation case the classical form is convergent,
and the surmised series is an extension of this form.

It is itself a modified exponential expanded into series
form. Since ‘the wave decays in the weak attenuation case,

and one considers even stronger attenuation mechanisms

occuring, the wave most certainly decays and its solution

form must be a series that converges at least as fast
iklx iwt -k,x
as the desired solution, (e e e ) Uge

Recalling the general form for the egquation of motion
in the lossy, inhomogeneous medium, one obtains from Eq.

(2.4) in quasi-one dimensional form:
() +4_zz/ (—l—) anj( ax-./=€(};; -,,1.(-3—:'7 5
In which
Az e+ ad(x) j K= Fae +oZ(y
AN(x) — o0 ; o Alx)— o Lme X
m“k (X/-fzu/—-,(,\m-rzzzﬂ.t)-—»a :
X2 (X)) A= (%)
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Eq. (2.4) then becomes(3):

— é-lr/:x T ya af?
()-\- u\) ) < Gw?® = — . ( ST
(2.12)

One sees that (2.%2) is the resulting quasi-one dimen-
sional partial differential equation incorporating the
effect of losses. Upon substituting Eq. (2.7) into (2.12)
and separating réal and imaginary terms, one arrives at
the following set of equations:

Equating the real parts, one obtains:

ky* ZR)L("»)( ~1) 2 2 Am U‘z. '"}(le/ (¢ X”") (7/)

+%(%-\>(Z%ME‘§RKE')Q &"(k )R”( R ()r% ( )):]
+&u .Q)[ 23 i,.(k)”‘ (k)" (¢ /(*’(72.(12’)]
o) [ 22, Bl T ) ) (9)(4]

R (ZopE ) () - (Lentey.

-— A Da'l-

(3)In most physical situations X and y vary in an irregular
manner and oftentimes are discontinuous at the interface
between dissimilar materials in an inhomogeneous medium.
Hence this approach is applicable to the majority of cases.
For the extreme, where X and y are gentle functions of
position, an additional term in the series solution appears
that causes some secondary effects on scattering.
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While equating the imaginary parts, one obtains:

(K r2) [mim-) 2E, An Ry
+g (3 ;?% B3 (k) (k) (< Yx57)(1)]

Rlzrp= 0
+Hw)[ S "‘% An (k") (k)™ (V67 (2)]
) [2 3 BV U (S g0
fc ~wt
A - In( %55 - fm(ﬁée"\’i |« (LmkL
g / (W Ug ( ~wv,(2%4)

Next it is necessary to collect similar terms in
the resulting series in powers of x and shift indices
F in the various summations to obtain recursion relationships
among the respective coefficients for like powers of x.
It is also necessary to adjust subscripts of coefficients
appropriately.

Once again, upon equating real parts there is obtained:
(g Lm0 (L E ot Dtbsberpomgry |
+H3)(3) (2 2 8g(k)F (k)" =)eI(Y] I

=3 R" 2R

[ £ Z An (1) (k)15 ()67

L R e

‘[L (X 2o bex ] (2.15)

- W Ug*
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Similarly, for the imaginary components one obtains:

@-mz,z) L»n)(w)ii n{W™7) (A /( )] |
S IK LR AL IO R Gy

+w1{[2 2 w({*m)(k” ) k) (" ) (" X‘VJ
el 54,8 I ]

_[Lc&, k) L (x7) ]

—Ww Uy

(2.16)
So that equating imaginary components, one has symbol-

ically and operationally,

R (k) Am (x""7+ P(k)Bg (X9
QAI(%)(er\ 'z /)/A4 ka)'ﬁ'@d fi) £ (A;}(Zﬁg ’J Cxis //
= L(X )( e (2.17)

And, equating real components, one obtains in a similar

form:

A1) (Am) (X”'l)ﬁ- § (k)8 (X974 wzQJKK)Mm--L/(xM-y
+(w ) (Bg-2) (x97) S(k)- (A(x D k)

-w Uy (2 18)

where R(k), P(k), M(k) E(k), d(k), £(k), 3(k), S(k),

are the respective polynomial coefficients of the terms
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and are identified in Eq. (2.15) and (2.16) from corres-
ponding terms in (2.17) and (2.18). The loss term L is
written this way to show that like powers of x are equated
on both sides,

Now, q = m + 1, since the basic series alternates,
so that one has now, a resulting separated set of recursion
relationships tetween the even and odd cocefficients Ay
and Bq. Upon ecquating similar powers of x on each side,
one has the desired recursion relationships. 1In these
recursion relationships cne cobtains two conditions, one

relates L{xT"%) to the Bg terms ané the other relates

Liz™2

) to the A, terms. For the general Al recursion
relationship for the equation for the imaginaries one

has:

An (IR (k)1 wig (ney) (™ 104
=| Lea(Rx) £ (x7Y)

-w U,~

(2.19)

and also, for the Bq recursion relationship for the imagi-

naries there arise:

Plk)Bg (x37) + w2g &(k) by ( X7
= [ _Colhx) £ (x77)

- W Vet

_ [ coe (kx) £ (X 9Y
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In addition, for the reals, by the same arguments as were

applied for the imaginaries, one obtains,

JZUQ) A»,(X""”)i-w‘{;)(“) Ar -~ (X’.‘") ( 2in kx )L(y’" Y

(2.21)

$(k) By A7) +we (84-2) (x973) S(k)
=<4f\‘f/\fvo‘ ) (L (X% -9 (2.22)

Now, one constructs the total recursion relationship
for real and imaginary through combinations of like powers
of x for each of the A even and Bq odd coefficients.
These equations become the following since the coefficient
of each separate power of x must vanish,

(An)(met) - Uk) ") () (Fe2m) ()

=2N= 0

LB 5 )

Coa bx_ LLx"')+ e (i) L(x)

T ~wW Ve

- Ve

= (2.23) J
25 (L6 :

5 (§) (% a)(ﬂ L) T () (e em)

RH=R~=)

*I-(W Q) Bﬁ-zk% (‘GK) (LR+) (lzq« (k)mj ]

R"z 2R~} =

Q"hx) L (x q-) (2.24) i '
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And starting with the lowest order coefficients, one obtains

the beginning of the recursion relationships:

m=o - Ao(O) (o] Ao A"Mﬂu‘] (2.25) -,
B, A—\w:«a

Hence, A, B; are chosen as 1 since they are abitrary.

u

it
(N

q-=1: B, (o)

(2.26)

For the general recursion relationship one has, for m > 2

; o)) ) [ 2, 07 (k) () () (Rr2m )]
o) [2&&)"“(&) ") () A

Mo

R N e

-l Leey]

(2.27)

Also, noting g = m + 1 one obtains for q > 2, for the |

general Bg

" Be (2) (31 3._,“‘){‘@”(‘“) (e (9)

t~@@a)til () T4 ( 52
w%)Auv) .
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Solving for the recursion relations for the respective

coefficients, from equation (2.27) yields,
‘j

r
Lk/" AMeplaq 7
( > ([ c(/‘!)) k,ﬂ'Q A”"'L[Z“/(k‘) (kv)NZn.;/m v
Am - Mz g

L&

) 2 )™ ()" (3) (AT x5)

a Jd(2.29)

and also, from Eg. (2.28) there is obtained:
N ) hx
)Lt w5 (et ) (k) T,
Rr=)
B

i

g (5) & U™ (3) (k)™ (Tr2m)(¢*%)

RYz|

(2.30) .

Next, it is necessary to express the general A in
terms of the base coefficient A, This is obtained by
determining the product of corresponding linked members

in the even term A-series.




w e

M AR eSO

e - 7
| ¢ )L(k’* ~wp [2 (k») (k)™ (7o) (¢ ~/] (x)

M=

-

(m){m-1) € L h.)"‘”'uh)” (%) Qve)( %)

J2'31)

The same procedure is applied to the B_ for the odd term

q
series:

. m e m..gl.,-]
) Loy g [, 15R) () i)

R 2 LA

S

(WA
d

6 (5 & W) YD)

_/2.32)

In the feedback product of descending coefficients

A_ the higher order product terms are very small and decrease

m

by (X+2E)N so to first order it is beneficial to simplify

slightly and include the dominant terms for each coefficient.

Hence, one has for the A even coefficients:

U

(55 L)

;

) )™ () e

.

(2.33)
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ancé also for the odd term coefficients, Bq,

ke
(“%“5’) L (x5

8% = . ‘ -RM g ‘
@ (1) 2 W/l g ey

‘\

- L (2.34;

v J

3 with g =m + 1

2

;? These are the nonlinear coefficients Am’ Bq that descrike

. the medificaticn to the basic exponential plane wave soluticn.
Finally, recasting into the original formulation,

o one obtains the complete solution for the nonlinear lossy

problem. The coefficients Am and Bq are now nonlinear

functions of the wave number k

\U) <(Us :wy(éxAm(wu (& %ﬁqw‘y

= (a(‘“? ‘Uo[ | + C(k,rCl;g,_) x]
+(Ue Qi.w'?( Z_/ U‘ym[‘&—ﬁ‘%rioyé(x»v-j ]

(")(n-a)(X*Lﬁ){ Ek"?‘wm(,«‘/jj

99V 3 2 (ko3 Ay ]

- f_( ala) (o) Z 0SS ()
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These nonlinear coefficients A, and Bq indicate the
effect of higher order interaction processes (higher order
attenuations), and in the general representation may be
redesignated as attenuation order interaction coefficients
Dy(kst). The attenuated terms of Nth order, which in N
the absence of losses would be the terms in a sinusoidal
expansion are now modified by the appropriate coefficient
of the loss function L. They describe the general nonlinear
behavior that arises in the wave field due to the presence
of losses.

The solution converges because it is of the form

iklx -kzDNx
e e that converges. It also goes to 0 as x +=

. ~kDy*

due to the damping term e where the DN are the general
nonlinear coefficients for attenuation order interaction
terms in the general representation (See Appendix 1).
When the Dy are constants one has the classical linear
theory when they are functions of L one has the nonlinear

theory for higher order nonlinear processes occurring.

Hence, the general field is of the form:

UX = UOQLwt (444)10/\)({/_&1( D”(,&I-gLy

(2.36)
while at higher k, one encounters some waveform lengthening

and distortion in the near field.

\ ————— _,,,,.___J—‘ o
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In general, the nonlinear equation (2.12) will generate
harmonics. 1In particular, if one utilizes first order
iteration, harmonics are generated with frequencies depending
upon the power of U in the loss function L. 1In second
order iteration, one obtains higher order combinations
of these multiples. Hence, the total solution then becomes,
the following accounting for harmonic generation, for

the composite nonlinear series form:

g {wpt
- r
Q— é Vp2

(2.37)

in the discrete case
and _
Uc"' S &err J'\.wft
w
(2.38)
Here, each Up represents a general nonlinear series
solution for a fixed w, for the lossy problem.
One notes some physical aspects of the solution:
(1) Dispersion will take place in higher orders
as U contains complicated powers of k = kg + ik2
so that k2 will also appear in the real part of the
effective k as indicated in the expansion.
(2) Attenuation takes place in higher orders as
seen in the infinite series of nonlinear interaction
terms incofporating multiple scattering, diffraction
effects and general loss processes. These are seen

as the powers of the complex k in the expansion,

particularly with regard to kj-
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(3) Incorporated in the loss components from L are
interactions from surface and body waves in the scat-
tering mechanism showing that the propagation and

the loss depend also on the geometrical description

of the medium. This occurs because of the integration
limits on the scattering integrals for S, the scattering
loss term in L. .

(4) The effect of the inhomogeneity of the medium

is to create attenuation by scatttering of the wave.
This can combine with other losses to higher order

in the loss function L. The scattering may generally
be formulated sepa’ -ely (as herein by perturbation
‘theory) and inserted as a term in L.

The physical interpretation of the successive terms

can be seen as:

(1) The first two terms represent the contribution

to the attenuation mechanism (composite energy loss
process), of the "weak, linear interactions®" that

one normally experiences in the classical theory,
whereby energy is extracted at a fixed rate.

(2) The successive higher order attenuations (modifi-
cations to the classical linear terms) arise due

to the nonlinear mechanical variation of the properties
of the medium and the loss mechanisms occurring in

L, the energy loss function. These arise as has

been we have seen from nonlinear rates of energy

_ R
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extraction, random multigle scattering processes,
nonlinear interaction rates, strong attenuation processes
in L that distort the waveform nonlinearly, and general
random benavior of the medium.
Now, in the classical theory one assumes that the

energy is extracted at a constant rate defined by a and

then formulates the functional form

5‘15)= 2ok dx =—m £(Y) 2L T
E

(2.39)
when in reality, as the losses become significant, nonlinear
effects take place and the fixed, constant energy extraction
rate process does not adequately describe the physical
situation.

