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NOMENCLATURE 

a Radius of sphere or nodule 

8 Porosity 

B Attenuation factor 

B ( n ) Spherical Bessel functions 

c Waves peed 

c Effective wave constant e 
c n Expansion coefficient for elastic sphere 
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f( ) Scattering function 

f Rotation 

h 2 ( 
n ) Spherical Hankel functions 

I Intensity 

L Effective wave travel distance parameter 

p Pressure 

p Pressure amplitude 

P (cos6) n Legendre polynomial 

p Density 

s Curl 
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I. INTRODUCTION 

The potentials for extensive deep sea mining of mineals and ores 

have attracted a great deal of attention in the industrial and 

scientific communities. In particular, there are extensive areas of 

the deep sea ocean bed which are covered with the mineral deposits 

called manganese nodules (Figure 1). These nodules contain valuable 

minerals including cobalt, copper, and nickel. Such minerals are used 

in industry and manufacturing. The United States is presently depend-

ent upon politically unstable African nations for an adequate supply of 

the strategic mineral cobalt. The development of a more reliable 

source of this mineral would be welcome. Recent estimates indicate that 

there are about 350 billion tons of manganese, 200 billion tons of 

iron, 15 billion tons of nickel, 8 billion tons of copper, and 5 billion 

tons of cobalt contained in Pacific ocean manganese nodule deposits 

alone [l]. For the past twenty years, interest in the mining potential 

of such nodule fields has grown as mineral worth increases with infla-

tion and mineral scarcity. Work has been done to locate and map the 

existing nodule fields and to make estimates as to their gross magni-

tude. Statistical studies have been made on nodules obtained from grab 

samples and on photograph~ of nodule fields and it is apparent that 

manganese nodules are economically feasible to mine. 

The mining of manganese nodules requires a great deal of 

prospecting and careful evaluation of the economic potential of the 

site under consideration. Current prospecting techniques consist of 

1 
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either lowering television cameras several miles to the ocean floor, 

lowering grab samplers or some other sort of physical retrieval system, 

or towing an instrumentation package above the ocean floor. Any of 

these techniques require several miles of cable between the prospecting 

vessel and the ocean floor. Accidents can easily occur in such a 

situation. Cable breakage can result in the loss of expensive 

instrumentation. Furthermore, any difficulties with the instrumenta-

tion itself means that the entire system must be retrieved for repair 

and inspection. Hauling in several miles of cable is a tedious, time-

constDDing task. 

All of these problems could be eliminated by the development of a 

shipboard acoustical sensing system. This system would utilize hull-

mounted transducers or a shallow-towed 'fish' with transducers. 

Acoustic signals would be sent to the ocean floor and their return echo 

analyzed to determine manganese nodule presence, number, and size. This 

would allow rapid and inexpensive surveying of the ocean floor at speeds 

five times those required by cable-lowered systems. The purpose of an 

ongoing project at Virginia Tech is to develop such a system. 

In order to develop a remote acoustical sensing system for the 

detection and quantification of manganese nodules, the response of the 

manganese nodule to acoustic excitation must be determined. Yushieh Ma 

[l] has modeled the nodule as an elastic sphere and developed an 

analysis which predicts the scattering response from such a sphere. 

Kenneth Smith [2] experimentally determined manganese nodule wave speeds 

to use in Ma's analysis. Kim Grubbs [3] performed some scattering ex-

periments on scaled nodules and compared results with the elastic sphere 
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prediction of the nodule. 

The elastic representation of the manganese nodule assumes a 

nonporous and homogeneous nodule. Physically this is unrealistic. 

Manganese nodules have an average porosity of about fifty percent and 

have widely varying compositions and structural characteristics. The 

purpose of this study is to model the nodule as a porous elastic sphere 

by developing an analysis which models porosity as an attenuating 

mechanism in the elastic theory. Acoustic attenuation in media is 

modeled by considering a complex wavespeed or, in this case, a complex 

wavenumber. The imaginary part of the wavenumber is due to the 

attenuation. The frequency dependence of this attenuation varies. The 

manganese nodule will be modeled as a porous elastic sphere by including 

attenuation in the elasti~ theory as developed by Ma. 

Because acoustics of porous media is an ongoing field of research 

and involves many preliminary assumptions for a detailed mathematical 

analysis, some uncertainty is attached to the numerical results 

particularly for a simplified analysis such as is presented here. 

Specifically, values and parameters used in such an analysis must 

necessarily be averaged values, either obtained experimentally or by 

logical deduction. Nodules are remark.ably inhomogeneous as can be 

seen from Smith's work with wave speeds. They exhibit a wide range of 

characteristics and it is necessary to consider their structure before 

undertaking any serious evaluation of their porous nature. 

Manganese nodules are generally considered as solidified concen-

trations of a variety of minerals. They seem to form about a nucleus. 

Such a nucleus can be anything from a shark's tooth to a grain of sand. 
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If this nucleus is large enough, it will distort the acoustical 

characteristics of the nodule which surrounds it. Nodules, particularly 

Pacific ocean nodules, have an annular or shell-like structure. The 

interfaces between these layers may result in acoustic scattering, 

absorption, or other effects. Further, nodules have inhomogeneties 

such as fractures, veins of silicates, imbedded bottom clay, and other 

substances. All of these structural characteristics are difficult to 

model mathematically in the porous elastic sphere analysis and will be 

experimentally taken into account when modeling attenuation. 

The shapes of manganese nod~les vary widely. All analysis to 

this date has been based on the assumption that the nodules are 

spherical and this investigation maintains that assumption. Work is 

presently being done to more accurately model the nodule as an oblate 

spheroid. Chapter 2 of this work presents an outline of the elastic 

sphere model of the nodule without attenuation. This serves as a 

basis for the following chapters. Chapter 3 models porosity and deter-

mines the form of a theoretical compressional wavenumber and a 

theoretical shear wavenumber. A theoretical 

in manganese nodules is made. Chapter 4 presents the results of 

Chapter 3 when applied to the elastic model of Chapter 2. Chapter 5 

is a presentation and discussion of data as obtained in a series of 

experiments. Chapter 6 attempts to reconcile the theory with the ex-

perimental data by varying attenuation. An examination is made of the 

effects of attenuation on scattering from individual nodules and bottom 

deposits of nodules. 
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In summary, this thesis examines acoustic attenution in porous 

media, develops a method by which attenuation can be realistically 

modeled and applied to the existing elastic sphere theory of the 

manganese nodule, and examines experimental scattering data. Values 

of probable attenuations for both Atlantic and Pacific nodules are 

found. 



II. ELASTIC SCATTERING THEORY (NON-ABSORPTIVE) 

The presentation of this analysis is an outline of the work of 

Yushieh Ma [l]. Ma has developed an elastic model of the nodule in 

which he assumes that the bottom on or in which the nodules lie is ef-

fectively acoustically transparent as shown in Figure 2. With this 

assumption, the problem is greatly simplified. Nodules in the Pacific 

ocean are indeed found to be either partially buried or completely 

buried in soft acoustically transparent bottom sediment. In the 

Atlantic ocean, however, nodules are often found on a hard flat sur-

face such as the Blake Plateau. 

In this analysis, spherical nodules are acoustically excited by 

plane pressure waves, with the coordinate system as shown in Figure 3. 

The general solution of the wave equation 

( 2 l a2 J ~ 'ii - C2 at2 p(r,t) = o 
0 

(1) 

must be f otmd where all appropriate boundary conditions are applied. 

p(r,t) is the perturbation pressure, c0 is the adiabatic sound speed of 

the fluid medium (water), and il-is the Laplacian operator. Equa-

tion (1) is a differential equation in terms of space and time. It can 

be expressed in the frequency domain by considering the harmonic time 

dependence 

~ ~ iwt p(r,t) • p(r,w)e (2) 

where w is the frequency (radian/time) and i is the square root of 

minus one. Equation (1) may now be written as 

7 



(a) liottom Uouncc 
(Hcflcdion) 

-1-

c 
0 

__J _____ Incoming 
I Wave 

I Sc<1ttcrctl \-fove 

\ ~ 
-.-Q-
/ \ 

(h) \fove Scattering 
f rum Nodu 1 e 

Nodule 

Incoming Return 
Wave Signal 

\ I 

(c) Nu<l11lc on Suhbottom 

Figure 2. Slmpl lfletl M1Hlcl of Hullom Rc::>pom;c 



9 

ikr cos e Incident plane wave p = p e 
i a 

ll l l l l l l l l l 

Figure 3. Choice of Coordinate Axes for Individual Scatter 



10 

where k is the wave number and is given by 

In spherical coordinates, the solution to equation (3) is given by Ma 

[l] and is 

QI) 

p y (8 ,$) ljn (kr)l 
m,n m,n Ln (kr) 

n 

p = l 
n,m=O 

where Y (8,ljl) are the spherical harmonics, j (kr) and n (kr) are m,n n n 

respectively the spherical Bessel functions and the spherical Neumann 

functions. P are the coefficients of the spherical harmonics as m,n 
determined by the appropriate boundary conditions. 8 and 1jl are as 

shown in Figure 3. For this geometry, there is no 1jl dependence and 

equation (S) can itmDediately be written as 

QI) 

Pi = P l (2n+l)inj (kr)P (cos8) 
a n=O n n 

r > 0 

This is a much simpler form of equation (5). 

The subscript i denotes the incident wave, Pa is the pressure 

amplitude, and P (cos8) is the Legendre polynomial. Equation (6) is 
n 

merely the spherical expansion of the incident incoming plane wave 

p. = p eikrcos8 
1 a 

(3) 

(4) 

(S) 

(6) 

(7) 

There is also a scattered wave which radiates acoustic energy in 

all directions. The pressure in this wave will be of the form 
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CD 

B h (2)(kr) P (cos0) n n n (8) l 
n=O 

where the subscripts refers to the scattered pressure wave, h <2>(kr) n 
is the spherical hankel function for outgoing waves with a time 

it11t dependence of e • B must be found by applying boundary conditions. n 

Ma has found that 

Bn = ~1~ Pa(2n+l)in l+iC n 
(9) 

where C is a quantity related to the physical properties of the nodule n 

and the surrounding fluid medium. C is a function of k , the wave-n o 

number in the fluid, ~' the compressional wavenumber in the nodule, 

k , the shear wavenumber in the nodule, and other parameters. s 

where k0 is real and ~ and ks are real for nonattenuating theory. 