In the weak attenuation case the attenuations can
be functions of frequency and the coefficients An and
B _are constants (all the same function of freguency).
In the more general case however, each coefficient An
and Bq can be a different function of frequency leading
to a nonexponential, or modified exponential decay, and
in addition these coefficients can be explicitly amplitude
dependent,
Depending on the general nature of L, the energy

loss function that describes how the energy is lost from

the wave into the medium, one obtains more or less complicated
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expressions for the D the attenuation order interaction

N’
coefficients. Thus, for a medium that is strongly lossy,

the DN are complex in functional form; for a medium with

small weak losses, the classical linear theory with DN

as constants is sufficient. The nonlinear effects introduce
distortion of the wave profile, (equivalent to the production
of higher harmonics) and because of nonlinear effects

the waveform profile steepens until dissipative effects

become important. These dissipative effects lead to broad-
ening of the wave profile since the highasr harmonics are
attenuated more rapidly. These effects finally kalance

its nonlinear steepening, whereby the rate of energy conver-
sion from the lower to the higher harmonics is counterbalanced

by the increased dissipation of the higher frequency components;

in this situation the wave form remains constant.

(a) Body Wave Formalism and Displacement Field

with Near and Far Field Behavior

It is now of interest to examine the near and far
field behavior of the wave field, in the light of the
following spatial segregation: A small(A<R); A large(A>R);
AMintermediate(\ R); x large(x>10i); x small(x<l0X); R
granule size.

(1) (Case I) - (A large, x small), (Near Field)
For k small, x small, the terms in (kx) are rapidly

converging, and the loss function is weak for small k.
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Hence, the first few terms of the series are sufficient

to describe the wavefield:

U ~ (1= leax + DL(W(sz)L)&L”t(—QC ki) U,

(2.40)
(2) (Case II) - (A, x Intermediate), -general solution
given as equation (2.36) is applicable.
(3) (Case III) - (A small x small) - (Near Field) -Here
for k large and x small, the effects of small x are over-
ridden by large k. 1In this case the terms converge guite
rapidly. A few terms are sufficient to describe the field

behavior adequately.

Q)") ~ U, k_;..ﬂ:} ()L.;h.x O,v) (“__th)* D/v(ka.x)l)

(2.41)
(4) (Case 1V) - (A small, x large), (Far Field) - The
complete form is needed as the terms in (kx) are significant.

The losses are strong. One has in the adopted representation:

Uy ~ U, J_....,té_;lz,xp,,y(‘e_-hzx DN)
(2.42)

One notes here in the far field, that the wavelength

becomes lengthened due to the presence of the nonlinear
iklxDN

terms D, in the e oscillation factor.

N
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(5) (Case V) - (X large, x large), (Far Field) - This

is the low frequency condition. 1In the far field averaging
effects of the waveform have taken place, and the waveform
has reached a stable configuration. The solution approaches

the classical solution as nonlinear effects have been

overridden.
-Rx Ry x cwT

(UX) ~ Uo= < i
2 (2.43)
%‘ As a result of the foregoing considerations one constructs
f; the following table:
F' FIELD BEHAVIOR OF SOLUTIONS
f" TABLE 1 . :
- — —

l (Body Waves with Losses)
- v
| (1) X large, x small
i

(Near Field)

3
? ' } Ux ~ (/-kzx + (é)(éax/'/f‘wtﬂdb"cu) (2.44)

——— e o e

L (2) znteéhééiSEE‘i) X - General Field Solution f

4 | As indicated in eguation (2.35)

E(B) A small, x small
» (Near Field) !
(U~ U o (_Qibxﬂyo- (b +P. (ks (2.45) |

(4)  small, x large !

R o e g

# (FPar Field)
]

(Uy“ U (_Q-Azapy(_c;,é,y [4"“'y (2.46) ,




(5) X large, x large

(Far Field) k b .
Ux ~ Vo (= 1"{) (‘Z'L Ix)(‘z'“‘/iy (2.47)

2 +3) Gron) () N

(b) Surface Wave Formalism and Displacement Field

With Near and Far Field Behavior

The foregoing method may be utilized in other cases.

The following has been considered
=& (%) ; 2=2W ; VU= TVy

At this point one may examine surface waves, whereby for-

the surface wave case, one has, the following

M= & (w) 5 2Ry U~ VkYsly

(2.48)

For this situation the equation of motion becomes

3

D L " I
"{at* v

because
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considering this equation (2. 49) becomes:
31\-. 2 Ny T
Kx’f" s,'\ ( )?k - ) K—T( ‘

-*-()-*z J(-L‘—V_'x:v

Ix o/
3

o
Al
N

(2.50)

Physically, the waves decay in depth, so
' ; . -,
.;('3) = AI - “5

Hence, equation (2.50) becomes,

(.)-\-t-i ,T) 'fk’ -

;N S AN A NS
-+{ < RIS T S RS
’*t) ‘k\ 33 TUON) O\ o)/
~ o DIV L
-+ (Xﬁ- 1,&&) 3 = )I‘(./A,# '3/

- ""'._\.-\: —~k /_Z; “.
fi_\::r:) (\Gi/ ~ -

regrouping, yields,

(G2 (355)+ (5222 ) (%)

(2.51)

2

- (c A,.n.*\':)/ (A t2 A/(é_') QQS‘E; T %—:)

(2.52)
Again, noting that X = X ave + A A(x) and § = u ave
4+ Au(x) and that in the average A X(x) + 0, (Au(x))
+ 0 for an arbitrary medium, so that (A' ave + 2 u' ave)
+ 0, one gets the surface vave equation

of motion with losses for the quasi-one dimensional case.(‘)

(‘)Again, as in the body wvave case, a complete three

dimensional solution is obtainable through complex convolution
of one dimensional solutions.
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(5+25) C5%) - (429 (3Z) (£ o2

L% L
A +_
<1 At -

!
B

(2.53)
In order to determine the modified behavior with
depth one has to first order, the displacement field in

the form

U= 'SH) Ux = %tﬁ) &Chxp,v ~iw ®

<

(2.54)
for orthogonal axes x and y and separability.
Placing this in the reduced wave equation (omitting

the secondary nonlinear lossy terms), one gets >

Swtly) L) avs Gy
9%‘
c(hxD~~¢#t)

— ke Datfly) =

(2.55)

)\'5' 2 2 wkt
ba‘ - (Fat-s) s
(2.56)
2 (i)(kxDN-mt)
which arises upon dividing through by the term (c“e ).

2
Now, if (kzDN2 - 9—) < 0 this equation yields an oscillatory

solution that is not damped. This is not possible, as

the nonlinear effects alone will cause the wave to decay.
2

-—)

Therefore, it is necessary to demand that (k2DN2

> 0.
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The solution for £ is, from the auxiliary equation
for Eq. (2.56),

‘;k})) . T o= (V k oy Wier )‘3

(2.57)
Now, the solution with negative square root would cause
the function to increase. This is unacceptable on physical
E grounds, since y is measured in a negative direction.
The square root determine the rapidity of the damping
and shows how the nonlinear processes in the losses contribute
to the damping.
By a direct transformation, following the development
of the previous section, and taking dominant A_ and B

- m q
and regrouping, one has for the field with u = u(y),

A = X(y), the form:

U"‘gt fy%) U, (&th)(zmqul)(kx)h +O Z{‘Usé)(kx) 1)
Uale™) (17 ki) (4,499
<+ Us ({\wt) (A4 4‘('3) (kx)"’( /VO)L(XM 1) -}

@*’-M)('"X"-/)iw) (k',) )
J'Uéwv V) 2 (kx)% (-22

Zore )L () i
§2y %) (g-y i”-fb/f m,(x-rui (:8),4. (0
( )

Where it is seen now that the additional y dependence

modification of the nonlinear waveform appears. Again,
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U(x) can be described as composed of linearly attenuated
terms plus higher order terms attenuated to Nth order,
while in addition, this horizontal dependence is modified
by the nonlinear depth dependence of equation (2.57).

The following table is then constructed for surface
waves in ﬁhe same manner as Table I was formed for body
waves with the scale parameters defined in the same way

as they were prior.

Field Behavior of Solutions

Table II

(Surface Waves with Losses)

(1) A small, x small

U~ 00t (4P 229) (1-kax 0 (0

(2.59)
(2) Intermediate General Solution as Indicated
(3) A large, x large
(Far Field)
U ~ 0 s rff i) (4, 29)
(2.60)

(4) A large, x small
(Near PField)

UX -~ er'-"vf (,ihp") (A/Q-cl‘y(l",é\)( +D, (é) U’-"—")L)

(2.61)

(5) A small, x large
(Far Field)

U,\ UO-Q‘:“t (-Qcé:WA)(J:Lup'y(A,.z' c,:))

(2.62)
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One notes that the depth dependence of X(y) and n(y)

appears in the form of the nonlinear coefficients Dy that

govern the damping character of the wavefield. :

(c) Effect of Energy Loss on the Dispersion Relationship

It is interesting to determine the effect of losses

on the dispersion. One begins with the strain field equation:

S= (V)

’ , (2.63)

with the general displacement field for losses as:

i" = . « \ 2 i ) ,
F - L: . UC v f - }'»IX _Lw_/\' pn,

A v 2

(2.64)
The equation of motion is written as:
N/ .y QU N | /22¢C"
O‘ M 2’“)("-\’) r<A+2f)( I x, |
QLT A

= -+ |—= 3
*i Qtﬁﬁ/> ( V;/) !
(2.65) |

and the constitutive stress-strain equations, in the medium

are expressed as:

S

o=y S

(2.66)
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for 'I‘i the stress and §j the strain in indicial notation.

The strain field is then, from Egs. (2.63) and (2.64),

S’- ‘/ﬁ. L—’) C,é, ‘Q—Cél*.z.cwt 2~ kv x Dw

T

: 4 ‘st. Rk, x &dwf - kix P (-’i-;_DN d B

which becomes,
A . 3 *
S<1 (ck<k.bn CLZA')[.Q.“Q”‘,Q“" 4“2""”"’]
dXx

T (2.67)
For the general case of loss, the converted equation

of motion written in terms of stress and strain becomes

from (2.63), (2.65) and (2.66):

(7\’—\—7.,&’) L‘L $) + (X‘*"z.z) k—aa—}:-)
tﬁlﬁ» = ( 'L-S'-)

so that the gradient of the stress field is represented

(2.68)

by:

B) c' 3111' Lk k= R Dﬂzm)‘}
.K-Ch|\_&‘:\t\¥_¢cwt£- ‘w.\x.pN)_r %CE\)(‘-\L\)‘ D’:‘g,»wt)(-kz_pﬂa‘f;'-v):\ i
x [ Cre RR) e (02 ]

(2.69)




and also, noting the following equivalences:

)1 v - L‘?,X _Liu't"a’_ kLX DN

FYTI i

L L

v ~w UV

Upon substituting (2.67) and (2.69) into the egquation
of motion for the inhomogeneous lossy medium written in
stress and strain field form, one has, the following after

cancelling the factor (_Q_ih;x _Qc.'w‘t - k. x D.v)

G#zfﬂ)lib - k. Oy .‘3—57”1-': K§+zz:)[(£k,- ke~ Dw @%’)"}

e CE)Y (e (32))]§+ 2 )

= -_— UV1'-—- _é;___
cwU

(2.70)
Examining the dominant terms over the fregquency regime,

with magnitudes considered, and regrouping, one sees,

(V7 2 )ik e <003 ) (S o (22 (2)]

3 X

+ (Wre@) [-00rs woth 0 (38) + (kv w22

- __ UJL —_ ya
C'ullf‘>>

(2.71)

A 1 N

]

’ e
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Hence, one has approximateiy, with the dominant terms,
noting (kl > kz): b

- (X'-&-‘LR)([L‘)-;- (X-t- LF\)(’A,)I:{W".&. L

CwTr®

Noting,

(4) G +om) glin]

one has, _
_ew'-" + [-— ()\-ftﬁ) A/L]W‘*—Céaz.'-' o

letting,

W= Wy + Aw |
r with &/, the normal solution, defined as,

{Z Wot = CS:+'1'ZE>‘E,L' i
Substituting the perturbation representation into |

the cubic equation above, one has to second order in (Aw),

R

|
the following equation that arises from dropping higher ’

order terms: !

————

; 3Q W (267) + 20wem(aw) = (L
: r*

(2.72)
Noting that in general k2 < kl’ one obtains the following

equation after having divided (2.72) through by.(‘L{ w;-)

(3/7.) (A“’:) +Aw = [L

W «
2 T/_ewo‘

(2.73)
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and the roots of (2.73) become:

| - 4y 4o il

: AUy = <‘2<"~o | $oTwot + 4L Cjﬂ“f") \ B
2 - é W e | ! \
: ¢ ) o

‘ Ko (au \/) Wo((‘.‘;\) |+ 3¢ KAa(d) )
, . I+ 3i( Qouw /1__ i
‘; < N ( )) = l+3/7/ A w) ( w)’;

f-f = ) ()

so that, upon taking the negative root one has,

Wher‘fq“QA“O- _v) (\—\*Q/g Aow)) ( )(Aw)
&LQA\M> we aw”

gwt (2.74)
with,

kA"w) . L (ég

Uow™

= -?_—? #: Lo W
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Identifying the individual frequency components, one has,

Wit = Wo -/-(A'Aow)—i- K (a w)

(2.76)
With
Weo = original frequency with no losses
(CAQoqj = loss, frequency becomes imaginary
Kl(aka = additional dispersion due to loss,

dispersion behavior because of loss

Now, Re (Aw) and i(Aom) are frequency shift terms arising
because of the loss mechanisms operating. The other root
of (2.73) is extraneous, being brought about by the math-
ematical operations being éerformed.

One has an equation as:

CS'(_(],I w, ky Lv) = 0
(2.77)

in the dispersion relationship. Since L is an intrinsic

function of the amplitude Uo of the wave train, one actually

has

F(Vs, hw) = G(u, wh,L)= o

g ae—
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Thus in this case of inhomogeneous lossy medium propa-

gation one has a nonlinear dispersion relationship for

the waves and the waveform will be distorted by nonlinear

effects taking place at progressive times in the medium

4  as the wave propagates. One sees that, mathematically, o

losses due to dissipation are manifested by the dispersion

relationship yielding complex (or imaginary) values of

w for real values of k.
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CHAPTER III

Elastic Wave Propagation in Powders with Particles
Surrounded by Fluids or Vacuum

(a) Development of the Effective Lamé Constants of the

powder anrd Environment System

It is now necessary to describe the material properties
of a powder system in terms of the microscopic development
of the effective elastic contants X and u in order to

obtain the general wavefield solution in conjunction

with specific loss mechanisms for the powcder and the appropriate

effective elastic constants. One examines the material
properties of a powder system surrounded by vacuum, gas,

or liquid as an environment. In order to determine the
wave velocity in such a powder (inhomogeneous granular
medium) it is necessary to begin by examining the effective
Lamé constants A, u obtained from a physical model of

the powder. A general displacement wavefield may also

be obtained for a given system by substitution of the
specific losses and effective elastic constants into the

general solution obtained earlier.

For the incompressibility modulus, X, Y the yield stress,

T

«“ the spring constant between particles, n the number

of contact points, P the hydrostatic pressure (equilibrium

39
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pressure), and r the distance between centers of particle
and Mg the shear modulus of the granules, one has the
ensuing analysis. For the static case, one cofnsiders

the hydrostatic pressure acting on a granule of area At

having contact area A, with yield stress Y, ie.,

k\? At)= (?/ Ac) | )

and in close approximation to the contact areas for flattened
(rounded) particulsy one has,
Ac= TR* e ~ 77K
(3.2)
for R the particle radius and a the angle of intersection.
One uses the small angle approximation for small angles
a. The indentation distance d of the particle due to

pressure P is:

d= R({ «)== Ac= :mdr

(3.3)

The total area becomes,

At‘:‘;‘TTK’“-r € R

(3.4)
for flattened particles where (€ Rz) represents contact
area. In the linear-volumetric dimension relationship

for the dilatation one has,

sy




- o

for the volume V.

Taking the differential of (3.1) yields:

; A () PLAA)=(Y 48

-
~—

| K_O_lﬁ 14V
At V

Taking the differential of (3.2) yields,

ARc= 2w R(§Q

Dividing by At yields

d A

A\t = 7T R\ <:

& +t)-

In area-linear relationship one has,

254

<)

§d
)

Dividing the equation (3.6) by (PAt) yields

)

(

AAc

At

(3.5)

(3.6)

(3.7)

(3.8)

(3.9)
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Upon substitution of (dAc/At) from the above and (dAt/At)

from above one has

d_‘o K 1T RS sol v
f A ((f;) 7%;-

Finally, dividing through by (dV/V) and multiplying (3.11)

(3.10)
by P there results, for particles and vacuum:

(d2)7 - K= (%)~ Grz=)

At this point it is necessary to develop the effective

5 p and X for the powder with the various environments.

ié} One utilizes the equation

¢

% Etotal ® Eshear * Ecompressional

%

. | (3.13)

for the total energy in terms of its shear and compressional

’ components. For an effective spring constant of k between

particle bonds, with each particle having n contact points,

and noting that (dv/Vv) is the dilatation then the strain

energy transferred becomes on a per particle basis,
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where (8r) is measured in the radial extension and the

linear-volumetric relationship is

- (59)

: {3.15) ‘
On a volumetric basis, one has, :

4

- 5 %

N _ v \* ¢

| Elnatin = Y K \%—-)

o (3.16)

l _

‘ For the shear term, one notes that the extension along I

a horizontal axis becomes

3 Y/
- kér): (Y‘Cﬁ@) (‘Txn %G):(rw,‘e)(c);-.]g)
P
?F_ (3.17)
h with,
Etotal = Eshear + Ecompressional

Combining one has,

Egty = En (6) (200) FAS > (agp iy

so that,

Eety = L& (9)" Vpwiate

(3.18)
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Since the displacement Au~re for e the strain on a per

bond basis one has with the shear energy
A AUV \*
Z oty = - (A" (%)

= Acy"}"t (-Qa)()l/“
(3.19)

Considering the stored volumetric energy, arising from

compression, one hag
‘ &Y — (B! J,z(s_ll_xll
. kV,aK) = (k'rn) (%) T’) Q&v

|
=Q< v"h)

2 . e ——
: 7

so that upon combining and noting (3.13), one has,

(V&) = (R'nv) (ao s eAd racunt i

-E) +(5)" e

(3.20)

(3.21)
since by (3.1), one has
‘ Y
2 *
| (A)=~ (%) (=)
]
(3.22)

for the contact correction term.
Finally, upon dividing, one has the following expression
for the skeleton of particles above for shear and compressional

stored components of energy




= & = “35 1 Vo -1
(5 [ &)+ (3) 5

(A2

{H— f?y}/" 36“) \X

Finally, upon multiplying through by K, one has,

(3.23)

YR TYREINT

S AR 2 e R NI R ot

5 = K(_ | + (0})%(3“ )M] Ky)@*‘(/ (BH /4;)
;j | (3.24) g
r also,
| (v %)= © ()= G0tz ) ) |
(3.25)

and, |

M= s Or () ()

Hence, in this development one has obtained the effective
Lamé constants X, pu for the skeleton of particles alone,
i.e. particles and vacuum. It is now necessary to pass
on to the composite system of the skeleton of particles

and the surrounding fluid.
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For the composite system, one now has by superposition

of the energies of the separate components,

E total (composite) = Eshear * Ecompressional
(2 fluid)
(3.27)

Now this is,

Lastal = (L) (B) = = (B
+'/,_K44wz‘:»(%§/-r°/,_ Bl ) jy( L2 )

(3.28)
which is the shear, compressional, and compressional com-
ponents of the system energy for the solid and fluid respec-

tively with K representing the incompressibility

mixture
of the composite system and Kfluid the incompressibility

of the fluid.

But from prior developments,

and,

< (%) (1 ()" (FD) ~)
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with k' being identified with (Y/r)
NMow for the composite, one oobtains for the incorgies-

sinility

o Ko () = J Mot ()

~r’/.LK5A-a€ —\574)(

(3.31)
Frem which obtains, upon division,
Kmadi = Kobkeleton + K fload Kxji\/ ik
v
(3.32)
Prom (3.2%), one has,
Kot = (( 72) + Kt {L_ﬁ%)
VAl
(3.33)

By the same arguments as above for the composite in consider-
ing shear, since the fluid cannot support shear and does

not support shear energy, one has,

Yy st (ex))™ = K Foholiten (2xg)™
{3.34)

Therefore

)CC,N.4ZZu,-= AR ahedilgn

S (B ) Gy o
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and,

N intig = Koirtiow ) % pinting

(3.36)

Hence one has arrived at the microscopically derived effective

Lamé parameters, A, u for the particles surrounded by

fluid or vacuum.

(b) Velocity Calculations by the Theory

and Comparison with Data for Sand

It is now of value to implement the microscopic theory
for generation of some predicted results and comparison
of these with experimental data. The velocities obtained
will serve as a prediction, and the general description

of the wavefield may subsequently be obtained by substituting

in X, u for the various environments into the general
solution to yield fields that are calculable.
One begins the calculations by taking the averaged

values of the parameters involved as

g=3g~/cc 5 V= rewoata j Fr3al (14 jeacar)

—

/

Y.= .1 Cm } /ﬁ,“ut ,0”3,\6/‘()’ h:imﬁt\,

Upon substituting these values into the equations for
the velocities for the microscopically determined parameters,

A, u, there is obtained:
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Vacuum and Particles

NG AA, kb - (ier s VQ‘
Fabior= (Z) =[»~. m{%} (%) ]

<?4Auw-=' 2-01)nv/4£¢

(3.37)
and,
|
= _ k+ %73 ™|+
V-c:jru&uumap = \- = ‘] 3
. <
- MK 3br b
Vz‘*r‘”“*"]:‘zi-+ ka) %) ™ (' /GLAQ)’A&: } T2 80 feac
£ 'Q (3.38) -

Liquid and Particles

13

Here, one has,

me = Kabalon + (%) KLuil
\-—QH/VM:\ = -3 (3.39)

T K = () () + (3)(20006) = 7500

also,

A i Bong = A bl Toon,
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so that

Tooar = [\ = 2ot Jue

(3.41)

- k+ %> 1S
F -p\._[%\?—ﬁ—] N T

(3.42)
Gas and Particles Case
Here,
Krmiling = WKebdolin ¥+ ( Smald endlin Toma)
= Kabatotsa
(3.43)

This is a small order correction but for a gas at one

atmosphere it is only one part in one thousand.

And also,

il = Poshiletin + (amalhodoe Tm) & R i,
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so that one has,

O TP

—-adtb = Vi, T €~ 200m fate

V-Cvzmmumévg = Viec e 2~ /x.ﬁ~3ﬁ>fh/ﬂzao

?‘ (3.44)
As a result of the foregoing, one may construct the following

e table. !

 +

k + TABLE III

- Calculated Velocities vs Experimental Data

- Model V Compressional
Vacuum Case 280 m/sec

; Liquid Case 530 m/sec
Gaseous Case 280 m/sec
Experimental vV Compressional
Vacuum Case 205-300 m/sec
Liquid Case 350 m/sec
Gaseous Case 300 m/sec
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Where in the experimental data the vacuum case included

sand beds with wave velocities measured by Eden and Felsenthal,

and Antsyferov; the liquid case included 1% gas and sand
and the wave velocity was measured by Brandt, while the
gaseous case involved sand and gas in the interstices

and was measured by Gassman. The range of agreement is

good for the microscopic effective parameters.

{c) Development of the Energy Loss Mechanisms for the Powder

The generalized equation of motion in the inhomogeneous
lossy medium (here the powder) is a nonlinear partial
differential equation. At this point, one proceeds to
develop the specific components for the loss function
L for the powder in order to obtain the nonlinear partial
differential equation as it specifically relates to the
powder. This will be a form of the generalized wave equation
for an inhomogeneous, lossy, granular medium. The equation
has been solved for the general case and its near and
farfield solutions have been examined over the frequency
range. For the actual powder, a solution may be obtained.

Symbolically, L is made up of the following components,

L= S +T+V+FrAt8

(3.45)

Where, recalling the definitions of Chapter II, S represents
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scattered energy out from the primary wave due to in homo-
geneities, F is the frictional loss arising from intergranular
sliding. The term V represents viscous energy dissipated
into the fluid by the motion of the granules relative
to the fluid, while the term T represents the thermodynamic
loss (least conduction). The terms A and B represent
intrinsic attenuation in the solid and the liquid respectively.
One now proceeds to calculate the form for L.

As a preliminary to determining the losses in the
powder it is necessary to examine the motion and stresses
~ on the granules. The starting point is to consider a
Y ~ granule in static equilibrium under a pressure, Peq.
One has, for Ag, surface area of granule, Ac’ contact

& area, Y the yield stress and n contact points,

: Py Ag) = VAL (S n o)

(3.46) }
Summing over all angles 8 of intersection, for the average

value of cos 6, one obtains,

)0 ) () - (3525%)

(3.47)
niy
Where the term (:falv\co;él arises since the stresses
"=\

act over half the contact points on either side of the

granule. This is a balanced force condition.
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Now added to this static pressure Peq one superposes
the oscillating pressure induced in the dynamic case from
the motion of the passing wave. Since the granules will
not depart significantly from their equilibrium positions,
then one employs the harmonic approximation, whereby the
first nonvanishing correction to the equilibrium potential
energy is given by quadratic terms in the expansion of
the potential energy U pot about its equilibrium value.

In this form one has:

= U™ Y Mmoo
Uz +

(3.48)
The harmonic potential energy is expanded in terms of
the oscillation displacements u(na), u((n+l)a) for granules
that oscillate about equilibrium positions x = na, x =
(n+l)a... due to the wave motion. The deviation in the

harmonic

potential energy, U goes on the sguare of the

displacement, hence the following form is obtained.

UM=K§1}) Ki:\, wWna) — u\\vn\)cn))L

(3.49)
Here, K' is an effective spring constant depending on

the elastic properties of the granules since energy in
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a spring lattice goes as xz for x the displacement. 1In
this case, a grid network has been superposed about the
granules for a reference system and consists of equilibrium
points a, 2a,...na.

Formulation of the equations of motion for displacements
about the equilibrium positions in terms of finite difference

equations, yields

Mi W (na)= = B SO ATD

au.(m) W)

Mo K (th) = _k‘z_ Uln) - u&nﬂ)-b&kn-\))K'

(3.50)
This set of equations of motion is the same as that of
a set of masses conmected by spring constant K'. The
solutions to these equations of motion are developed from

the auxiliary equation for (3.50)
(Abvt) = "‘(”“){—) = Aﬁ(’”“”*ﬁ Ax‘(k("“)’”t)

(3.51)

Substitution of (3.51) into the equations of motion yields,




C(khaswt) -KI (‘5:&; (Jmc-.,-wt)‘_ LC(‘Q("-')& "“’f)

‘Qd(k(h ty) a - w’t))

wr M2

o

(3.52)
so that one has,

_ w‘z- /‘7; &L( khasw't)?- _ K | (L_-’z_(k: J.'C k_\) (4{,(@6\-«1"&

’-Q"__ -Ql.éa. c‘(kna-wt)

sk (- (R ).