Complex ~ and ks are introduced to include wave attenuation in the 

porous nodule media in Chapter 4. 

An expression for the scattered pressure can now be written 

p -s 

CD pi 
l l+iC n=O n 

(2n+l)i°b <2>(kr) P (cos0) n n 

Ma assumes that kr >> 1 and makes the approximation that 

-i(kr - (n+l)ir) 
2 h <2>(kr) 

n 
1 - - e kr 

as kr ~ CD 

(10) 

(11) 

(12) 

This is a good assumption for nodules lying on the ocean bottom 

with the receiver miles away on the surface of the sea. However, for 

any laboratory experiment in-which scattering from nodules is measured 



12 

by receivers nearby, this approximation may not be valid. This will 

be further investigated in Chapter 4. Using (12), the following expres-

sion for p is obtained. s 

p 
a -ikr 

ps kr>>l-; e f(a,e) 

where 

co 

f (a,e) .. t I 
n=O 

(2n+l)(-l)n+l 
i P (cose) l+iC n n 

and is defined as the scattering function. 

It is seen that the ·scattering function f(a,e) is dependent on 

the nondimensional frequencies ka, ~a, and k5a (through Cn) and the 

scattering angle e. 

Anderson (1950) defined a reflectivity factor Re as 

or, from Ma: 

R = 2jf(a,e)j 
e a 

This is a convenient quantity with which to compare individual 

scattering experiments with theory. In his 1981 dissertation, Ma 

developed a numerical analysis and solution to plot the theoretical 

(13) 

(14) 

(15) 

(16) 

values of Re versus the nondimensional frequency ka. He compared his 

program with Hickling [4] and found accurate results as shown in Figure 

4. In generating plots of R9 versus ka, the values of the longitudinal 

(compressional) wavespeed (CL) and the shear wavespeed (C5) as measured 
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by Smith were used in the program (Table 1). 

The response of the nodule strewn bottom is modeled by Ma as the 

sum of the nodule responses. The particular bottom response depends 

on the nodule positioning. Since the nodules are randomly distributed 

on the bottom plane, the significant response measure is the average 

over the possible nodule configurations. 

Following the self consistent multiple scattering theory of 

Foldy [S], the configurational average pressure is presented by Ma [l], 

Magnuson et al. [6], and Smith [2] as 

f -+ - -+-+ -+ <p> = pi + dr'P f(6) G(r,r') <p(r')> (17) 

bottom area 

where pi is the incident wave pressure, P is the areal number density 
-+ -+ 

of nodules, G(r,r') represents the propagation characteristics of the 

water and f(6) is the scattering strength of the average nodule. For 

the case of normally incident plane wave excitation and single scattering 

(no nodule interaction) this simplifies to 

<p> = pi e-ikz +I d;'p f(6) 

bottom area 

-ikl;_;. I 
e -----P. I-+-+ I i r-r' 

(18) 

The configurationally averaged bottom response <p > is equal to s 

the above integral and evaluated as 

(19) 

This represents an upward traveling plane wave and displays a bottom 

reflection coefficient which is related to the individual nodule back-

scattering strength, 
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Table 1. Elastic Constants for Pacific and 
Atlantic Nodules from Smith (1981) 

Wet Condition 

CL (m/s) Cs ('in/ s) Cs/CL 

2400-2750 2200-2700 0.91-0.93 

2450-3150 1650-2650 0. 63-0. s.:. 

Acmosoheric Condicion 

CL (m/s) CS (m/ s) Cg /CL 

1850-2300 1600-2150 0.85-0.94 

il.550-2650 1300-2100 0. 78-0. 84 

1700-5300 1600-4200 0.77~0.95 

Density 
( gr:t/ cc) 

l.91-1.96 

l. 39-2. Q 7 

Dens icy 
(gm/cc) 

l. 63-l. 76 

1.6 3-1.90 

--
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C = 2~P f(o) 
R ik (20) 

The magnitude of the reflection coefficient is a convenient quantity 

to describe the bottom response and is related to the average individual 

nodule scattering strength or reflectivity factor as 

(21) 



III. ACOUSTIC WAVES IN POROUS MEDIA 

The theory of compressional wave propagation through porous media 

has been the subject of many studies, including those by Biot, Zwikker 

and Kosten, and Dutta and Ode. Biot [7] develops a complete model 

which includes two coupled differential equations describing the fluid 

and the solid response in porous media. These two equations are 

derived in terms of stress and strain. Although Biot has perhaps the 

most complete porous media theory yet developed, the analysis is 

complicated and requires a number of parameters which are difficult to 

obtain for the manganese nodule material. Dutta and Ode [8] simplify 

this model by expressing the equations in terms of relative motion and 

physical material parameters such as bulk modulus and effective 

densities. Zwikker and Kosten [9] approach elastic porous media by 

describing two coupled momentum equations and two continuity equations 

for the solid and the fluid composite. This yields two compressional 

waves in the porous elastic media. In the following analysis, wave A 

refers to the mode in which the structure and the fluid move in phase 

while wave B refers to that mode in which the structure and the fluid 

move out of phase. The existing elastic model of the manganese nodule 

includes one compressional and one shear w~ve. It is the purpose of 

this study to determine and implement a method which yields one ef fec-

tive compressional wave that includes the attenuation effects of the 

two existing compressional waves. It is to be noted that this wave is 

purely a mathematical artifice and does not correspond to the physical 

17 
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situation. 

The effective wave is found by first solving the four equation 

system of Zwikker and Kosten [9] for the complex wavenumbers of both 

modes and determining expressions for the pressure and velocity re-

lationships for each mode. This is done in Section A. In Section B, 

the two modes are related and the total pressures and velocities in the 

media (due to both wave A and wave B) will be found by the application 

of a pressure boundary condition. In order to do this, the four equa-

tion model is written as two equations in terms of pressure. A modal 

transformation puts the boundary excitation into normal coordinates. 

Finally, in Section C, an effective wave is defined and related to the 

modes A and B by pressure and velocity matches at x = O. A spatially 

integrated intensity equivalence allows for the generation of an ef-

fective compressional attenuation in terms of a travel distance 

parameter, L. By assuming the direct proportionality of L to nodule 

radius a, a theoretical prediction of attenuation is made. 

The attenuation of the shear wave is directly obtained by method 

of Biot in Section E. 

Generally, the frequency dependence of the attenuation of the two 

compressional waves and the shear wave are as shown in Figure 5. At 

low frequencies (Poiseuille flow), the dependence is frequency squared, 

at medium frequencies there is a linear relationship with frequency, 

at high frequency the attenuation is dependent on the square root of 

the frequency. Finally, at extremely high frequencies, the attenuation 

levels off to a constant value. In developing this analysis, the 

attenuation regime and frequency dependence of the existing 
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compressional waves and the shear wave as well as that of the effective 

compressional wave is found for the acoustic detection of manganese 

nodules. 

A. Compressional Modes, Fluid, and Structure Impedences 

The movements of the fluid and the solid in porous material are 

coupled by the viscous interaction at the pore boundaries. The dynamic 

characteristics of this movement are mathematically expressed by 

writing momentum and continuity equations for both fluid and solid. 

From such an analysis, the complex wavenumbers are found. In addition, 

the im.pedence (pressure and velocity ratios) for each of the two modes 

are found. The development of this section is taken from Zwikker and 

Kosten [9]. 

Two equations of motion may immediately be written for the solid 

(1) and the fluid (2): 

ap1 av1 
- -- = P1 --+ s(v1 - v2) ax at (22) 

ap2 av2 
- --= P2 --+ s(v2 - v1) ax at (23) 

S is the coupling coefficient which relates modes A and B and 

may be determined by an examination of the equation of motion for the 

case of the rigid porous media. 

The equation of motion for a rigid porous material is as follows 

(see [9]): 

~ = ! p av+ <I>v 
ax B o at 

(24) 
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where R = structure constant 

e = porosity 

v = motion of fluid 

~ = flow resistance (1.28 x 107 for manganese - Reference 

[10]) 

For a rigid frame v1 = 0 in equation (23) above so 

s = iwP2 (R-1) + S2 ~ (25) 

· tim d d of eiwt assunung a e epen ence 

The continuity equation for the frame is 

3P1 3v1 3P2 
-at=k a;c-Aat (26) 

The movement of the solid as well as the fluid will increase the force 

in the elastic frame. The first term on the right hand side of equation 

(26) is simply due to the stiffness of the frame. If one considers that 

av1/ax is equal to zero at some point in the media, then it follows that 

P2 must decrease with P1 in hydrostatic pressure (assuming the frame 

does not deform). Thus, since P1/(l-S) and P2/S are the pressures in 
1-8 the solid and the fluid, the above equation results with A = ~e- , or 

since e = .5 for manganese nodules, A= 1.0. 

The continuity equation for the fluid may be written by consider-

ing that 

P2 = SP 

SP = actual force - equilibrium force 
0 

p (variable with fluid compression) 
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Furthermore 

(27) 

as at= (l-B) ax 
ap2 av2 

and at = - P 2 a;c-

Thus: 

ap2 av2 av1 
- at"""= Bk2 a;c- + (l-S)(k2-P0 ) ax (28) 

There are now four equations describing the response of porous 

ap i av1 
l) - --= P1 at"""+ s(v1-v2) ax 

ap2 av2 
2) - --= P2 at+ s(v2-v1) ax 

(29) 
aP 1 av1 ap2 

3) - -- = K1 -- - A --at ax at 

ap2 av2 av1 
4) - at z BK2 ai'""" + (l-S)(K2-P0 ) ai""" 

i(wt-kx) Assuming plane wave behavior of the form e these equations 

may be written in matrix form 

AU = 0 (30) 

r 
ik 0 s-iWP 1 -s l 
0 ik -s s-iwP2 

A= 
iw [l;B) I -iw iK1k 0 

L 0 -iw ik(l-B)(K2-P) iK2Bk 
0 
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and 

u = 

where k is the wave number. 

The complex wave number (the eigenvalues of matrix A) is then 

solved for by setting the determinant of A equal to zero with the 

following results: 

where 

and 

c = 
P1P2 + (P1+P2)(-is/w) 

SK1K2 

(31) 

Two solutions for the wave number are generated, indicating two distinct 

compressional waves in porous elastic media. These two waves are de-

noted type A and type B and correspond to the dilational waves of the 

first and second kind of Biot. Wave type A is the lightly attenuated 

mode which corresponds to in phase motion of the pore fluid and the 

elastic frame. Wave type B is the highly attenuated mode which cor-

responds to 180° out of phase motion between the pore fluid and the 

elastic frame. 
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The wave numbers are separated into real and imaginary parts 

where the imaginary part represents the actual attenuation of the wave. 

The following figure, Figure 6, represents the frequency dependence of 

the attenuation of the two waves. The primary wave (A) has a fre-

quency squared dependence, while the secondary wave has a square of the 

frequency dependence. The total wavenumber is k = k' - ik". 

In order to further analyze these modes and obtain relationships 

between the motion and forces in the fluid and the solid for each mode, 

it is necessary to determine the eigenvectors of this system. This will 

result in expressions for the impedence of the fluid and structure and 

the pressure and velocity ratios for each mode. 

From (20): 

-s 

-s (32) 

ik.K 0 

A ~ can be defined: 

~ = (iwP1+s)(iwP2+s)(-iwA) - (-s)[-s(-iwA) - (-ik)(-ik.K.1)] 

or (33) 

and from (23) and (24): 

ik -s 0 
V1 K[iw2 P2A + wAs + ws] 
-= 0 (iwP2+s) -ik = 
P1 ~ 

(34) 

-iw 0 -iwA 
~ 
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Figure 6. Frequency Dependence of Compressional Wave Attenuation in 
Porous Media (Manganese Nodules), k = k' - k". 
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The reciprocal of the impedance of the structure is thus 

l V1 k(iw2P2A + wAs + ws] - = - = ~~~~~~~~~~~~~~~ 
z Pi -iw 3P1P2A + w2 (P1-l-P2)As + k2K1s 

V2 
-= 
P1 

= 

P2 
-= 
P1 

= 

iWP1+s ik 0 

-s 0 -ik 

-ik.K1 -iw -iwA 
fl. 

k(iw2P1 + ws + wAs - ik2K1) 

-iw 3P1P2A + w2 (P1-l-P2)As + k2K1s 

iwo i+s -s ik 

-s (iwpz+s) 0 

-ik.K1 0 -iw 
fl. 

iw 3P1P2 + w2 (P1-l-P2)s - ik2wP2K1 - k2K1s 

-iw3P1P2A + w2 (P1-l-P2)As + k2K1s 

The reciprocal of the impedance of the fluid is as follows: 

1 -= 

(35) 

(36) 

(37) 

These ratios describe the pressure, velocity, and impedance re-

lationships of the fluid and the structure for either mode A or B, 

depending on whether kA or~ is used in equations (34) - (38). They 

in no way relate A and B. Relationships between modes A and B will be 
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obtained in the next section by applying conditions at the media 

boundary. 

B. Mode Interrelationships by Pressure Boundary Condition 

In order to find suitable expressions for the total pressure and 

velocity due to both compressional waves in porous media, the system of 

the previous section is rewritten in terms of pressures. An elasticity 

matrix and a density matrix are defined. A modal transformation is 

used to uncouple the modes and put the boundary excitation in terms of 

normal coordinates. Pressures and velocities can then be put in terms 

of a common parameter by using a suitable pressure boundary condition 

at x = 0 (surface). Expressions for the total pressure and velocity may 

then be fotmd. The four basic equations may be reconsidered in the 

following manner: 

(39) 

from which, 

axv 1 = i 1 [-atP 1 + AatP2 ] 

axv2 = S~2 [- ~: (- OtP1 +A) + Pz) - OtP2] • 

(40) 
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Two equations are written containing P1 and P2 : 

(41) 

{ ll SK2 P2 } {SK2K1 l K1 SK2 ) 
A + AK.a sat + A at P 1 + AK.a ax2 - 1 + AK.a + AK.a A sat 

. 
A matrix equation may now be written where a + P = P and axP = P' 

I K1 k -(1 + ~Js ( K1 KoA) 
0 A + SK2 + SK2 S SK2 . 

l 0 
SK2K1 

+ 
(l SK2) l K1 SK2) 

p 

l -+-s -1+-+-s AK.a A AK.a AKo Ko l 

l -P1 
1 

P1A j! l Pi/A 

= 0 (42) 
[ K1 ) 

-P2 1 + AKoJ 

iWt For a harmonic time dependence of e the following results: 

1 
K1 0 

P" 

0 

+ 



29 

or 

e P" + d P = 0 - - - - - (44) 

where ~is the elasticity matrix and dis the density matrix (complex). 

where 

f= 

or 

The solution to (44) is of the form 

P = P e-ikx 

I fu 
f = I - L fz1 

or (-K2~ + ~)~ = 0 = f P 

(K1 Ko J 
-w2P1A + iw BK£+ A+ BKz S 

( Ki J r K1 BK2J 
w2p 2 1 + -- -iwll + -- + -- S -AK0 AKo Ko 

A modal vector is defined such that 

[ 
1 1 

4> = 1 (-f12) 
f11/-f12 l -[-::: l 

A,B 

and from this a modal matrix is expressed as 

from (45): 

(45) 

(46) 

(4 7) 
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or 

where 

and 
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rK1 KoA.l 
w2 P1A - iwlAKz + A+ SKzJs 

w2P 1 - iw(1 + ~;2)s-KA2K 1 

where <1>11 = <l>iz 

Now defining a modal transformation 

p = <I> T1 - ~ 

E n" + D n = 0 

E "" <l>T .! f 

D • <l>T i .1 

(48) 

(49) 

(SO) 

(51) 

(52) 

E and D represent the elasticity matrix and the density matrix of the 

transformed system. From equations (52) we can write that 

[
(+11e22++21ei1)+11 + <+11ei3++21ei2)+21 

E • 
- <+11e11++22ei1)+11 + <+11e12++22ei2)+21 

rEt l 
• lE2 I 

<+11e11++21e21)+11 + <+11e12++21e22>+22] 

<+11e11++22e21)+11 + <+11e12++22e22>+22 



and 

now 
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The ref ore 

EA= E11 = $11 2e11 + $21 2e22 

E21 = E12 = 0 

EB= E22 = $11 2e11 + $22 2e22 

Similarly, 

DA= D11 = ($11d11 + $21d21)$11 + ($11d12 + $21d22)$21 

D12 = D21 = 0 

In summary, 

~ t' + d p = Q 

E n" + D n = o 

p = .! ~ 

-1 n(x=O) = .1 ~(x=O) 

-1 1 
1 .. <1>11 <1>22 

n = 

(54) 

(55) 

(56) 

(57) 

Since Pl is defined as the force on the structure over the total 

area and P2 as the force on the fluid over the total area, we can 

establish the boundary condition that, at x = O, 

Pl = (1 - B)Po P2 = 6 Po 



32 

where Po is the total pressure at x = O. For justification of this 

boundary condition refer to [9]. This condition is based on the assum.p-

tion of open pores in elastic media and serves to relate modes A and B 

in terms of Po. 

Thus, 

jnA (x=O)] = 
LnB(x=O) 

which serves to relate mode A and B. Therefore 

[
4>11 

! = ! ~ = 4>21 

or 

(58) 

(59) 

p = 
Poeiwt [4>11(4>22(l-8)-4>118)e-ikAx + 4>11(-4>21(l-8)+4>118)e-iksxi 

4111 <4>2z-4>21 > 4>21(4>22(l-8)-4>118)e-ikAx + 4>22(-4>21(l-8)+4>118)e-iksxJ 

(60) 

(61) 

The pressure in the solid due to both modes A and B is 

(62) 

and the pressure in the fluid due to both modes is 

(63) 

while the total pressure in the solid-fluid matrix is 

(64) 
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(65) 

From equations (35-38) 

f ~22(l-l3)-~11S}P 
l ~22-~21 ° 

(66) 

{ 
kA[iw2P1+w(l+A)S-ikA2K1] } 

iw2P1P2+w2 (P1+p2)S-ikA2wP2K1-kA2K1S 

• {~21[~22(l-l3)-~11S]}P 
~i1(~22-~21) 0 

All pressures and velocities in both the fluid and the solid for 

both modes A and B are now expressed ~n terms of Po and the following 

expressions are obtained for the total pressure and the total velocity 

in the porous media: 

(67) 
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= + = V i(wt-kAx) + V i(wt-kBx) VT VA VB Ae Be 

v = T 
[(l-6)V1A + 6V2A]ei(wt-kAx) + [(l-6)V1B + 6V2 B]ei(wt-kBx) 

(where the velocities have been area-averaged). 

C. Effective Compressional Attenuation 

In order to determine an effective compressional wave attenuation 

which will take into account the losses of both compressional waves in 

porous elastic media, an effective wave may be defined based on a match 

with the total pressures and velocities obtained for the two compres-

sional waves in the previous section. Further, a spatially integrated 

intensity equivalence will allow for the solution of an effective 

attenuation. 

An effective wave is defined as follows: 

(68) 

Three conditions are imposed to determine the characteristics of 

the effective wave: 

i) Pressure match at x = 0 

p = PA+ PB e (69) 
p = (P1A + P2A) + (P1B + P2B) = Po e 

ii) Velocity match at x = 0 v = vT at x = 0 e 

Ve• VA+ VB 

Ve= [(l-6)V1A + 6V2A] + [(l-6)V1B + 6V2B] (70) 
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iii) Spatially averaged.flux (intensity) through some travel 

distance L of the porous media: 

(71) 

These three conditions, properly applied, yield the attenuation of 

the effective wave in the following manner. 