- =2 k' (1= com(ka)) glhna-wt)

(3.53)

so that
w*= ()= < (ke)

[ (3.54)
% The above equation represents the dispersion relationship
for no losses for the particle chain. Here Mi is the

mass of the ith granule and a is the distance between

g ™
T A T b ey P T YT ES MY W ST i o e~y iy O s e LT e TS} & 7154+ 34 - e 7oa 475
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granules. As a result of this, the real displacement

with the particle chain takes the form (for no losses):

UG €)= con(hna-wt) 4
= cr(kx-wt) 4 (3.55)

Now in this system, the force is proportional to the net

displacement so, from this net displacement VU, one has,

D P () (S5

(3.56)
In view of (3.55) and (3.56) one has,
!
““U“t*j Ag
(3.57)

Now the elastic or equilibrium pressure acts to retard

the effect of the oscillating pressure, .i.e., the amplitude
of the oscillating pressure must exceed the effective
frictional pressure arising from the static pressure,
before any sliding motion can occur. In this regard,

it is possible to formulate the net driving pressure for:

granules and vacuum as:

\)mQ - \ \‘_\%\é— Kha;(hx-wt)~+m>/<ﬁc“)<n;:?mc)

J

(3.58)
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Now for the case of granules in fluids (gas, liquid),
the net pressure will now have a retarding pressure opposing
it due to the viscosity of the fluid. Viscous forces,

f' generally may be described as:

- o veloeilyy gradint

(3.59)
$'= (745) 4 (av)

(3.60)
‘Dvﬁkavi = (/?7 b <5~Ji>

(3.61)

for b a constant inversely proportional to spacing between

particles, Ag the expnsed area of the particle, and AV

the relative motion of the fluid with respect to the particle.
At this point, now one has first the background equili-

brium pressure in the elastic case, and, superimposed

on that, the dynamic pressure brought about by the passing

of the wave through the medium. To this, one must add

the viscous damping pressure that opposes the driving

force.

bkl
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8, e

The result becomes, upon superposition,

;
§
chzz:(r,o«_‘ P~ ﬂ;a».-:u. S

' (3.62)
N
Ty = ‘“-5- ke (ex-wt Ae Y/ ™ ]
== AJ Q"‘ )‘*‘My( AJ)(ém’nme) f'

tp b kA(kr—wf)J .

but as will be seen, one can express AV as
AV= wa U

. (3.64)

in the real parts, where AV represents the motion of fluid
with respect to particles and AU is the relative displacement ;
of particles and fluid. In view of (3.64) and (3.63), 3

one has,

o R

fo | () (£ e s Lot s

nx|j Ag

(3.65)
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When/27is the viscosity of the fluid and the other parameters
have been defined earlier. There considerations will

be useful {n the formulation of the loss mechanisms for

the powder and the handling of the propagation of elastic

waves in the powder.

(1) Frictional Loss

One is now in a position to calculate the specific
form for L. One obtains the following for F, the dissipated
energy due to frictional rubbing of the granules against

each other one obtains,

UL

[ - Q%‘) &SA ee) a S:OQP% A:) (L‘}L) df>

with the condition,

St = (San)r — %'w)

(3.68)




€1l

with t, given by the point, where in the wave cycle,

S'Imi z/u.ﬁr{/{

(3.69)
Here Pnet is the net effective pressure (after overcoming
/i~
the hydrostatic pressure Y (anz.e ) that prevents

n=y
sliding). The integral goes over the time from t, to

A A VAR o s o e

t in the cycle that motion occurs while Ai is the cross
sectional area of the ith granule, u' the coefficient i
of friction between granules and (¥1o\a§¥% the relative
velocity of the ith granule over the jth granule, while
(w/V) accounts for the loss on a per unit volume per unit

time basis, for w the angular frequency and V the volume.

One now passes on to the specific forms for the fric-

tional loss for granule and vacuum, granules and liquid
and granules and gas. The functional loss for the liquid

case takes the form:

Cocpad = ( )(2 (kcn)mj /}3)( nmeXAzd%th-.t 4

(3.70)

with the t time point given by

MF;%A

_ kw. K I%( ko x —w t)—f/pm(éx-wyw% %

(3.71)
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Where the additional term in f'net acts as a type of Stokes

loss. Similarly, for gas and particles, one has,

FT‘* _ K%) (% (ko) an j;:y (%;) (é/?ma)@(,oc%w-

=y

(3.72)

with the s time point given by

AN d A £ St = /—k’“K’Coz (kx-wy-t/% wA}A:\(éx.wf)/

(3.73)
h is th iscosit £ the gas.
W ere[&b e viscosity o g
Lastly, for the frictional loss Fvac for vacuum and
particles, there arises,

Fope = (—%’-) (%'(kq)/a, 5{:}’(’%‘) w (éhc«e(@)oﬁ‘m (kx-wt)

(3.74)

with the t, time point given by

(4 high) & Fhat = =K' Ko (kamwt)

(3.75)
Here,/&= o and the viscous Stokes loss does not appear.
From the above equations one sees that the integration

point t depend upon the medium.

4
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(2) Viscous Loss

At this point, one passes on to the development of
the viscous loss. One develops V, the viscous energy
dissipated into the fluid by the motion of the skeleton
of granule relative to the fluid.

To obtain V, one considers that superimposed on the
average velocity field of the fluid one has the fluctuations
Gﬁ so that the total velocity atot is composed of an average

velocity é and fluctuations Gﬁ.
- - .

(3.76)

and, the velocity gradient becomes,
VU = hw U+ \50)
Y

(3.77)
where r is the granule radius since the channel widths
are of the same order as the granule dimensions. The
first term can be neglected. The velocity gradient is
related to pressure fluctuations AP that lead to viscous
loss by relative motion; consequently, one has for the
rate of change of viscous energy with time, (rate of energy

extraction in the composite medium on a per unit volume

basis),

ok aiiae




)7 (%) (F) (7)) - (22):

(3.78)
Where it is noted that one has two velocity fields; ﬁl
and 62 in the solid and in the fluid environment respectively.

The relative velocity AU is defined as:

A(}=\‘v.-01)

1 (3.79)
23 i
.{; Then, from (3.78) one has, ;
£ -
5 _45) - ﬂ?(AU)L |
(EC? : r
, (3.80)
& But,
(3.81)
for the pressure, and
E = (V& Uy
(3.82)
for the energy.
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The units of AP are in terms of energy per unit volume.

Consequently, one has,

‘Qé)w= Aoeng of Lindnlerce ds o

AV P P, Vi
(3.82)
and,

~ _ Of;g < (w Af)
X -
L
- (3.83)
LY as an upper limit on viscous loss, since the total amount
{é; of energy dissipated can be no greater than the total
¢ energy. From (3.81) one has,
\, ﬁﬁ) _oa)
f b

(3.84)

When averaged over the cycle that the decay rate occurs,

one has,
(T5) (wr) = (srzee

1
s
-
Py
<
o
N

(3.895)
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Wwith E the energy of fluid flow. But from (3.80),

£ =p (A(}')z‘

(3.86)

and from the relaxation time approximation, one has,

—L) <:E'djt B (ﬂzt)

So that, from (3.85) and the above, one has,

-L € ~) o (HEN(ErY A

(an)(w/)‘(kp(@)<x)
2ty

(3.88)

Equation (3.88) is the viscous energy dissipated per unit

(3.87)

volume per unit time, and is the averaged rate of energy loss
over many cycles. For the vacuum case, these terms
do not appear since there is no medium to dissipate viscous

energy.

(3) 1Intrinsic Losses in the Solid

and the Ligquid

The term A is included in the general (dE/dt) expression
to account for intrinsic attenuation in the solid granules,
whereas the term B is included in the general loss expression

to account for intrinsic attenuation in the liquid. From
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the Akhieser theory for phonon rate processes(a) one has,

for the solid granules,

A= MJM (3s) (Gl 7[5

(3.39)
where,

{~ (, (, /fi)
v
! (3.90)
; where T is the temperature and < the strain, and, also,
i A |
k+ 7~ = phonon relaxation time,
; Cv = specific heat at constant volume

W = freguency of the wave

jr = Lamé parameter

y = average

o e W A R e Py e —tmainern - o

In additicn one has for B, the intrinsic attenuation in

e

the liquid, by a similar argqument as advanced in Appendiz

5, the following expression:

B - &E‘ét ‘(A) (e, =2 )urr

(3.91)

(S)A general derivation of phonon rate processes is
discussed in Appendix 5.
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The total intrinsic attenuation is additively composed

of (A+B) arising from the contributions of each of the
components is the composite medium. These losses are

in addition to mechanisms operating outside of the granules

also being examined.

(4) Scattering Loss

The scattering loss S for the inhomogeneous granular
medium (powder) is now examined. 1In order to evaluate
the scattering loss S, it is necessary to formulate the
perturbation Hamiltonian governing the scattering rate
process due to perturbations in the velocity.(e) For the

unperturbed Hamiltonian, H°, one has,

H= 22, (ev)leg)« P D

(3.92)

with the terms n and n' defined as (for granule site weighting),

o (Y

V o me

(3.93)

(G)A general discussion of the basic perturbation theory
technique of which this is a generalization, may be found
in such books as J. Ziman, Principles of the Theory of
Solids (Cambridge: Cambridge University Press, 1964.)

R I WA PN POFTTT LI WO e fimt T e =
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an e
( Vo as (3.94)

and p is the density of an average medium (g,q') are the
body wave vectors for incident and scattered waves respec-
tively, and r and r' are the locations of the scattering
source and receiving points respectively. The terms (aa*)
includes the phonon creation and destruction operators

for scattering and are proportional to energy density.

H~h°+H

(3.95)
where H° is the unperturbed Hamiltonian, H' the perturbed
Ramiltonian, and H the total Hamiltonian representing

the energy. Formulating H explicitly yields,

H = 2 Z (.{(v* navE . 4’) (3% )(aa)(_i‘(‘a ‘g )nr-n »)))

(3.96)

Expanding H one has,

v+hn'arv/ish. o - Nnv-n:
H ~ 22‘6("*"""“ T hoet)e %.%(36/@)@)

(3.97)

i.e.,

H’ 2‘2, LV -I-@h\rb\r)f--e(th'mr v) (kot))(gﬁj-e.‘(a//('"’h'

(3.98)
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Upon extracting the perturbation Hamiltonian H' and truncating

the higher order terms, one has,

H' = Zr\ Zr:‘ Q{h (V‘av)-} on’ (\rav—')) (ﬁgy-ed(%'g(')él;""'y

(3.99)

Now in general in elastic limits, for J and C constants

(3_1__= <5S-/21'ﬁ- (;;S
_<

(3.100)

s0 that

V.‘L

(3.101)
So that one may arive at the following for the perturbation
Hamiltonian H' for scattering due to a perturbation in

velocity induced by a perturbation in the medium:

H' = 2 %(T,G-r CX) (”?’_V* h’:«")(%sy_ei@ ‘17(5»2::;2) l

R (3.102)

Now the displacement of a point r due to the superposition
of elastic waves of given wave vector, polarization j,

having attenuation can be represented in the following

manner.
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uln)=\3z) Z Slamis)valarip) <

(3.103)

1) = (1) £ i) =07 (0

(3.104)
It‘is understood that in the total unperturbed Hamiltonian
the general summation goes over all modes for incident
body waves g and scattered body waves g' as well as incident

surface waves k and scattered surface waves k'. Thus

the total unperturbed Hamiltonian apppears as: P

H ° < 2 H® (%JJ)"‘ 2 (Q V")(Qa’)(%%'/edg lor- nv')
9% Jy’ £
(3.105)

The perturbation Hamiltonian then becomes,

le (%) 22‘ ,(Hd\ffn'ov}(ag%')(e-e)(%{l/ * (3.106)
. )
N 0 .é:c(wW‘)f)(_Q‘?(‘Kz‘?')“" o= (% Jnr )
Eq. (3.106) represents the perturbation Hamiltonian for
excess attenuation and scattering of elastic waves of
mode (g,j) being scattered into mode (g',j') in the inhomo- ;
geneous granular medium. It can be represented functionally
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H %’2‘3' 2” Cogay 2060 xlesy)

(3.107)

while in the double sum, one has body waves and surface

waves of the form
Cqq @) (g))

and

C/Z’ < (&(‘6))(4" (EQ)
where the coefficients C are defined in the form:

Coaq (T) % (hov s e )(& ey ) g1 s 72
. (4‘-(?'7.’ +iga- cg,_i)nrj

{3.108)
which becomes,

C%%l = (%) a,(hzs\r -Hn'mr')-zc(%"%’Q(h')(ggz).