Consider, 

Re{p v *} = Re{P ei(wt-kex) V *e-i(wt-ke*x) 
e e e e 

Therefore, 

= Re{P V *}e-Zke"x 
e e 

ILR { *}dx Re{P V *} JLe_2kexdx e p v = 
0 e e e e 0 

Consider the right hand side of equation (71) 

Re{pTvT*} = Re{(PAei(wt-kAx) + PBei(wt-kBx))(VA*e-i(wt-kA*x) 

+ VB*e-i(wt-kB*x))} 

R {p V * -2kA"x + p V * -2~"x + p V *ei(kB*-kA)x = e A A e B B e A B 

(72) 

(73) 
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Re{PTVT*} = Re{PAVA*}e-ZkA11x + Re{PBVB*}e-ZkB11x 

[ { } { } -ix + Re PAVB* cos mx - Im PAVB* sin mx]e 

where 

Integrating 

and 

k 11 can be solved fox: in the following equation: e 

k " ..!. Re{P V *} e 2 e e -------=--------2k 11L L 
e e I {PTVT*}dx 

0 

1 -

(74) 

(75) 

Figure 7 is a plot of k 11 versus frequency for different travel e 
distances L. It can be seen that as L -+ "°, the k 11 curve approaches e 
that of the primary wave (A), while as L-+ 0, the k" curve approaches e 
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Figure 7. Effective Compressional Wave Attenuation Versus Frequency 
for Various Travel Distances L. 
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that of the secondary wave (B). Figure 8 shows the relationship between 

k " and L for a range of frequencies and illustrates the asymptotic e 
nature of k " at high e and low travel distances. This figure is not 

scale. In actuality, k " approaches ~" as L -+ o. However, the e 
inflection is very narrow and occurs at L << 0.1 cm. Figure 9 is an 

actual plot of k " versus travel distances for these relevant fre-
e 

quencies. 

to 

Numerical analysis shows that the right hand side of equation (75) 

can be approximated by the expression 

f (w) 
L for 0 < L < 100 cm. 

where f (w) is a function of frequency. 

or 

From equation (75) the following equation is written 

k " ___ e ___ = f(w) 

l - -2k "L L e e 

k "L = g(w) e 

where g(w) is a function of frequency. 

(76) 

For the assumption that g(w) has a weak frequency dependence in 

the range of interest the following may be written: 

g(w) = constant = C e 

C is plotted versus frequency and for a range of travel distances in e 

Figure 10. Putting g(w) equal to a constant is only an approximation, 

as can be seen by examining Figures 9 and 10. This approximation over-

looks slight frequency dependence of k " over the range of detection e 
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Various Frequencies (Manganese Nodules). 



41 

(k "L) e 

100 cm 

0.5 

1 cm 

0.0-f"'--------------------------~------------------------~ 
0.0 

Figure 10. 

50 
frequency (khz) 

100 

C Versus Frequency for Various Travel Lengths (L). e 



42 

frequencies. However, it is attractive for its simplicity and will be 

shown to generate useful results. From (20), 

k II = e 
constant 

L (78) 

A theoretical estimation of the effective compressional attenua-

tion in manganese nodules may now be made. If L is assumed equal to a, 

the nodule radius k " can immediately be written as ' e 

k II 

e 

c e = -= a 
0.1 

a (79) 

where the constant Ce is approximated as 0.1 from Figure 10. The 

assumption that L = a is made entirely on the basis that the distance 

represented by a is a nodule-scale distance. 

In order to develop a complete expression for k " over a larger e 

range, the following equation may be written by considering Figure 8: 

~"/L 
k"~ +k" 

e l/L +~"/Ce A 
(80) 

This is a general expression fork", and is obtained by observing the e 

characteristics of the k " versus L plot in Figure 8. The more e 

specific expression in equation (78) for k " will be used in this work. e 

Figure 11 shows the total intensity Re{pTvT*} as a function of L for a 

frequency of 10 khz. This figure demonstrates that the major energy 

loss in the manganese nodule will occur in the first centimeter and is 

due to wave B, the heavily attenuated, or secondary mode. Although wave 

B has lower pressure amplitude and velocity amplitude than wave A, as 

can be seen in Figure 12, it is of great importance due to its high 
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Figure 11. Total Intensity Versus Travel Distance (L) for 10 kHz 
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Figure 12. Velocity and Pressure Ratio Magnitudes for Compressional 
Modes A and B. 
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attenuation in absorption by small porous objects such as nodules. 

Effectively all of the energy in mode B is lost in the first centimeter 

of the porous material. Figure 13 shows the relationship of the change 

in intensity to the travel distance L for a median frequency of ten 

kilohertz and again illustrates the dominating loss which occurs in the 

first centimeter of the nodule. For large travel distances, wave A is 

important. When Lis taken as= in equation (75), the imaginary part 

of the effective wave number reduces to the imaginary part of the 

primary (A) wavenumber (kA'); conversely, the secondary wave attenuation 

is the dominant loss mechanism for small (nodule-scale) distances. 

D. Verification of Compressional Wave Analysis 

The foregoing analysis in which porous media is modeled by deriv-

ing two momentum and two continuity equations and in which two complex 

wavenumbers are generated for the two modes in porous media can be 

verified by a comparison of the predicted value of the wave speed of 

mode A (lightly attenuated) with the experimental data as obtained by 

Smith [2] for the compressional wave. Smith measured sound speeds in 

manganese nodule materials for the shear wave (which will be considered 

in the next section) and for the wave A of the previous analysis. There 

is no data available on the wave speed B due to difficulties in 

detecting this slow and highly attenuated compressional wave (11]. 

Measurements were made for both wet and dry manganese nodule material 

which correspond respectively to water and air as the fluid in the 

previous analysis. 
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Figure 14 is a plot of the real part of wavenumber A versus fre-

quency. Assuming that the real part of wavenumber A corresponds to 

w/CA where CA = wavespeed of wave A (see [12] for justification) and 

w = 2~ frequency, a predication of CA= 3215 m/s is immediately ob-

tained for water as the pore fluid and CA = 2450 m/s for air as the 

pore fluid. The following table (Table 2) compares these values with 

those of Smith. 

Although the theoretical values are higher than the average of 

the experimentally obtained values, agreement is very good, considering 

inhomogenities in the nodule material, wide experimental data scatter, 

and uncertain frequency sampling of the data in [2]. The theoretically 

determined wavespeed for air as pore medium is lower than that for 

water which is physically realistic since air supports a slower sound 

speed than water. 

It is to be noted, however, that the analysis relied upon the in-

put of the experimentally determined shear wavespeed, and is thus not 

completely independent of Smith's data. 

E. The Shear Wave in Porous Media 

The shear wave has been considered by method of Biot [7] in order 

to determine an appropriate attenuation. We shall consider the 

complex shear wavenumber to be of the form 

k = k t - ik II s s s (81) 

where ks" represents the attenuation of the shear wave and ks' should 
w be approximately equal to C- where CS is the shear wave velocity. 
s 
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Table 2. Compressible Wavespeeds 

Experi.'11ental Theoretical 

~.J'et 2400-3150 m/s 3215 m/s 

Dry 1550-2650 m/s 2450 m/s 

I 
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First consider the dynamic equations for the shear wave in a 

porous material as given by Biot: 

(82) 

where PA= additional mass due to the fluid (usually taken as zero) 

µ132 
b =-Ko 

s = curl of the velocity of the solid 

f = curl of the velocity of the fluid 

E = shear modulus 

For the solutions of the form: 

s = 
f = 

i(-ksx + wt) c1e 
i(-ksX + Wt) c2e 

These equations become 

Eliminating c2 

J -wp A + ib 1 
c2 = [ib - w(SP2+P A) Cl = Bo Cl 

Therefore: 

ks= [w2 [(1-8)P1+PA-PAl3] + ibw(l-8)]~ 
[ -vs [(l-8)P1+f?A] 

(83) 

(84) 

(85) 



51 

The shear attenuation for manganese nodules follows a frequency 

squared dependent as shown in Figure 15. 

F. Summary of Propagation in Porous Elastic Media 

A theoretical prediction of the complex waventunbers for both the 

effective compressional wave and the shear wave in porous elastic media 

has been developed. 

1) Compressional Wave (k ) e 

k = k I - ik II e e e 

or, approximately (see Section C), 

where L is the travel distance through the porous material and the 

(86) 

constant C is as given in Figure 10. A theoretically determined value e 

of the attenuation is found by letting L = a (nodule radius) and ap-

proximating C as 0.1. The following expression for the wavenumber e 
results: 

k = e 
i(O.l) 

a 
(87) 

If it is asstuned that L is proportional to the nodule radius, a 

nondimensional frequency may be written as 

k a = ka [c 0 
1J - iB e c1 

or, for L = a, 

(88) 
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(89) 

where C is the measured compressional wavespeed for nodules and B is a 
0 

constant, approximately independent of nodule radius and frequency. 

This is a valid approximation in the frequency range of interest 

(0 - 50 kHz) and is particularly attractive because of its simplicity. 

2) Shear Wave (ks) 

k = k ' -s s 'k " l. s 

An expression can be immediately written for the shear wavenumber 

from Chapter 3 (see Figure 15): 

k = ~ - i A w2 
s cs s (90) 

The analysis in this same section indicates that AS is extremely 

small for manganese nodules and makes the shear attenuation negligible 

compared to the compressional wave losses. It is convenient, then, to 

put 

(/,) 
ks= -cs 

where CS is the shear wave speed as measured. 

(91) 

However, due to cracks in the nodule structure filled with fluid, 

this may not be a good approximation, as such cracks would tend to in-

crease shear absorption dramatically. Theoretically, at least, good 

estimates of the forms of the complex wavenumbers of the effective 

compressional wave and the shear wave are: 



c 
k a = (k a) _Q. - iB 

e o c1 

c 
k a= (k a) _Q, s 0 cs 

or, for L = a, 

54 

A value of B will be determined by experiment and compared to the 

theoretical prediction. 

(92) 

(93) 



IV. THE ELASTIC THEORY WITH ATTENUATION 

AND NEAR-FIELD EFFECTS 

The elastic theory as presented in Chapter 2 will be modified for 

porosity in accordance with the analysis in Chapter 3. The method in 

which this is done is by making the compressional waventunber and the 

shear wavenumber complex. It is recalled from Chapter 2 that 

where C is as given in Chapter 2 and is a function of the compressional n 

and the shear wavenumbers. In non-porous theory ~ and ks are both 

real variables. C is consequently a real quantity. In porous elastic 
n 

theory, both ~ and ks are complex due to the porous attenuation, and 

en becomes a complex quantity. ~ and ks were modified as suggested in 

Chapter 3: 

~ = ~' - i~" 

k = k I - ik II s s s 

A numerical analysis for scattering from individual nodules and a 

nodule covered bottom was developed to include such complex wavenumbers. 

Two methods of verifying the accuracy of this model are used. 

A. Zero Attenuation Comparison with Nonporous Elastic Sphere 

When both compressional and shear attenuation are set equal to 

zero 
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~" = o.o 

k " = w/C s s 

The Rs versus ka plots should match the non-porous curves generated by 

Ma. This is done for nodules of the indicated characteristics in 

Figures 16 - 17. Figure 16 is a plot of Rs versus ka for the non-porous 

elastic sphere while Figure 17 is a plot of Rs versus ka for the porous 

elabtic sphere with attenuations set equal to zero. These figures indi-

cate excellent agreement in the low ka range of interest to detection. 

At very high ka there is some slight variation due to numerical round-

off differences between the two programs. 

B. Check of Complex Wavenumber Model 

Another method with which to check the porous elastic sphere 

model is to compare results with those previously obtained fro an 

absorbing lucite sphere. Vogt [11] describes an absorbing scattering 

theory for determining backscatter (0°) from an elastic sphere with 

known absorptions and wavespeeds. He includes absorption by the intro-

duction of complex wavenumbers. Vogt assumes only a form of hysterisis 

damping - not porous attenuation. He neither considers the two 

compressional waves of porous media nor determines an effective compres-

sional attenuation. That is a development of this work alone. For this 

reason, [12] can only be used to verify the utility of the porous 

elastic numerical analysis. The theory with and without absorption is 

compared in [12] to experimentally obtained data. The absorbing theory 
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Figure 16. Reflectivity at 10° from Scattering Analysis by Yushieh Ma. 
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Figure 17. Reflectivity at 10° from Scattering Analysis with Zero 
Attenuation (Riggins). 
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is shown to almost exactly follow the experimental data while the non-

absorbing theory displays little similarity. 

Vogt uses wave numbers of the form: 

1). a (ka) r~~i . [co] = i(ka) CL SL 
(94) 

k a= (ka) [~~j - i(kal[c0]a s cs s 

where, for lucite, as given in 

SL = .19 db. 

SS = .29 db. 

and CS = 1380 m/s and CL = 2680 m/s and c0 was taken as 1480 m/s and 

ka is the nondimensional wave frequency in water. 

These parameters were used in the present analysis and compared 

with the results of Vogt. Results are shown in Figure 18. Perfect 

agreement is indicated. 

C. Near-Field Effects 

In the analysis of Chapter 2, the assumption was made that kr>>l 

and the approximation of the Hankel function was used: 

h (Z)(kr) = 
n 

k~ 

-ikr .n+l 
e kr 1 (12) 

This is a fine approximation when the nodules are located on the 

bottom of the ocean and the listening transducer is miles away on the 

surface. For laboratory tests, however, it is important to consider the 
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Figure 18. Comparison of Attenuating Theory with Vogt for Lucite. 
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full expansion of the Hankel function in the equation 

00 pi 
l l+iC n=O n 

(2n+l)in h (Z)(kr) p cos(e) 
n n 

In tests performed in the laboratory, kr is typically SO - 100 for 

(11) 

manganese nodules of natural dimensions and frequency ranges between 1 

and SO khz. The full expansion of the Hankel function (13] is 

h ( 2) (kr) = CONJG r_i -_n_-_1 e ikr 
n L kr 

~ (n+j)! 
l •I ( •)I j=O J. n-J . 

This expansion was incorporated into the porous elastic sphere 

(9S) 

model and the numerical analysis. Results indicate negligible changes 

in Re versus ka plots for test conditions. For example, at a frequency 

of 0.3 khz for a nodule of average radius (0.04 m), the value of Re 

with the far-field approximation is 94% of the Re with the full Hankel 

expansion. At 3 khz, Re with the far-field approximation is effectively 

identical to that with the full expansion. This shows that the far-field 

approximation is valid for experimental comparisons as long as reasonable 

distances and frequencies are maintained. To clarify this, Figure 19 

shows two plots of Re versus ka for far-field and for the complete 

expansion. The only difference occurs at ka values much less than O.S 

and is negligible for the acoustic detection problem. 

D. Theoretical Scattering Results for Porous Nodules 

The effect of including porous attenuation will be investigated by 

assuming complex wavenumbers of the form suggested in Chapter 3 
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(b) Scattering Response with Complete Hankel Expansion 

Figure 19. Comparison of Scattering Theory With and Without the Far-
Field Approximation. 
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w ka = (a) - iB 
CL 

By varying B, plots of R9 versus ka for various porous attenuations are 

generated. Results indicate that there are four distinct backscatter 

regions of possible porous attenuation in manganese nodules. A series 

of figures will show the effect of progressively increasing attenuation 

in nodules. The four regions will be rigorously defined and illustrated 

at the end of this section. Values of CL and c5 are taken as 2610 m/s 

and 1995 m/s for Atlantic nodules and 2355 m/s and 1950 m/s for Pacific 

nodules. These values are the average values obtained by Smith [2]. A 

scattering angle of 10° is used for all plots in order to coincide with 

the experimental conditions in Chapter 5. The scattering results for 

10° are almost identical to those for backscatter. 

i) Atlantic Attenuation Region 1 (O < B < .08) 

Figures 20 through 32 are generated using Atlantic nodule 

parameters and show the effect of progressively increasing attenuation. 

Figure 20, with B = 0.0, corresponds to the non-porous elastic nodule. 

Figure 21, with B = 0.02, begins to alter from the elastic response. 

The first minor peak of the elastic theory is beginning to merge with 

the second dominant peak. The'second dominant peak begins to flatten. 

Effects at higher ka include the smoothing of the curve and a more 

regular appearance to the peaks. 

Figure 22 corresponds to a B = 0.04 and continues the trends 

appearing in Figure 21. The first minor peak is no more than an in-

flection point and the second dominant peak has begun to show a weak 
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double peak. There is still not any great variation from the elastic 

model although the amplitude of the peaks have increased about 25%. 

Figure 23 corresponds to a B = 0.08 and shows a distinct change in the 

first dominant peak. It has reached an amplitude of almost 7.5, al-

though its location remains the same. In addition, it exhibits a 

split peak. The entire curve is shifting upward at moderate ka's and is 

remaining the same at high ka. Figure 23 represents the acoustic 

response of the nodule as predicted in Chapter 3 for a travel length L 

equal to the radius of the nodule. 

ii) Atlantic Attenuation Region 2 (0.08 < B < 0.5) 

Figures 24, 25, and 26, respectively corresponding to B's of 0.16, 

0.36, and 0.5, indicate that the dominant peak becomes larger in this 

range and effectively pulls the entire curve upward for higher ka's. 

Maximums after the dominant peak are regular and decreasing. For in-

creasing attenuation the dominant peak moves toward higher ka's. Per-

haps the most important feature of these three figures is the appearance 

of an initial peak, forming in front of the dominant peak. This is a 

sharp peak, rising very rapidly from a ka of 0.0. This peak is sig-

nificant because it indicates that on a R9 versus ka plot (see Chapter 

2) the first peak occurs at a lower ka for the attenuating model than 

for the non-attenuating model. This will be further developed in 

Chapter 6. 
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iii) Atlantic Attenuation Region 3 (0.5 < B < 1.5) 

Figures 27, 28 and 29 (B = 0.9, 1.0, and 1.1) continue in in-

creasing compressional attenuation. The first sharp peak still rises 

rapidly but smooths out more gradually at higher ka. A small but 

distinct peak becomes apparent at a ka of around 3.0. The dominant peak 

has shifted to very high ka values of about 6.0 or 7.0 and is in-

creasingly losing amplitude and has become generally smoother, either 

absorbing all other peaks or indicating that the other peaks have moved 

to higher ka values. 

iv) Atlantic Attenuation Region 4 (1.5 < B) 

Figures 30 and 31 correspond to an attenuation of 1.5 and 2.0. 

They demonstrate that at high attenuations the scattering response tends 

to flatten out at higher ka's, losing amplitude, and maintaining a 

dominant first peak. Figure 32 (B = 10.0) shows that the first peak 

amplitude is decreased and that the entire curve is reduced and smoothed 

at high attenuations. 

Figures 33 through 36 are for Pacific nodules at a scattering 

angle of ten degrees. Figure 33 is a plot of R8 versus ka for B = 0.0, 

corresponding to the elastic.sphere without porosity. In Figure 34, 

with B = 0.08, the entire curve is shifted upward and there is an even 

assortment of high magnitude peaks, regularly decreasing from low ka to 

high ka. This is the same sort of evolution that occurred for Atlantic 

nodules at attenuation values of around B = 0.2. Figure 35 demonstrates 

the flattening and smoothing tendency of high attenuation (B = 0.8). 

There are four distinct and well-founded peaks from ka of 0.0 to 10.0, 
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of small amplitude. Figure 36 (B = 5.0) indicates that the first peak 

is beginning to grow in magnitude and is becoming steep. At very high 

ka's the entire curve is flattened. 

Figures 37 and 38 show the result of including a shear attenuation 

into the analysis using Atlantic nodule wavespeeds. Figure 37 is for 

both compressional and shear attenuation equal to .08 (~"=ks"= .08). 

The resulting curve is very similar to the nonporous elastic curve. 