- (e('*.e%) (Q%ix' ) n»ﬂ&-c(wug {_)

(3.109)
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CK E/ (—6) (k’ (HAV"-'— h O\/'J)_R' (f"}a)hr [% E}
(G@ ng) *(3». le\)(nr) -L(w+w')f

(3.110)

so, finding the absolute modulus of the coefficients yields:

el (B (R bor oy sl |
(&c (%\‘E\‘)(V\V-n‘r\))(‘n’-( qL.L:)(,,,_n,ry)

(3.111

e

and also,

\ C%%\\lf, (%) é’ (hA\r-f- "‘M')I(%%yleiu' eﬂl‘ g
-QC(%!‘%f)(hrﬂ*fQ 4;(%»—%3)(hr-n%j

(3.112)
The double sum over pairs of granules in the perturbation
Hamiltonian lead to various interfergnce terms in the ;
scattering by the arrays of granules. To consider the
scattering of energy from a body wave g, one must consider
other interacting surface wave states k' and all body

waves q'. This wave vector g can be longitudinal
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or transverse (P or S). The total relaxation time for

the scattering processes is additively composed of those

for the separate processes:
AR £ £
7 Towgoe ) T Tanté

One deduces the rate of change of E(g,j) the energy content

(3.113) ?

of mode !{q,j) as a result of scattering through the relaxa-

tion time formulation:

(4)= (53 () (2e9e s

(3.114) !
Where the factor L{§?=E:EL is a resonance factor that |

selectively picks out the appropriate scattered and incident
modes in the summation. The frequencies w and w' between
incident and scattered modes obey conservation of frequency.
Now E' vanishes for all modes of q' except the scattered

mode. From Eq. (3.114) one has,

D+ 3 CAE(met a

(3.115)

Now the summation over q' scattered body waves is associated

with the form

> — \z&)j&“5 =

{ (3.116)




75

for incident surface and bulk waves.

with

o= |dw
d@'

(3.117)
and G is the number of granules per unit volume, a3 the
volume of the particles, and dS' represents a surface

element of constant w = w' in q' space and where the major

hiahiai it an ki

contribution comes from Aw = 0 (w = w').

! From (3.116) one has,

(’”M) (ZW) '“w ) 2 9% /w/ /ap//

L F
(3.118)
i for m the mass of the granules.
i By a similar train of thought for scattering into
surface waves, one has the association,
(€2 (4L’
B \z“) . V’
(3.119)

with dL' a line element of constant w = w' in k' space. {
As a result of (3.118) one has,

(o) ™ Goteay | E ) gy 1wl

ee’

(3.120)
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while from (3.119) one has !A
:

(“ﬁ) (v-v(ml «) % !C“/-‘;du

(3.121)

where dL' is an element of line of constant w = w' in
k' space and dS' is an element of surface of constant

w = w' in g' space. These elements take the form:

AL = k'dd”

(3.122)

and
ds'-= cg’lm%eoﬂe d

(3.123)

Thus the partial scattering rates between surface and
bulk (shear and compressional) waves with excess attenuation
is seen in the following equations:

7"% = . % dﬂlzg(ov)(wavjt GE",‘ Q‘!L' ;

'(‘“—% (mm:)( X LLzMQ )
\ mm*w “,1
. JL‘( G- F;) “"-n’rg)]

(:.124)

4
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and similarly for bulk waves,

K?»LM)= urz dg f(nw)(mw)/es, 58/ -

rr!

it ald

. GIritmitwr VM](%%’) <®c(<g, 1/)(»):-.4 ,:))
(4’(%"' QL)(nr-m-)) ‘

(3.125)

s e

The incegrals from which (3.124) and (3.125) have arisen ;
have been over lines and surfaces of constant w = w' which
is a statement of those processes that conserve energy
which is the condition under which the two components

of interaction in the scattering can exchange energy between

-

themselves. Finally, from the general description of

;{ the relaxation time t, one has,
(i; Cﬁﬁi) - —([EY_. _£[ L -+ <4
| (Cff = /> - 7T elh 7thﬁfbuL

(3.126)

for the total time rate of change of energy for mode (g,j).

This energy disappears as a result of scattering with

absorption. Hence, for the scattering loss term one has,

T F) A (Bt )

(3.127)
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Here, using (3.127), (3.125) and (3.124) one obtains,

S~ <~ ) Fmt-cf::'vmg G—)
_ 3 de¢’ ff (hav-)w(h’aw)/e;;:c /7.(%;)

k! pe!
. _qf’(‘h"ki )(”"‘""") (‘2-(5\—‘_‘;\1)(*\#-44'?9)]

(3.128)

{surface wave relaxation time)

_\._

czl

o aB b ' Hnr-nte
%TV" mZwv VaiL )[Sa z d dl(?" (av) (v _Q:(Q\—'V:)( )

)| € &) 2 (q ww&«-«s«'ﬂw-wj
¢

(3.129)
(bulk wave relaxation time)
This is the time rate of change of energy being taken
out of the primary wave (and being transformed into secondary
waves of bulk and surface types) with excess absorption
of the wave occuring between scatﬁerers. The extraction
mechanism for the energy is the scattering mechanism.
In this way the primary wave receives an attenuation.
The scatterers are a result of the mechanical variation
of the medium, and, consequently, the scattered waves
are results of the inhomogeneity of the medium. Each

time the wave scatters energy is removed from the primary
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beam (except of course for subsequently scattered energy
being replaced back into the primary beam, i.e., back
scattering). In the scattering process, dispersion takes
place as the scattering acts as a loss mechanism and losses
induce frequency shifts in the wave field. Dispersion
effects are seen as a result of the mechanical inhomogeneity
of the medium. Since low frequency waves are large in
relationship to the size of the scatterers, dispersion
effects due to the variations of the medium are small
since there is not a significant variation over one wavelength,
and the losses are low and the frequency shifts small.
As one advances higher in freguency and thé wavelength
shortens, the scatterers play a more dominant role in
the dispersion of the wave.

One has viewed the perturbation as one of velocity
in the medium as a result of a perturbation in the mechanical
properties of the medium. The mechanical variation of
the medium is what lies at the base of the scattering

loss mechanism.

(S) Thermodynamic Loss

At this point, one considers the energy loss due
to heat conduction for the wave propagation process, and
develops the thermodynamic loss. When a strain wave propa-
gates through the material, each region is alternatingly

expanded or compressed. These strains result in a temperature

" il
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variation, but since the inhomogeneous medium consists
of two components, an overall temperature difference AT
will be set up between these two components. This temperature
difference results in heat flow Q and a heat flow rate
6 . As heat flows from the hotter to the colder component,
there will be a net increase of entropy, that is related
to the energy extracted from the elastic wave. Hence,
for the entropy change from a crest to a through of the

wave, from a region at temperature T + AT to a region

at temperature T, for T the ambient temperature, one has

the rate of entropy change as:

g\‘t ‘?ﬁ{-ﬂ’ it&%>

(3.130)
Now for a composite system, with one ingredient having
a thermal conductivity Kl and a scale size ay., and another
component having thermal conductivity K2 and scale size
a,, then the heat flow will be gdverned by the more resistive

component, i.e.,
K K~
4 ()= %)

(3.131)
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then region 2 will govern the flow rate and vice versa.
Hence in the heat conduction process one has, for Q given

on a per unit volume basis,

Q&%) t Q?“f_%? - Ky kAT

(3.132)

Q&) =M(Kot)%>

(3.133)
K

where ((k eff) k = 3) is used to compare the inhomogeneous
medium with the theory for the homogeneous case, since
in the present instance, the temperature gradient occurs
over a particle size rather than a wavelength as it does
in the homogeneous case. Thus this term acts as a scale
factor for the inhomogeneous case as opposed to the homo-
geneous case.
Now ATwe and in particular,.
aTY| y(g_'
e = Cy
SI

(3.134)
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for an adiabatic change, with A' the bulk modulus, Cv
the specific heat at constant volume, and y a constant(7),
e, the strain,

Hence, for
Cv

(3.135)
It is necessary to consider some cases that determine
the conduction process.
(Case 1) - This is the instance when there is sufficient
time for all the heat to flow out of the particle in a

half cycle and for the temperature to equilibriate.

KK (&7

Then,

‘ -+

(3.136)
from (3.130),
I o l 2L\ -
AS 4 Q?ﬂﬁ" - 7‘-) D)
A4S = AQ (af
* (3.137)

(7)7 = -(BTV), see Appendix 2 for derivation.

;
{
H
:
B
!j.
E:
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and from above,

AE~ T as’ (A?__f) AQ =4 (c_{\) aoT)*

( Vit
Vi+ Vi > (3.138)

In this case, one is considering the entire process

of conduction as taking place over a fraction of a half

cycle, and effectively is dealing with small granules.(iﬁ<«i€[/)

L o.

One has,
F AQ=CA?(~V'_ )
' V, + V-
. (3.139)
¥ and,
Zf = jFréﬁ.s'/ = .ééjf
! A ( =—) 4
c—'~_" v +V-L T
i : ' T (3.140)

and, the temperature difference is, from (3.134),
! !
Py Yo ) ,
AT Q;-;—Yl)l e=a(XX e
Q\. C, C

(3.141)

While'

423-rrn: = Z?//fx




@T)™ « (29)° (57)

(3.142)

So, per unit volume, per half cycle, one has,

e \Jf) (Q%é")L(%> ( v—\ivt

(3.143)

and for the half cycle Qﬂ}%g)

(_’!E &)~ (_7‘-7‘) (Ji- 4%'!)‘ (?C(’:;_:LV\,))W

(3.144)

which is the case with vy << YV,

(Case II) - Here one must consider the case when
the particles are large and K is small, and there is not
enough time for the temperature to equilibriate over a
half cycle. Hence, by the diffusion considerations from

the heat conduction equation, one has, the time required

- (%)

as:

(3.145)
for r the radius (size) of the particle and a' the diffusion

constant.
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It is necessary to examine the instances:
If 1 > (%), the time for half a cycle, then the amount

of heat that can flow out, AQ is reduced by the factor

@ﬂ) = T

since,

(3.146)

here, since, AE = AT/T AQ then the (% g%) term is reduced

by this same factor. Hence, in this instance,

() - 6) (£ 42 $Fm)(2)
) (#) ( -;I:;-) <A (A,Et) l) ( ‘?—C(IVV,’W“ )>

(3.147)
s " 2 .
Now, if V2C2AT < AQ(;?), i.e., the heat capacity
limits the heat conduction, then again the governing term
is the lesser factor. Then, the expression above is further
c,v
2
reduced by the factor (E%VI)' but the frequency dependence

remains the same, and in this instance for large particles

one has
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(640 < (5o) (= BE)) (22 -

C, Vv,

( C,V,
7‘~(V,+‘v1)>

whereas for the case where there is sufficient time (for

(3.148)

small particles) for all the heat to conduct out, but
the conduction is limited by the heat capacity of the

cooler material, one has,

T H): () (he () Sy =m

<V,

TN

(3.149)
Hence, there are in essence four cases for the conditions
in the loss process. 1In all cases, the thermodynamic
attenuation mechanism is first linear in w and then becomes
independent of w. For typical powders, t== 1 second and
lies just in the midrange of the crossover of frequency
dependences.

Finally by combining all the losses, noting again,

from the general definition,

[ = T+ V+S+ F+ A+ R

(3 "50)
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and that in the general formulation this is,
%) - (8- (#)- @),

-@), - - G,

(3.151)

for the total loss occurring in the granular medium, then,

the general equation of motion now becomes the following,
being cast in the form for the granular (powder) medium
with losses. This nonlinear partial differential equation

. may be combined with the general solution with the specific

losses for the powder to yield the complete powder wavefield.
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(d) Applications of the General Method to Field Behavior

for Loss Mechanisms in the Powder

It is now important to treat the powder by the foregoing
principles to deduce the wavefield description and conse-
quently derive the nonlinear processes occurring in the
propagation. For the functional form for the losses in
the powder one has, from (3.152) the generalized loss

- function in the form:

L= Akl—rﬁ(/a)y + Ck,
(3.153)
with A in E/%t units, B in E/vt units and C in E/At units

¢ the velocity. Then, m = 2,3 in the formulation and

one has,

U -<Us ( I+ lkx) = Q"_Lr__) \:'Z:og_g‘:ij)ki\__‘]‘

-r(kx)g - L R (gRY T
Vot k(N +24) l

which becomes,

(3.154)
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U= Us _a,c“’t[ 1+ Clkx) + é"(%v/“]’_:z""‘ (Ak+ g]

Q1) T R~

.

+(kx)’ ¢7 T=e™ (8)
3} WU‘O’-G*z‘x) A%

(3.155)

and, in the present formulation,

U - O’o ‘Q’\-Wr& (:ép\' DM.Q‘_ épr”

(3.156)
for the Dy given as the general nonlinear term in the
expansion, (3.107).

This is the nonlinear behavior as a result of the
interaction processes occurring in the inhomogeneous granular
medium (powders surrounded by liquid, gas or vacuum) that
incorporates the effective Lamé constants as developed
prior (Eq. 3.16, 3.18, 3.20, 3.21) for the powder included
in the formulation. This example illustrates the departure
from the simplified exponential behavior of the weak,

" linear attenuation case of the classical theory when nonlinear
losses are taken into account. In the particular case
here the powder has been dealt with by the series solution

to the general problem.
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There remains one further loss to handle that is
present in the powder. This is the amplitude dependent
loss, V, (viscous loss) that is handled individually because
of its special nonlinear character and amplitude dependence.
Using the general form, Eq. (2.36) one has (with m=2),
since the power of x in the loss term, V is 0, so m-2

= 0 and m=2:

U= UQIuk)c ~(kx)™ u;_:’:)hwt,]

(3.157)
So that, bringing the third term in the series over to

the other side, the following appears:

2. ()\+'ij) uitf')r

U & othx k) Vs (k,\/ Ve (-e.dkx'*(k)g?)

= Uo( b+ illex) 4+ ofex)?o .. )

{3.158)
One then has, making (3.158) a polyndmial in U:

U U&U (lex) -r_e““")) [7_0*:‘3? J(kx)’a-o

(3.159)
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The solution for the amplitude from the quadratic is

v < il o (Rg)la Sy (k) Y) -
Vo [lhn) )+ VOQ%LU%/ 2 (pat¥ 4
(:}l,l = \ W To (+(G372.4%)
.
L d€Y . (ck
(& dz‘) ) (E B (!E)

— ch 1 -
l

So the approximation goes with the first term in the bracket

and expanding the quadratic one has,

(wt T . 2.%x Qv hr
U~ =™ Us |k "= (k™ (1 T+ 72)7’)
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5 which becomes,

i U UQ-@kwt(-'Q-L /<,v+ ‘Q'u.k.r
. ) F'N -L('hxj-l-

(3.160)

Now,

: R ~Q)EE ’[cé—na)kr T

so, finally, substituting the above into (3.160):

e

1 : Lwt C(Q.)X —Lcw,l:z\_) k‘f'vja_.] X _QL‘?\X_L—A\:(
:{ (;f = (fo-ﬂ- [“L ] [ﬁb ](;11"75;57;- ]

(3.161)
Hence, the total field may be obtained by superposition
of these nonlinear solutions, (3.161) and (3.155).
The methbod can be applied to subsegquent cases, some
of which include the following:

(1) Lossy Fluids: Here the general wavefield description

involves the substitution of u fluid/particles, and X\
fluid/particles into the general series solution for the

near and far fields, that incorporates losses. The resulting
description describes the nonlinear propagation in the

lossy fluids.

(2) Geophysical Scale Solutions: 1In this instance, for

obstacles large in comparison with a wavelength, one employs i

the constitutive relationships with u, X for granules
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and (liquid or gas) incorporated into the total solution

to obtain higher order scattering and diffraction effects

in the composite near field solution. Also additional

terms in the far field solution are used as further corrections

in order to account for the larger obstacles size.

(e) Lossy Mechanisms with a Distributed Forcing Function

.with Application to Piezoelectric Materials

ot e

1
-

H
v The general series method is not limited to acoustic
? fields with no sources explicitly considered. The method

-is employed now for cases with distributed sources, and
as a specific example one considers the case where a lossy

medium with a distributed forcing function is present.

Here, F = f(x)élmt, and, upon substituting this form -1

S (i

into the equation of motion, one has, for the lossy medium,

with distributed sources of the above form,
PRV, ~ - DALV L At +lwt
Yol KX+Z&) -{*CE?)* kav)- g(mLL

(3.162)

C AR

This is so because the distributed forcing function contributes
i ' to the motion of a point in the displacement field by
acting as a source of wave generation.

By the same arguments as before, there arises, (I)

Re = Re




dlk) An" (x4 §(k) Bg" (xT7)
+wrg 3k Ans) (x*2) + wie By2) (k3-S5 (k)

Tt

s ey

b . (3.163)
(II) Im = Im

R(k) Am" (x71) « (k) Bg" (x¥7)
turg (Ani) (x™%) MUK
Fwie E (k) (B (x VY

S

cwr e T

(3.164)

Now, f(x) = al§ m Aéxm for any f(x), since any arbitrary

function can be represented as a power series. Since
-.gq=m+ 1, one has a separated set of subseries. Then

one arrives at-the recursion relationship between the

even-counted coefficients; this is done by the same arguments

as before for the imaginaries:
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R(k) An"(x™) + W Amin (X)) M(K)

ot 9]

Cro

(3.165)

And also, as before, for the odd-counted coefficients:

PUQ) B%"( Xq-)_t whe E(k) 3g-‘-lz (Xg‘t)

W Vev
Ue*

= ~¥C¢kx L(x%™) _ g&k%~a@;wt)}

(3.166)

and also, from the real set:

dll) Am" (x"7%) L wrg j(R) AR (277

ot o s ’jc@.w‘t)]
U™

(3.167)




¢ (k) 5%“(>< §) o ?37%'_'1 (X% £(4)

(e o) P

(3.168)

Combining the reals and imaginaries, (3.168 and 3.166,

and 3.167 and 3.165) one has the recursion relations between

%. the even and odd coefficients:

k) An® (3 e 5(8) Ante (X

'Y

3

S (o LY ak i

' — Ay -
? w Ue™ — TUo* -Fb‘ ))

(3.169)

and,

«S({Q)bg" (/\7’°9+w1 B%- (x97) S(k)

]

Ww U™

), che .
-— L(X%/-@ - _e'(.‘vfg()($_))
TUe-

(3.170)
Again as before in the general case one is solving for
the nonlinear dominant coefficients for the distributed
forcing function. One has, the following for the Ap from

the product terms in terms of the base coefficients, A,

and Bq" in terms of B; that are arbitrary: (letting them

be 1)




‘b)(m-\) % (ko) 15 ko) ¥ CXr ) (3

h‘a

And also for the BQ" coefficients:

| —2™ L(x¥Y ¢ 2T gy

w Uo—
U™

% (4-) (™) (€37 (k)" 8) (7o)

R'=

(3.172)
Finally, regrouping, one has the following expression
for the general wavefield solution incorporating the effects

of a distributed forcing function:

U ’LU" inf) (2 An"" (lex) m L 2 E%”( Iex) '5)
" 3

= Uo (—in‘t) (l +~ C (k( +CEL) x)
+ U o™ | 2 ) b L, 07

a4 Hx
v'l.
m=2

e~ ey ;z (k)@ 2) oz
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[~ AL s
Cwt _ fg;: <g<&)% w o *{i;v
+ 2 Uc (L) F=I.gp )
(B(z) %ﬁtp@,w)mﬁ,
L ‘ 43.173)

Where the nonlinear terms represent higher order interaction
and attenuation processes. The wavefield U, described

above represents the solution inside the lossy material

with distributed forcing function.

Now one knows that,

K‘Q;‘;’) = P(x) E = P(x) Eo<*®

(3.174)

for P(x) the piezoelectric coefficient and E the electric

field, and %g the strain.

Now,
_ 7 df c,w't = Al E d 2 V
f: = >\ ZE}: ( dx R -:;;:;-)

(3.175)
so that one associates F with Q%ill, and
F(x) is the forcing function produced by the electric
field E.
Using the above considerations, one may display an
example of the general techniques with regards to a piezo-

electric material with P(x) defined as




Fix)= K (comonl) a=x

(3.176)
P(x) = Cx oLxe &
(3.177)
b\ PQX) = O X <« O
4 (3.178)
'f Then, for F(x) the distributed forcing function one has,
Z.
] F=E3(3f) - CNE  oexea
!?
p* F= o Rhsrrean
(3.179)

The general nonlinear solution in the piezoelectric material

becomes, applying Egs. (3.173) and (3.179),

Uit + < Us (11 i)l ct).

L
ik .
. —% o vo‘) L) + BACadwE
T k™ (2 (F+2m))

_6&)31 .
31

. Uo .Q,k tkdi-/{z,k(}(fv‘z"wt
(3.180)

for A and B units factors.
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Now it is known, that a solution of the form

UM = o J_\k,x B~ _Lsk\.x B/V-det

exists outside in the near field of the piezoelectric
material.
Hence, for the transmitted wave, one has, applying
£, the boundary conditions at the interface, (x=0)

Ur = Us~- ®pkd Ve ~ U

Xx0

-

X= 0
(3.181)

and,

o Ch ot BuUr = ChAvTs + (ke Av Un

: A Vot - A Tt
. & b 3 = O &x

X+ o E

(3.182) |

so that, substituting (3.181) into (3.183), one has,
(k Bu( Ua=Tr) = chAn(TUo tUy)

AM Bu = ko Awn Vo x Ve
Ve~ Ugr

. *+ R
Rot Bw = ko AN(_,?-\F

AGibome AP




for the reflection and transmission coefficients,

A ™
R and T; so,

g /. - T

. kot Br) =i An) (=== - bato( % )
(3.184)
Since one cannot have simultaneous conservation of wave-

vector and Erequency,(s)

in U.

one leaves (kin/kout) as a term

The output can be described as: 4

Ut = 1o wi( B0 M (30 x cue

(3.185)
where % is measured at the output of the piezoelectric
material with a known input Uo. This is the nonlinear
output from the peizoelectric material into the surrounding

medium in the near field, with the general nonlinear term

Ay in the series expansion described as:

(S)J. de Klerk, P. Klemens, E. Kelly, "Multilayer Enhance
ment of Microwave Piezoelectric Conversion in Cds - siO
Layers" Applied Physics Letters, 9,10 (Nov. 15, 1965.)

R—
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Ave | =2 L)

w Ue*

(2+zx) (kY (Ww-y)

(3.186)

Hence, the method may be used in cases where distributed

sources (and sinks, as in the loss function itself) are

e 0 DS e
" & ST . .

 present.
K
g -
ff (£) Energy Loss Mechanism Size Ordering
E‘ for the Powder
K It is extremely valuable to know how the losses order

themselves over the frequency regime. This is so since,
if one were to desire to obtain a first order description |
to the physical powder situation, ordering of the losses
? would permit the formulation of an approximate, simplified
equation of motion and constitutive relations and allow
one to deduce the first order description to the wave
field. ;
Hence, one orders the losses over the frequency rangé

to see their dominance to the contribution to L. This

will enable one to obtain such orders of approximation
to any desired degree.

(Case I): In the short wave length limit, (X < R, k large)

one has, to order N,




S&bqu F o £F
vV k/(/ A K AT

T ot (Constint) 6 &

. (3.187)
To lowest order, one puts N = 0 into the expression and

gets the magnitude dominance:

S>> F>E> A>V>T

‘ (3.188)
i (Case II): 1In the long wavelength limit, (A > R, k small)
- one has,
So k” - £ ox AT
{ V « k;/%; A= k=
! 7k 8 ot kT
(3.189)

For weak scattering, little scattering loss occurs
for low k. For N = 0 in lowest order § « k4 and the familiar
Rayleigh scattering dependence is regained.

S0 here one has the dominance as:

V>T>F>26> A> S

(3.190)
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So that according to the frequency regime that is
investigated, the losses reorder themselves in dominance
for the two regimes, A < R and A > R for R the size of
the obstacle. Hence in the two cases, by ordering of
the largest to smallest, one discovers in the two regimes,

the partitioning:

LA>)<= (V+ T+ F+8+ A+J)
(3.191)

and

L = (S +F+B8+A+V+T)
e (S * B+ A T

(3.192)
As a result of this ordering, one sees that in the

frequency regimes of A > R and A < R one may approximate

L by the first few terms,

- ~ (V+T+F)

AR
(3.193)

Lyor= ($+Ft8)

(3.194)
So, effectively, this means that in the two frequency

regimes, the following apply,

~ ('ﬁ/v +/a)

(3.195)

&l ooy
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and,

LW%M ~ (4% +4*)

(3.196)

So that the low frequency regime has L —~ (k/u) and
the high frequency regime has L—x'k4. This shows that
the largest attenuation is at the higher frequencies and
the energy losses go up in powers of k4. In the intermediate
frequency regime, A 2= R, all losses are important, and
a direct ordering for truncation would not be advisable.

In this case, all losses should be used in the general

equations of motion to develop the wavefield.




CHAPTER IV

Power Series Solution Capabilities

as Opposed to Perturbation Analysis

E; . and Crossover Criteria

K "‘

(a) Limitations on Perturbation Theory
34

The concept of a series solution is amenable to many
e intractable problems since admissable physical functions
are in essence, convergent series of polynomials. Hence
1~ it isvnot surprising, that, when the complexity of a problem
v surpasses the small storehouse of analytical closed form
solutions, a series solution is developed to the equation
at hand. One can now examine the capabilities of the
series as a satisfactory means for the development of
a solution.

One investigates the limits of perturbation theory.
For weak scattering, perturbation theory is acceptable,
but for strong scattering, it fails. For A < R perturbation
theory fails since the wave is refracted by the obstacle.
Perturbation theory also fails for strong scattering when
the mean free path as calculated by the theory is comparable

to or less than a wavelength. For A > R, in general,

perturbation theory is permissible for the weak scattering

107
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process. In the present treatment, the loss mechanism

L has been formulated as:

pa—

L = S + {other nonlinear energy loss mechanisms

not handled adequately be perturbation .

theory
(4.1)

S is the scattering loss mechanism and for A > R
the perturbation theory determination of S is acceptable,
but for other cases, the theory is not adequate, and another
approach must be developed.