The amplitude of the attenuated peaks are reduced about 20%. This indi-

cates that for compressional and shear attenuations of equal magnitude, 

the resulting curve shape is very similar to the nonporous curve, with 

amplitude decrewsing with increasing attenuation. Furthermore, the 

individual porous nodule response becomes a function of the difference 

between the shear and compressional attenuation. Figure 38 is for 

B = • 01 and a shear attenuation set equal to 1. O. Extreme variance in 

curve shapes demonstrate the important effect of unpredicted shear 

absorption in nodules. 

The effect of varying porous attenuation on scattering from both 

Atlantic and Pacific nodules is very important. For small attenuations 

there is the region of similarity to the non-porous elastic nodule. 

There is a distinct region where the response becomes large and shifts 

toward higher values of ka, exhibiting large amplitude peaks and regular 

features. In this region a peak develops in the low ka. The third 

region of attenuation is characterized by the dominance of the low ka 

peak which rises very quickly and trails off smoothly into a minor 

second peak and a third peak. The third peak is of variable magnitude 

and smoothness, depending on values of attenuation used within the 
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region. Finally, the fourth region, the region of high attenuation, 

indicates a flattened nodule response at high ka and a dominant first 

peak which is smooth and of greatly diminished amplitude. The transi-

tions between regions are relatively abrupt. Figure 39 shows these 

four regions for Atlantic nodules at 10°. A suunnary of these regions 

is as follows: 

Region 1 0 < B < 0.08 

Region 2 O. 08 < B < 0. 5 

Region 3 0.5 < B < 1.5 

Region 4 1.5 < B 

where k = 
w iB 
CL a 
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Figure 21. B = 0.02 (Atlantic). 
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Figure 25. B = 0.36 (Atlantic). 
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Figure 26. B = 0.50 (Atlantic). 
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Figure 27. B = 0.90 (Atlantic). 
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Figure 28. B = 1.00 (Atlantic). 
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Figure 29. B = 1.10 (Atlantic). 
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Figure 30.· B = 1. 50 (Atlantic). 
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Figure 31. B = 2.00 (Atlantic). 
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Figure 32. B = 10.00 (Atlantic). 

10.0 



0.0 

81 

5.0 
ka 

Figure 33. B = 0.00 (Pacific). 
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Figure 34. B = 0.08 (Pacific). 
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Figure 35. B = 0.80 (Pacific). 
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Figure 36. B = 5.00 (Pacific). 
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Figure 37. B = 0.08 and with Shear Attenuation= 0.08 
(Atlantic). 
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V. SCATTERING EXPERIMENTS ON INDIVIDUAL NODULES 

Values for the attenuation parameters to be used in bottom 

scattering response predictions will be determined by matching the 

theoretically developed individual scattering response with experimental-

ly obtained results. In order to determine the correct attenuation 

parameter to use in generating scattering predictions for the elastic 

model, it is necessary to perform physical tests on the acoustic reflec-

tion from manganese nodules. Tests were performed on small scale 

nodules in 1981 [3] with very limited success. Problems included 

facility limitations (size of tank, highly reflective walls of tank), 

equipment and instrumentation problems, and the fact that very small 

hand-sanded nodule material was used instead of full-size nodules. This 

was done so that higher frequencies could be used, while still maintain-

ing relevant values of ka. These tests proved inconclusive and results 

are difficult to match analytically because the ratio of pore size to 

the nodule size was very large. In order to obtain more pertinent data, 

experiments on full-scale nodules were conducted at a private facility, 

Datasonics, Inc. in Cataumet, Massachusetts. 

A. Test Procedure and Equipment 

In scattering tests, a harmonic burst of known amplitude and fre-

quency is sent toward the suspended nodule, which then reflects a 

scattered wave to the receiving transducer. This return signal is then 

analyzed by measuring its amplitude. By varying the frequency of the 
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sending pulse, the frequency response of the nodule can be measured. 

By knowing the distance from nodule to receiving transducer, nodule 

diameter, and incident pressure on the nodule at all relevant fre-

quencies, experimental plots of R6 versus ka can be generated and com-

pared with the analytic curves of Chapter 3. Incident pressure on the 

nodule and calibration of the transducer pair frequency response 

characteristics are obtained by placing the receiving transducer face 

exactly where the nodule is in scattering tests, and varying frequency. 

Amplitude is measured as before, and, by this means, the frequency 

response of the transducers can be found. 

All equipment and facilittes were provided by Datasonics, an ocean 

engineering firm specializing in ocean acoustics. The facilities in-

cluded a cylindrical tank twelve feet in diameter and twelve feet deep 

with wooden walls. This tank seemed to absorb stray reflections very 

well and enabled the measurement of much lower frequencies than those 

possible in [3]. The underfloor tank was accessed by two hinged doors 

in the floor and had a rectangular work area (water exposed) of eight 

by two and one half feet. The transducers were attached to poly-

urthene poles and lowered to the desired depth of six feet. The target 

was suspended at the same depth in a sling made of six pound test nylon 

fishing line. This same line supported the nodule from above and 

served to keep the nodule from twisting. In Figure 40, a top view of 

the transducer-nodule system is shown, with all relevant dimensions and 

angles. Transducers and target are suspended at the same depth. 

A Datasonics transceiver, using an external power supply, was used 

to generate the sending pulse. For incident runs, the receiving pulse 
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was simply recorded on the oscilloscope with no preamplification or 

filtering. For scattering runs on nodules, the receiving pulse was 

channeled through a forty decibel pre-amplifier located in the 

circuitry of the transceiver. The amplified signal was then observed 

on an oscilloscope. By measuring the amplitude of the received signal 

on the screen of the oscilloscope, the pressure amplitude on the re-

ceiving transducer can be inferred. A block diagram showing the experi-

mental hook-up is shown in Figure 41. 

The problems associated with these experiments included time limi-

tations, equipment failure, and calibration errors. The collection of 

data was an extremely tedious and time-consuming process, particularly 

as the frequency had to be varied by manually resetting numerous binary 

switches on the breadboard of the transceiver. The output strength of 

the signal sent to the sending transducer was extremely sensitive to 

the voltage setting on the power supply. Although the power supply was 

carefully maintained at an indicated ten volts, the slightest voltage 

correction significantly affected the signal strength as observed on 

the oscilloscope. 

There existed a great deal of noise at low frequency, making it 

difficult to read the signal. Furthermore, the signal was highly 

distorted. Because of the low frequencies used, only a few cycles of 

the pulse could be read in the window between the direct signal and 

stray signals reflecting from the tank wall or the surface of the water. 

This window was created and optimized by physical movement of the 

components of the transducer-target system. However, at frequencies 

less than ten kilohertz, even the optimum window was only wide enough 
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for two or three cycles. 

Another problem was directivity. Although the system was re-

aligned for each data run, it is likely that there was some directivity 

error. Every time the system was realigned, the transducers were 

shifted and rotated and the nodule being tested was raised or lowered 

to produce the best signal. This realignment was done by hand while 

watching the oscilloscope and some error is inherent in such a method. 

The problem was compounded by the murky nature of the water (the trans-

ducers and the target were completely invisible and thus their positions 

and attitudes could not be appraised visually). However, care was taken 

to minimize this problem by cautious manipulation of the components of 

the system. 

Four full-size nodules were tested at a scattering angle of six 

degrees. Of these, three were Atlantic nodules and one was a Pacific 

nodule. All nodules were obtained from Deep-Sea Ventures. The three 

Atlantic nodules were chosen for their spherical nature and their 

external lack of cracks or inhomogenities. The Pacific nodule was 

slightly flattened and exhibited no major cracks or seams. Care was 

taken to suspend the nodules in a stable manner, so that the nodules 

would not swing or twist, thus presenting different faces to the re-

ceiving transducer. The circular side of the Pacific nodule was faced 

toward the transducers. The dimensions of these nodules are found in 

Table 3, and indicate the axis alignment of the nodules. x and y indi-

cate the axes parallel to the face of the receiving transducer. The z 

axis is indicative of nodule 'depth.' The effective radius is computed 

by multiplying the x and y dimensions, taking the square root, and 
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Table 3. Nodules Al, A2, A3, Pl 
Dimensions and Effective 
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x (cm) y (cm) z (cm) 
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(83) 

All nodules tested were soaked in fresh water for two weeks prior 

to testing to insure complete water saturation. 

B. Data Reduction 

As described in the previous section, the scattered pressure re-

fleeted from the nodule at a particular angle is measured as a function 

of frequency. The incident pressure amplitude is measured, the distance 

between receiving transducer and nodule is known, and the effective 

radius of the nodule is known. For each frequency, then, it is possible 

to define an experimental reflectivity: 

R 

where 

IP I r s t = 2---
pi a 

rt = distance between receiver and target 

a = nodule radius 

P = measured scattered pressure amplitude s 

Pi= incident pressure amplitude 

and the nondimensional frequency ka 

ka = Zirf (a) 
co 

(84) 

where c0 = sound speed in water taken as 1500 m/s for all calcula-

tions. 
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Curves of Re versus ka are generated by sweeping frequencies and 

can be directly compared to the analytic curves of Chapter 4. 

Two amplitude readings were taken for each frequency; a maximum, 

or peak, and an estimated average over the burst duration. The average 

was used to determine the Re versus ka plots. Maximum and average 

values resulted in curves of similar shapes and characteristics. 

The true pressure amplitudes are taken from the equation 

True amplitude = measured amplitude X sensitivity 
amplification 

(85) 

where the amplification for the incident runs (transducers face to face) 

is equal to 1.0. 

Amplification for all nodule scattering runs is 40 decibels. 

From Clay and Medwin 

amplification in decibels : 20 log10 [:~] (86) 

so that the amplification factor [:~]for the nodule scattering runs is 

equal to 100.0. 

C. Discussion of Results 

The following figures (42 - 45) simply plot the experimentally 

determined values of the reflectivity at 10° versus ka values for the 

individual nodules. In Figure 42 the reflectivity shows a trend of de-

creasing magnitude to a ka of about 3.0, a slight rise at ka between 3.0 

and 4.0, a distinct dip at about ka = 4.0, a rise at about 5.0, and a 

dip at a ka of 6.0. Figure 43, for the second nodule, shows the same 
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behavior. The third Atlantic nodule (Figure 44) generally follows the 

same behavior, except that the downward trend of the data between ka 

values of 0.3 and 1.7 is less pronounced. It is not surprising that the 

experimental curves should vary somewhat between different nodules, 

considering the sensitivity of the theoretical response to change in wave-

speed (see [2]). It is encouraging that three nodules of different 

radii should give the same basic Re versus ka curve shape. The nodules 

are exhibiting the same average scattering behavior - independent of the 

transducers. This transducer independence is because Re versus ka 

plots are independent of coherent inaccuracies due to transducer cali-

bration. All coherent trends on these plots are due to the nodule 

itself. The transducer dependence would be seen on a plot of pressure 

amplitude versus frequency. However, by using the same transducers for 

incident and scattering runs and dividing the scattered pressure by the 

indicent pressure in equation (84), only the nodule response 

characteristics are left. 

Figure 45 is a plot of Re versus ka for the Pacific nodule. There 

is a definite rise around ka of 3.0 and a dip around 4.0. There is a 

great deal of scatter of all data due to the inaccuracy and noise 

problems when reading amplitudes on the oscilloscope. This causes the 

wide variation of data. As mentioned earlier, amplitudes are not 

reliable because of calibration problems. 

The transducer indicent pressure versus frequency curve for these 

data runs is shown in Figure 46. This is the face-to-face response of 

the transducers and illustrates the transducer frequency dependence. 



0 
0 

0 
-' 

Ill' 

" 
CD 

0 
11'1 
,..; 

11'1 
(\j 

IO 

Re ~ 
.::l 

11'1 

11'1 

" ..; 

0 
11'1 

N 

11'1 
(\j 

98 

l. 67 s.o 
ka 

10.0 

Figure 42. Experimental Re Versus ka Plot for Nodule Al. 
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VI. ATTENUATION IN MANGANESE NODULES 

The non-porous elastic model of the manganese nodule has been 

modified to include attenuation. A theoretical estimate of the 

attenuation is B = 0.1 where the compressional wavenumber is 

k = k' iB (see Chapter 3). Experiments on the scattering from indi-a 

vidual nodules have been conducted (Chapter 5). It is necessary to 

determine a value of attenuation based on these experiments and to 

compare this value and the resulting scattering response to the 

theoretical prediction. Results indicate that the attenuation of 

manganese nodules may be adequately modeled by assuming a complex 

compressional wavenumber of the form 

w i k = - - -
CL a 

The validity of this attenuation factor of 1.0 is directly sup-

ported by the experimental data for Atlantic nodules. This experimental-

ly determined value of attenuation is ten times that of the theoretical 

prediction (which is based on the travel length L =nodule radius). 

This is probably due to cracks which tend to increase shear absorption 

and variable flow resistances of real nodules (see analysis-Chap. 3). 

For multiple scattering considerations, attenuation in manganese 

nodules tends to shift the reflectivity (CR) curve toward lower ka for 

a two-dimensional array of nodules located on the ocean floor. For 

Pacific nodules, the magnitude of the first CR peak stays about the 

same. For Atlantic nodules, the CR peak varies widely in magnitude. 
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A. Estimated Acoustic Attenuation of Manganese Nodules 

Based on Experiments 

Scattering data has been presented in the previous chapter for 

four manganese nodules. Remarkable agreement has been found between the 

two nodules Al and A2 in their Re versus ka curves. This is encouraging 

because such agreement indicates that scattering curves are radius 

independent. Recall that nodules modeled with porous attenuation have 

Re versus ka curves which are independent of radius because of the 

assumption that L, the travel distance in porous media relevant to the 

intensity match (see Chapter 3), is proportional to the nodule radius. 

The experimental plots generated for Al and A2 give credence to this 

assumption, as A2 has almost half the radius of Al. It remains to 

choose an appropriate attenuation region which serves best to match the 

data for the nodules. These regions and their ranges for B, the 

attenuation factor, are described in Chapter 4. 

For nodules Al and A2, the obvious choice is region 3, where B is 

between 0.5 and 1.5. This choice gives the analytic attenuation plot 

the same general shape and characteristics as the data plot. Un-

fortunately, the initial rise of the Re versus ka plot for the experi-

ments occurred at ka values which were lower than the experimental data. 

Figures 47 and 48 show the experimental response of the nodules Al and 

A2 plotted versus the analytic response with B = 1.0. All features are 

clearly comparable. B = 1.0 corresponds to a travel distance, L, of 

about one tenth the radius. This is compared to the theoretical pre-

diction of B = 0.1 which is based on L = a. The difference is 



Re 

0 
0 

0 ..... 

111' ,... 
CD 

0 
Ill ,.: 

"' N 

IO 

0 
Q 

II) 

"' ,... 
~ 

Q 
II) 

N 

II) 
N . 

Q 
Q 

9l.oo 1.67 3. 314 

105 

5.0 

ka 

Experimental Data Points 

TheoreticaJ. (B = 1.0) 

6.68 8.35 10.0 

Figure 47. Experimental and Theoretical Re Versus ka Plots 
for Nodule Al. 



Re 

0 
0 
0 

"' ,... 
~ 

Cl 

"' ,..: 

"' 1\1 

IO 

0 
0 

"' 

"' ,... 
~ 

0 

"' 
1\1 

"' 1\1 . 

0 
0 

9J.oo 1. 67 

' 

3. 3"' 

106 

~ Experimental Data Point~ 

s. 0. 

ka 

Them-etical (B = 1.0) 

s.sa 6.35 10.0 

Figure 48. Experimental and Theoretical Re Versus ka Plots 
for A2. 



Ra 

0 
Q 

0 -
~ 
~ 

G 

Q 
~ . 
~ 

~ 
N 
~ 

Q 
Q 

~ 

~ 
~ . 
n 

Q 
~ 

N 

~ 
N . 

107 

~ Experimental Data 

Theoretical (B = 1.0) 

Q 

0-l-------..,..-------.,.-----~l"'"':"'----~i-:::-----;r-::;-----:: 9:J.oo i.s1 3.3~ s.o 6.68 8.35 io.o 
ka 

Figure 49. Experimental and Theoretical Ra Versus ka Plots 
for A3. 



108 

attributed to the previously discussed inhomogenities of individual 

manganese nodules and different structural characteristics of these 

nodules. A3 is more difficult to match than Al and A2. Experimentally, 

the smooth drop from low ka has become a slight rise. This may be due 

to the fact that this individual nodule has an attenuation factor, B, 

in the transition between regions 3 and 2 or 3 and 4. Nevertheless, 

by using the attenuation of region 3 (B = 1.0), agreement is still 

fair, as is shown in Figure 49. 

The data for the Pacific nodule, Pl, is quite difficult to match 

with theory. There was only one Pacific nodule tested so there exists 

no data comparison to determine the validity or repeatibility of the 

results. The nodule was slightly flattened and had no uniformity in 

dimensions or appearance. The results are thus difficult to match with 

analytic curves based on the spherical assumption. For this reason, an 

estimated attenuation for manganese nodules is based on a travel 

distance, L, of about one tenth the radius of the nodule. This yields 

an attenuation of B s 1.0, which is equal to that for Atlantic nodules. 

More Pacific nodules need to be thoroughly tested for a better estimate 

of Pacific attenuation. 

Fair to good agreement with data is obtained for the Atlantic 

nodule using a range of the attenuation factor between 0.5 and 1.5. 

The Pacific nodule has an estimated attenuation factor of 1.0. Damping 

in the Pacific nodule may be greater than in the Atlantic nodule due to 

shear losses generated by the presence of structural cracks. Such 

cracks tend to increase shear absorption. 
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B. Response from Individual Absorptive Nodules 

The attenuation in manganese nodules has been extensively 

examined in Chapter 4 on the basis of Re (reflectivity) plots. Four 

regions of attenuation were found. It is important to note the dif-

ferences in these plots for various assumed and estimated attenuations. 

If wave B were ignored and only the attenuation of A was used as 

developed in Chapter 3, significant discrepancies would result. This is 

shown in Figure 50, which is the prediction of the elastic non-porous 

model, and Figure 51, which is the prediction of the attenuating model 

with the frequency squared dependent attenuation of wave A as obtained 

in the third chapter. These figures are effectively identical because 

of the very small attenuation of wave A. Such an approximation is often 

made in geological studies where distances considered are large and as 

shown by equation (80), the effective ke" approaches kA". Figure 52 

is the R6 plot for an effective attenuation as estimated by assuming 

the travel distance, L, is equal to the nodule radius. Finally, Figure 

53 is the Re plot for an experimentally determined nodule attenuation 

for which L was found to be about one tenth of the nodule radius. The 

variance of these curves demonstrate the importance of including 

attenuation in the elastic theory. 

C. Response from a Deposit of Absorptive Nodules 

The goal of this project is to obtain the acoustic response from 

a bottom array of absorptive nodules. This response can be represented 

by the reflectivity CR, as noted in Chapter 2. The first main peak of 
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Figure 52. Reflectivity Atlantic Nodule B = .1 (Theoretical 
Prediction) Region 2. 



113 

1.0 

ka 

10.0 
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Prediction) Region 3. 
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the CR versus ka curve makes possible the acoustic detection of 

manganese nodules. It is important to examine the effects of including 

attenuation in the elastic theory. This is done for both Atlantic and 

Pacific nodules using attenuation values of zero corresponding to the 

elastic non-porous theory, the porous attenuation prediction of Chapter 

3, and the experimentally indicated value of attenuation. These figures 

indicate that for Pacific nodules, attenuation causes the first and 

major peak of the CR versus ka plot to shift from about ka = 1.0 toward 

lower ka values, while approximately maintaining original amplitude. 