Now since perturbation theory fails in strong scattering
then one must use an approach whereby the displacement
field may be expanded into a series form to obtain the
effects for strong scattering and high losses. Hence, -
where the perturbation theory was used to calculate weak
scattering and the nonlinear losses were handled by series,
strong scattering and general nonlinear losses would incorporate

a series throughout. 1In this light, one constructs Table

1V, as a result of these considerations:
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TABLE IV

Regions of Applicability of Solutions

Scattering Mechanisms Method
Weak Perturbation Theory (P)
Strong Series Solution (S)

Other Generalized Losses(g)

Series Solution (S)

Lw

P + S = Perturbation Theory and Series

Al

Ls = S = Series Solution

Now for an inhomogeneous lossy medium, at the high
end of the frequency scale, scattering effects appear
to be a dominant mode of removing energy from the wave.
These scattering effects become more a:id more significant
as one increases in frequency. At the lower end where
scattering effects are not as important (Qavelength greater
than obstacle size) attenuation takes place moreso due
to the "mechanical” processes (viscous and frictional
and thermodynamic losses). Hence the dominant attenuations
at the low to intermediate frequency regime are those
"mechanical™ loss processes with scattering playing a

secondary role.

(9)These include the terms T, V, A, B, F defined earlier
in the case of the powder. 1In the general case these
include any losses of nonlinear character whereby the
perturbation theory is not adequate.
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Hence as the wavelength begins very large, loss processes

in the inhomogenous medium are small; as the wavelength

decreases, the loss processes begin to play an increasingly

more dominant role where "mechanical" losses dominate

at the intermediate end (A = R) and then as one approaches

A < R, scattering effects predominate. As a result one

may construct the table below:

TABLE V

Dominant Loss Processes Occurring

Over Frequency Regime

(Major)

A >> R (losses very small except for small atten-

uation)
A >R (losses are mechanical in nature)

vV - (1) Viscous Loss

T - (2) Thermodynamic LoOss

F - (3). Frictional Loss

S - (4) Weak Scattering Loss

(Perturbation Theory Applicable)

A <R Strong Scattering Losses

Multiple Scattering - intrinsic attenuation

in the solid/liquid
(A,B)




111

Energy loss is very strong ét wavelength X g R in
the spectrum. Thus there must be a sort of "characteristic"
frequency W below which the wave passes, above which ‘
it is strongly attenuated. This W, is directly related
to the properties of the medium in terms of its mechanical
variations and elastic constants. For a perfectly homogeneous
medium on the other hand, the wave is only weakly attenuated
by anharmonicities at all ﬁrequencies and no dispersion
takes place, whereas for the inhomogeneous, lossy, medium,
dispersion occurs and losses take place. The critical
frequency W depends upon the properties of the medium,
ie, w, = wc(L), and the characteristic frequency is implicitly
loss dependent.

A class of problems of interest to the scientific
community in physics, geophysics, and engineering has
been examined whereby energy loss mechanisms are considered
in the degradation of an elastic wave propagating in an
inhomogeneous medium. For the most part idealized solutions
give insight into general behavior, but sidestep many
of the important physical processes taking place in actual
propagation. The general theory is consistent with the
special case of low-loss homogeneous media, with an oscillatory
solution in the limit, but at the same time, gives an
extension of the theory as it exists today to allow one
to deal with energy loss mechanisms occurring in a granular,

lossy medium. This same approach may be used to obtain

solutions to any inhomogenous medium by formulating the
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appropriate "loss function" L and developing a series

solution consistent with the resulting inhomogenous partial
differential equation; hence the method has broad application
in its scope to similarly related problems. This method
should provide results in the fields of acoustics, elasticity,
electromagnetics, geophysics and physics if the method

is correctly formulated and the problem admits a solution.

(b) Physical Situations Requiring

the General Series Formulation

At this point it is of value to indicate a few physical
situations that would require a generalized series solution

as opposed to a perturbation technique. Such cases include:

(1) Lossy fluids - In this case with viscous and amplitude

dependent losses, nonlinearities of a general nature occur
and the series is needed. The behavior is described by
the general series.

(2) Elastic wave propagation in mud/muddy rivers - In

this geophysical situation, multiple scattering and viscous
and frictional loss mechanisms require the general series.
No actual truncation would be used as a result of turbulence
effects.

(3) Strong scattering of ultraviolet light - The general

series is needed in this physical situation as perturbation

theory fails for strong scattering and X < R. Weak scattering
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would be handled by perturbation theory.

(4) Wave propagation in icy oceans - Here, A < R for

large pieces of floating ice on the ocean and the thermo-
dynamics loss is large. The general series would be used.

(5) Wave propagation on sandy bottoms of lakes/oceans -

In this case surface effects of frictional loss are present
and general series is needed. No truncation would be
used.

-~

(6) Dampening of vibrating beams in concrete beds -Here

energy is highly damped and strong attenuation occurs.
The theory can be used to determine attenuation distance
in the bed for determination of bed dimensions.

(7) Acoustical tile thickness - optimum design for minimum

cost - Theoretically, one may obtain a good estimate of
best thickness of acoustical tiles for manufacturning
to design for cost effectiveness. An optimum thickness
for dampening and minimum cost could be obtained.

Hence as is seen here, the general series formulation
accounts for a wide class of problems that perturbution
theory cannot. 1In this way, the general series provide

an extension of the perturbation theory be augmenting

the class of problems that can be handled.

sayd
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CHAPTER V
Conclusion

In this investigation a development of a generalized
method to solve nonlinear wave equations with energy loss
mechanisms in an inhomogenous, medium has been made.
specific application of tﬁe method has been made for a
granular lossy medium (powder) with vacuum, air or liquid
as an environment.

The power series solution to the problem yields insight
into the total energy absorption processes occurring through
the concept of higher-order attenuation processes as a
result of multiple interactions. The idea of the attenuation
coefficient in wave propagation has been broadened through
the introduction of the attenuation order interaction
coefficients. The amplitude and frequency of the propagating
wave is described in the near and far fields in consonance
with functional behavior observed such as damped electric
and acoustic signals on oscilloscopes, in lossy media.

In addition, the effect of loss on dispersion indicates
frequency shifting due to the loss mechanisms in the medium.

In summary, one concludes that the first order approxi-

mation of an attenuated wave

cwht o hx ek
U= 0o (287 ™)

(5.1)
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is not sufficient for a general description, and that
the concept of attenuation order interaction coefficients

must apply, ie., in general representation, ]

. ‘t - . .
U= Uy =™t shkexow clixDy

(5.2)
in the near field and, in general,
F o R
i Cw ; -
= i ) = Uo 2 _a.dz'x Q2 exx Dw
*
h
; (5.3) i
23 .
ﬁ{ in the far field, where proper account of the energy loss
f? mechanisms has been taken in the construction of the nonlinear
2 attenuation order interaction coefficients, Dy.
s




APPENDIX 1

Attenuation Order Interaction
Coefficients in Lossy Media

If one considers the wavelike function, omitting
the time dependence,

Ld(é.u“e»)x: A (/z,fgé\)x + (5) (kiech)>x
+ (%) 63 (lerier, .

S (5) (kirik)xn
N
T X(F) (ki)

]

¥ M2
+ 2 xf (Em’h)"(ﬁ’)

. = '
rrod! A

4 = T An'(kx)"+ @) € BE (ki) F

M= v Ptszt
(Al-1)

¥ : iklx -kox

‘ So for this "linearly attenuated" case, (e e )

the coefficients Am' and Bp' do not depend upon frequency
or time or loss mechanism L. In this case the coefficients

m" Bp' are constants, and the attenuation coefficient
a = kz only.

Consider now, the case,

\

-0 (g g gy
R

(Al-2)

—
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where one encounters nonlinear interactions occurring
in the loss mechanisms over the entire frequency range
w. Now, if

Am = AM(L’“’JC) ) B%=B%(L)k,t)

(Al1-3)
no longer constants, one sees that,

U-u.(S o (l) "5 © £, 8y (k1) 5"
; (Al-4)

U _zc.b..)c Dw Q-k\_x DN.Q_, R « (e - )
Cw (_ka ~
U =Us= t(‘z ) D/v) (Mm{aﬁé)
U =

' Uo =" cwi \k.x (ZL—‘}(__"fZ ﬁﬂ) C%W)
udl On = Am m enrn (M=z14)
Dn = 5@ %‘¢&£ (%=z~+0

in the general series expansion of U.
S0 one sees that the true attenuation coefficient a is
made up of a = k2 DN with DN identified as the Nth coefficient

in the series expression solution to the nonlinear inhomo-
genous loss problem. 1In the former case, a = k2 D, =

kp as before, when higher order losses were not considered
3 and higher order attenuations neglected that cannot be
o neglected in the nonlinear loss problem with interactions
of various higher orders. One calls the D, the (nonlinear)
attenuation order interaction coefficients.
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APPENDIX 2

Relationship Between Thermal Strain,
Temperature Change and Thermodynamics Parameters

One has, _—
(Cp~Cv) =BTV  or gy

K
(A2-1)
for A“ the bulk modulus, K the compressibility, B the
expansivity, T the temperature and V the volume, with
Cp, and Cv the specific heats at constant pressure and
volume.

Now, ?,: ( CP/C\/)
Kc%v )= (P = (MEZY)

(A2-2)

Now from the (TdS) equation, one can write, adiabatically,

(Tds= o)

1= (F1) - )y ry

(A2-3)

Where, here,

r- -¢7v

is a characteristic volume.

Here, a strain e develops a temperature difference
(dT) and the strain gradient causes a temperature gradient
that leads to conduction loss, but in the inhomogeneous
medium, the strain difference causes a temperature difference
between the different components and this leads to conduction

loss.

(A2-4)
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APPENDIX 3

Relative Magnitudes of Losses in Numerical Approximation

One has for the thermodynamic loss in powders,

(
CTE ) () ) () (o)
.(¢.2xzo/_:7 //O'V)w = pg.dw= 303

(A3-1)

so that,
(Toéé)
(II) For the viscous-loss, one has,

(-q,L- d’/) @u 7) = A~vma¢4,¢dxi7{kunw,zCﬁk-owhfwwz}cynéb

>

(- F) = V(2 (2

so that,

(Fe)m v (953
L\/ oL %) | (A3-3)

(A3-2)

and,
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(A3-4)
so for U > 1A° the viscous loss V dominates over T. So
that viscous loss is proportional to amplitude and goes
as f.

{111) For A, the intrinsic attenuation in the solid,
one has for rate processes,

é'alt' ) ( —XL)(C"T) ()’— F)LNL 7 (A3-5)
) nem g e

_ 7 a2 s07 e
(¥ ©)%

>~ -~ (3)”0(7}\7;/&3 C ~ /0"1—7"/06?%’
T ~ zo0°K
-dE_

), v A - /%(U,f}[@ g

/4'3 (FX/O-,J) 5,7' (A3-6)
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so that (A @ kz) for the intrinsic attenuation in the
solid.

(IV) Now, for B, the intrinsic attenuation in the liquid,
one has, for water,

(#50), 5, T

O"’F)E tov ; Cv= 9x/a7g,7,/a(y/°,~“‘3 7
with S= ::X/Olaﬁ/\?,/% J = 0t}

(¢ %)= (552 (1) 65 (o
B=(lixr079 §*

so, ([? oL Aﬁﬁ)

Hence, at the low frequencies, one has little Akiesar
loss.

(A3-8)

(V) Now, for S, the scattering loss, in terms of the

magnitude,
§~T*w?)

(A3-9)

from Eq. (3.128) and (3.129), wherelv is the volume.
The attenuation length_/ goes as £

I - S
Z oL -%)V w? o~ (\/wy

= (NS) so that
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(V1) Lastly, for F, the frictional loss due to relative
sliding between particles, one has,

|t (PA )= § T | = §'

for A the particle area, r the particle radius, P the
dynamic pressure, and F viscous the viscous force.
For sliding '?’N.k > o~ A

for the surface, P: o AX' <=0

(A3-11)

(A3-12)

For 1 mm depth of sand, on a per unit area (cmz) basis,

one has, _Q-.' 33/»/6(.)‘ V= . ce J /’7*67: -3}.\/%‘\—,,,”
F=ma ~ (. Bxlog)%

ef\loA) = (_ 3 x 3x/q‘7~f)= (/0‘7("_&)

P: \)E o V /79" X teo :(\/—L-/ (QX/qu ¢ X
J"t(/w&‘/a‘jt@-e’)= & (1

b~ j07¥ cp (kr) ~ 10~ % r< -1 cm

quod (FAr) = Phe)= gxpo~5
S+ \ghfue j Wb ; v Zeom/u
Q‘“FA) = 107 Uok'/ = ¢yt

So that only down to .4 mm does the frictional force f£'
occur in measurable amounts even discounting viscous retards.