Atlantic nodules are less well-behaved. For the second region of 

attenuation which corresponds to the theoretical prediction of Chapter 

3, the CR peak is effectively non-existent. At high values of 

attenuation, the shift of the main peak toward lower ka values is ob-

served. Attenuation in nodules may result in the first and main CR peak 

being shifted from 1.0 to less than 0.5. This is a significant result 

for the purpose of the acoustic detection of manganese nodules. 

i) Pacific nodules 

Figures 54 through 56 are CR versus ka plots for Pacific nodules. 

Figure 54 is the reflectivity plot with a nodule attenuation of zero, 

corresponding to the elastic non-porous theory. The major peak occurs 

at about 1.0 with an amplitude of about 1.6. Figure 55 is for a nodule 

attenuation equal to the theoretically determined value in Chapter 3 

(B = 0.1). The first and dominant peak, although at about the same 

amplitude, has moved to lower ka values (about 0.7). Further, there are 

high ka oscillations of the curve due to the response characteristics 
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of the R curve. Figure 56 is a CR versus ka plot for an experimentally 

determined value of Pacific attenuation (see section A, this chapter). 

The major peak is shifted to ka values of less than 0.7. It is noted 

that, for these figures, the initial slope of the curve decreases with 

increasing attenuation. 

ii) Atlantic Nodules 

Figures 57 through 59 are CR versus ka plots for Atlantic nodules. 

Figure 57 is a CR versus ka plot with a nodule attenuation of 0.0, 

representing the non-porous elastic theory. Due to the small low ka 

peak in the corresponding individual R9 curve (Figure 50), the CR peak 

is split and highly distorted. With an attenuation as predicted in 

Chapter 3 (B = 0.1), the CR plot has no major first peak as can be seen 

in Figure 58. This would tend to make the acoustic detection of nodules 

in this attenuation region very difficult. Figure 59, with an · 

attenuation equal to that suggested by experiments (B = 1.0), shows a 

distinct CR peak of greatly increased magnitude. This peak is shifted 

to low ka values of about 0.4 to 0.5. 

In summary, the inclusion of attenuation in the scattering theory 

for manganese nodules is very important because the shape and location 

of the peak is altered. A general prediction of the complex wave-

numbers to correctly model attenuation in manganese nodules is as 

follows: 

(Compressional Wavenumber) 

(Shear Wavenumber) 
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The peak of the acoustic reflection from a nodule covered bottom is 

shifted by porous attenuation toward the lower ka and can occur at ka 

of less than 0.5 as opposed to 1.0 as is generally assumed. In 

general, the magnitude of the peak is increased for Atlantic nodules 

to a value as much as 5 times that of the elastic non-porous theory. 

The peak magnitude of the Pacific CR versus ka curve changes very 

little with changing attenuation. 



VII. SUMMARY AND CONCLUSIONS 

The elastic scattering analysis which has been developed to 

locate and analyze ocean-floor manganese nodule deposits has been 

suitably modified to include porous absorption. This has been done by 

the introduction of complex compressional and shear wavenumbers into the 

existing analysis. The attenuation due to porous absorption is 

represented by the imaginary parts of the wavenumbers and can have a 

variable frequency dependence. Porous media under excitation by an 

acoustic wave has two compressional modes; the first (A) in which the 

fluid and the solid are moving in phase with little attendent energy 

loss and the second (B) in which the fluid and the solid are moving out 

of phase (180°) with a great deal of viscous energy loss. By considering 

the manganese pore-elastic frame on the simplest level and writing two 

coupled momentum equations and two continuity equations for both fluid 

and structure, the complex wavenumbers of the two modes are found. This 

shows that, in the detection frequency range, wave A, the lightly 

attenuated mode has a f 2 attenuation dependence while wave B, the 
1 

heavily attenuated mode, has a f~ attenuation dependence. A modal 

analysis with pressure boundary condition applied shows that compres-

sional wave A has much higher pressure and velocity amplitudes than wave 

B. The complex shear wavenumber is found directly by method of Biot. 

The shear attenuation exhibits a f 2 dependence and is very small. It 

is taken as negligible compared to the effective attenuation of the 

compressional waves. 
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It is highly inaccurate to assume that wave B is negligible for 

scattering considerations because its pressure and velocity amplitudes 

are relatively much less than those of wave A. All energy in mode B is 

lost very quickly in porous nodules because of its high attenuation 

while the energy in mode A is not appreciably diminished over small 

travel distances. Mode B is the dominant loss mechanism for nodule-

scale distances. Because the elastic scattering theory as developed by 

Ma [l] includes only one compressional wave and one shear wave, an ef-

fective compressional wave attenuation is found which accounts for both 

attenuations of modes A and B. This effective wave is assumed to have 

the velocity of mode A, because the wavespeed A is readily measurable 

and is dominant in pressure and velocity. The attenuation of the ef-

fective wave is found by applying the boundary conditions that the ef-

fective wave will have the same pressure and velocity at the surface of 

the porous nodule as the total pressure and velocity due to modes A and 

B. In addition to these boundary conditions, it. is necessary to match 

the spatially averaged intensity of the effective wave with the 

spatially averaged intensity of combined modes A and B. This is done 

over a characteristic travel distance L. From this, the effective wave 

attenuation may be approximated in the frequency range of interest and 

for moderate values of L as being proportional to the inverse of L 

(k" = 0.1/L). The effective wave attenuation becomes the attenuation e 
of wave A when L is taken as infinity and becomes the attenuation of 

wave B when L is taken as zero. The major energy loss is within the 

first centimeter of the nodule and is due almost entirely to mode B. 

For this reason, the attenuation may be thought of as a surface loss. 
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By assuming L proportional to nodule radius, the effective compres-

sional non-dimensional attenuation (k "a) may be approximated in the e 

frequency range of interest as a constant. For L = a, the nondimen-

sional attenuation k "a is equal to 0.1. This is a theoretical predic-e 

tion of the compressional attenuation. 

The non-porous elastic numberical analysis was modified to include 

complex wavenwnbers. Ranges of attenuation of the form suggested in 

the previous paragraph yield four distinct regions of attenuation. The 

first region is characterized by similarity to the non-porous case. The 

second region (where the theoretical prediction is located) is 

characterized by large magnitudes and gross distortions of the response. 

The third region is fairly well-behaved with a rapidly rising first peak 

below a ka of 1.0. The fourth region (high attenuation) causes the 

response to have subdued trends and low magnitude peaks. 

In order to verify the theory and obtain absorption values for 

nodules, experiments were conducted on scattering from full-size nodules. 

Results show that the response of real nodules is predicted by the 

third region of attenuation, with a k "a value of about 1.0. This is a e 

factor of about ten times that of the theoretically determined predic-

tion (L = a) and indicates that a choice of L = (l/lO)a is experimentally 

justified. However, due to problems with such experiments, the increase 

in absorption may be more justifiably accounted for by assuming nodule 

cracks, inhomogeneities, and scattering absorption by trapped air 

bubbles within the nodule structure. Also, more accurate theoretical 

results might be obtained by varying parameters such as flow resistance 

in the original analysis of Chapt~r 3. 
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The following expressions indicate the general results of this 

investigation where k is the complex wavenumber, CL and CS are, 

respectively, the compressional and shear wavespeeds, and is the non-

dimensional frequency. 

Theoretical Form 

Theoretical Prediction {~ = w/C _ i(O.l) 

k5 • w/C: a 

{~ = w/CL 
Experimental Prediction 

ks = w/CS 

i 
a 

The multiple scattering analysis for the acoustic response from 

a bottom array of nodules was modified to include porous attenuation. 

The peak of the reflectivity curve occurs at a much lower ka than 1.0 

(down to 0.5) when absorption is included. Hence, porous attenuation 

in manganese nodules is very important in the acoustic detection problem. 

It significantly alters the response characteristics of both individual 

nodules and a multi-nodule bottom array. Furthermore, it allows for 

correlation between the elastic theory and experimental results. 
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A POROUS ELASTIC MOD~L FOR ACOUSTIC SCATTER 

FROM MANGANESE NODULES 

by 

David Riggins 

(ABSTRACT) 

Including porosity introduces absorption into the previously 

developed scattering analysis for elastic spheres. Acoustic propaga-

tion in porous media has two distinct compressional modes, one in which 

the fluid and the structure move in phase with each other and the other 

in which they move in opposite phase. Expressions for the complex wave-

numbers of both waves are derived, using the parameters for manganese 

nodules. A modal analysis with a pressure boundary condition indicates 

that the first kind of compressional wave is lightly attenuated and 

carries most of the energy of the coupled system. The second compres-

sional wave is highly attenuated and effectively loses all of its 

energy in the first centimeter of the nodule. This second wave is very 

important for consideration of nodule-scale dimensions since it 

represents the dominant loss mechanism. 

A method was developed to form a single effective compressional 

wave attenuation for both compressional waves by employing a pressure 

and velocity boundary condition at the surface of the nodule and using 

a spatially integrated intensity match. An effective wave attenuation 

is generated for the compressional wave in the non-porous elastic model 

which accounts for porous attenuation and which is based on a parameter 



defined as travel distance L. If L is assumed to be proportional 

to nodule radius, the attenuation is approximated as constant for the 

frequency range of interest and is independent of nodule radius. An 

effective attenuation is predicted. The shear attenuation is found 

to exhibit a frequency squared form dependence for manganese nodules. 

However, shear attenuation is very small for ideal nodules and is 

negligible compared to the compressional loss. 

The elastic model of the nodule was numerically altered to 

accommodate complex wavenumbers in shear and compression. Four dis-

tinct regions of attenuation are observed in individual reflectivity, 

R6 , versus ka plots and discussed. The importance of including 

attenuation is readily apparent from observing the transformation of 

the elastic non-porous results. 

Scattering experiments were performed on manganese nodules and 

experimental individual reflectivity versus ka plots were generated. 

Good agreement is found for the spherical Atlantic nodules using values 

in the third region of attenuation. From these experiments, an estima-

tion of attenuation is made and compared with the theoretical prediction. 

The influence of attenuation on individual scattering and multiple 

scattering is investigated. Attenuation tends to shift the major 

bottom reflectivity, CR' peak toward lower ka values. This affects the 

prediction of the acoustic response of manganese nodule deposits. 
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