’

So that F is predominantly a surface effect for waves
of low frequency. (for 1 cycle waves, F loss occurs only
down to %X mm or so, at higher k's, F of course goes deeper,
linearly in k.) Now from Eq. (3.45):

A"

F- K-‘f’v—) Sgtg (o) Y Ac élhcks wa(kewt) a313)
° )




S

P (8) T he) | A giowc«e)wa(kx-ww/"

Fa (%) Tlea) a) [ Ac S niengfenlhrmtmnltorks)]
R fo w )

to = - § ;
F-‘k%) k" (a AC)MY %:,("‘uw)[.C"”“(k"'“ﬁ)'%(b'wwé)g t

Fo= (&) kr (A ) alex-wt/— o &
)1 (A9 Temtirgminlermy o

Now, in general, the point to is such that Te= o ( Vj k)
B~ $(VU,%)

Averaging over a quarter cycle where the variation
occurs to yield a contribution)

F~ (&) k" (Acv&%) [Elermt)cn ke

or, finally, -2 (Z);-wf) AP ‘J

C

F= &—V) ket (ACV)/*Y ['-., - CT:_—“—Z_I__&] (A3-14)

r < x —_ —_—

F = ( ‘;,) k. (A‘ r)i;‘_vé [_\—C«n.g-—ms:k(m-ls)
3

now, in all cases, for sliding to occur,

o PA <« \k}m(kx~w Co) t M w A e (lx-wTs) ]

e & K] e

~wto + Ax) = 44.;"(—-____
for lowqt, / REvm A

. teo - M By Ac . ‘
k/'w‘ “ ) _11____)___,,,,{“,(@5)] (A3-17) ‘

K +Hw A
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at low k, threshold small;:g A*J/—_sp
Ax fa/q C
* ~ |[abwl) cm
k"+/ow;4) ( /

(a—g/ —~ ( T PA )

brs poA )/

A(3-18)A

At high k, threshold large = 32%%"’

() - (Fr=

and sind dominates, in the expansion of sin (wt-%) so
that

. 5 ~ 2 w PAc /}

kTt e A A(3-18)B

in any event, one has from A(3-18)A and A(3-18)B, upon
substitution into (a3-15),

~_'= ‘g} Lik ‘4 <
F (V) ( Cr)f__‘/g ()‘ Eﬁ—%w—A) (A3-19)

Since Ac, are so small the amplitude dependence in
F is very wgak for the present considerations. (f =1
cycle/sec) Down to 1 mm of sand sliding occurs with the

parameters as defined:
C = 2xsa%cm f20c

Ac_=_(-ffx/a'y (%{! )c/o')ﬂ"v,{/,\r/a"/o
>’=_W,I.\ ;  r=-.9is o

‘= \f?‘k/-.u &fﬂﬂw-—“\jm /momm eﬁkﬂ
F= 3 x0°7 oln =

3xca”? Bid
OQ Tx /03 ) ('°L5') = (ero‘*%

so that, on average
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F~ (exeo?) (kY4 xr00) (< 0r5) (Cooxrot) (%)
Fe (o) (kY (&2) (v) =

=_ @ (3¢) §* L {Y
£ ( Ct ) ,\_(7 ¢

FxAE = /'IX/O‘7§‘1

which yields,

e = -~ Jde —~ 7 1

2 F= \z—ra?),: /- & 007" 5

T (F OLAL) (A3-20)
f’ and this gives the order of the frictional loss and its

4 frequency dependence.

1,
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APPENDIX 4

Derivation of the Generalized Inhomogeneous Media .
Equation of Motion with Energy Loss Mechanisms -

Considering an element of volume (dxdydz) in the
inhomogeneous medium, one has, for the displacement U(xyz,t)
of the element (dxdydz) at the point x,y,z and the time
t, that the 1nert1al reaction of an element to an
acceleration 43¥ o dxdy 4= for p the density of the medium

. (p = p(xyz)), 1¥;e net Torce on the element (dxdydz) to

forces acting on all faces is the sum over all faces of all
force gradients. One has, indeed, summing,

BB (bt ) ot

. ST F (dady d)
. Then, one has the vegtorial eguation, noting Vv ¢+ F is
a vector for _dyadic F, where F is the stress dyadic, and
F = F i+ j + F k is a tensor of rank two.

o2y &U ARZRAIB) rx(v Vv

(A4-1
=V\).VU')+ V‘\/K,".\fV)-{.v. (# v U)
A JAU?NQ( Ut (gdT) e (5ad X) :
+ AR Aiv (Vy) + U (}4«4{¢ﬁ;)
~ & Al gl T ¢ (G F) (gmd U)
A UY) = ged Ao T
A A (V) e & gl ST
)\*’“’y MV“JV*MQ?“JG‘WC’ (A4-3)
Now, \>\"'7—""/ MWU + & (j,w-p( a(/wf/)

) el eV

Now,

(A4-2)

atso, TAMxT) (V& Ys- (TE-7) Y& (m9)f = v)v
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Then, &7»7») (V.V) -(-CV/W- V) U=(vx X(v x O-)-+ 2 (v,«:-wv)
(v4&-v)u- §ord D) lad ) =9 En (a0 dN D gy g
Now vx(w‘»vxo)r(v.t/),‘:v—(m(,cv)v) e
= (V.tf)}:.v ~ (R V.v "7"“/"7)
T v. V(&Y -v(v. &)U

= (V.QQ AV '4VV-7Mn122
= ~-Ug9. Az

v(v.,«x) U= T v(v.x) - U e grad
(Vs ) x s (295 ) < o a v )
Adbag + (ped &) v.v) ey
i 4*5§“133 ~ (7wu{_u.v.pj
Q7hmd,u/)(v. vj-+=ywd Y (V.l%) — Ix.a (vx v) e
W) (V7)) 4 (9 &) a(vk ) '
TYIE V) ~y ik (v. )

(§+zi/(7w{o¢@ V)-bv,gx(t,xv) (A4-6)

(A4-5)

Se
MLL,&)Q& T)) - Ix (KWXV)
_\—-.,(M;z-jm./&) -3 (vi) (v.-T)+ 2 (v xoc )

vy (A4-7)
= £ 57
but now one needs to account for losses. This is the (10)

vector wave equation of elasticity for inhomogeneous media
and agrees with that of Hook. One adds a dissipative force
field to act as retarding loss to the force balance equation
above, and_account for "effective" Lamé parameters by

the terms A\ and u.

The effect of the dissipative force field is to account
for losses as the wave propagates ‘through the inhomogeneous
medium. One decribes the loss mechanism by the generalized

(lo)J. Hook, "Separation of the Vector Wave Equation of
Elasticity of Certain Types of Inhomogeneous Isotopic

Media,” Journal of the Acoustic Society of Aamerica, Vol.
33, No. 3, (March 1961).
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"loss function" L. L is in units of energy/unit volume/unit
time, so, to convert to a dissipative force field one

has L/V = L( U) for U™ the partlcle velocity. Hence, the
final form. the starting point for the study of wave
propagatlon in an inhomogeneous medium with energy loss
mechanisms is

v [(F+2%)~v- ‘Cr} — ux (= (vxo—))
+r(v&E-9) U — ~(vR)E-2)

-t-L((v,a)xvxc;) -~ 2 ‘H_v + ‘-(%)

which is a complete vector equation.

Sw




APPENDIX 5

Discussion of Rate Process and
Intrinsic Attenuation Processes

In order to develop the intrinsic attenuation in
the solid or fl?ii)one may employ the following argument
-due to Klemens.

In the low frequency range the wave causes a strain

which alters the frequency of a mode gq. The functional
change is given by y(g)€ for y(q) the Gruneisen parameter
(related to the frequency decrease in a solid arising
from dilation), and which is essentially an anharmonicity
coefficient. Since the frequency is changed because of
the dilatation, the equilibrium occupation of a mode g
is also changed, and so if the actual occupation number
remains fixed, it will depart from the equilibrium state.

By balancing the rate of change of the occupation
number of thermal mode due to strain and an accompanying
temperature change against the rate of change due to dissi-
pative processes (three phonon process) one has, as N
is a function of w, T, the frequency and temperature respec-
tively,

() () () (25)(=E

N Q- %) = (d{- bt (AS-1)

whxch is true in the relaxation time approximation and

where n 65 a small deviation from the equilibrium occupation
number N-. Now for X = ﬁ;V%:, one gets, from the above
relation, (AS5-1), k

4,1/7 - dny ﬁ/_

& dw) = ( oL)/ WA,

(ll)P. G. KRlemens, "Effect of Thermal and Phonon Processes on
Ultrasonic Attenuation®™, Physical Acoustics Principles and

Methods vol. III-B Lattice Dynamics, edited by W. Mason,
New York, NY: Academic Press, 1965).




and, d_“_/ = Q‘
d €

w o~ on\«-a*g)

and, %}_ = ) (de/ Cwo € %(Tf .
@) ) S |
(%) (%)

Now one has, for a change of temperature with strain,
that as a result of a changed strain 0 € , a departure
of the phonon gas energy changes, and this change is equal
to the energy change due to the change in temperature
ST that results from §€, so that from (A5-2),

X

f

_‘

o, zkcg_f;‘(ycqe—~5‘r-= o

S ox (W)(HE(#)-r) - 0™ |

or,

Now in order to obtain absorption ‘one must consider spatial
variations of € and these are thermal conduction processes.

If all the y's are not the same, and if they differ for
different polarization branches the bracket alone cannot
vanish separately for each mode. One must define an "average"
Y, called y for this as:
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S~
- (\)
b
Q
N
"
}
—~
(M
3
R
N~

= S rx & (A5-4)

so that —_
L dr =
(7—— e ) = 7V

So, returning to equation (A5-1) with (A5-4) and (AS5-2)
substituted in, one has,

B () E(HE

(A5-5)
(_;%): X%GY(CW e)+ (2’;/_:-0/ (_y[we)
h= ¢ w, e()c?)x %7» (A5-6)

withW_ the frequency of the sound wave.
Now th& energy absorption is given by following, occupation
number N change leading to energy change,

S & =< (& € Gy R[Q’H)W/(M‘?-Mrvvau,)]
%

%, 6! XI/
(A5-7)

The bracket vanishes when all N's as given by equilibrium
Value, ie' ’

Y No! No No — No M:'/Ve"J = 0

(A5-8)

For deviations from equilibrium, one has terms linear
and bilinear in n, the deviation, where N = N° + n. The
linear terms do not lead to absorption because n, and

€ vary periodically with time and vanish when averaged
over one cycle of the wave. The bilinear terms become,
in the deviation,

Ly et e aaale e s




[(.m-\) (n\) (h”/ — (n‘ﬂ/ (l:?.ﬂ)]
= U hnn'nlontye ~(_vxn'+n)(h"+1/]

= nn' A L win" Cnn'nt=nant—n-nn' (A5-9)
= h'all — aAn ~hn'= ”}n"""("'*nly

(A5-10)

The last n is considered being averaged over a cycle
of the wave.

Hence, the energy absorption rate becomes from (A5-7)
and (A5-10),

K%%) b ZQ‘V%’{ = T LBWR[Ery Wi -a () (rny)]
g %9 % ‘

and in bilinear form in the deviations, one has,

(féf%) = 25‘ Ei ézd(tig) Kigkﬂn;)-w ("“"‘22)

3 9 9
(A5-11)
Now noting from (A5-6) one has,
N~ (we & (YoF) x d&°
ce(FD) x4t~
(AS-12)

so that the bilinear terms that lead to absorption result
in:

(%% - -<)’-—F>Zwa~r“(%:y[%,f’;-°x et

(A5-13)

b L
ecause (7~ /f;)

et b iR n 5 e e
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so that

(45) =~ <r-v>x wr 2 (37) (4 )
= - <:)<;§;;>2'5“J'7ﬁ (é%;i)(lﬁg-(?VhLEZ)G%%;'Z-

- Qr=-vot wet et (CvT)

S r-e>r ‘1%1‘ () (¢«T)

since E = )\ ev

g0, (‘%;/ e A< <V¥y—Fla (PL—;;I’) (cu—')

and, ~d € _ - _ S PRI —_—
(EF) = 6 = < Y= V() (oT)
(A5-14)
This is the formula (A5-14) one uses for the intrinsic

attenuation loss component in the composite. This may
be applied separately to the liquid or the solid.




APPENDIX 6

Fog Attenuation Calcuation

An example of the thermodynamic loss As/Applied to
fog (V, << V,) illustrates some of the principles discussed
in this work.

Hence, for fog, from typcial values,

(V/\/‘rvp S
and, A)(ch_'.) N (y, )“—’/c,_) (ﬁ:‘z:*)

so that,

-—.==Y-" A‘, = /-¥ x )0
( cx) ((/0~9(/ /) = /%0 % fonit (A6-2)

(A6-3)

as a result, one has, for T the thermodynamic loss,

T ()] (A s

(A6-4)

for sound in fog, let w = 600 radians (f = 100 Hz), which
is a typical low frequency source. Then,

(C&0))= eat - (¥)

(A6-5)

hence, the mean free path in fog becomes ’€= S5 mading (A )
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for the sound at 100 Hz, leading to a reduction of (l/e)
in level. And, for fog particles in air, of the order
of 10 microns, one has,

k) - (55)

hence the crossover point for the thermodynamic attenuation
mechanisms is £ = 1000 cycles for fog and sound. This

is for the frequency dependence of the thermodynamic loss,
T.

(A6-6)

One also notes from the buoyant force considerations
in the fog,
Fey)= rmre

Which describes the viscous Stokes force that is buoying
up the fog particles.

(A6-7)

Hence, for v = .1 cm/sec, the terminal velocity of fog
particles one has,

( 2 V. ") (l) = Q’/j*rrr‘)= Yxr e
-

3 rendra

Therefore the fog particles have a general lower
limit in size of the order of 3 microns.
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