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ABSTRACT

A study is made of ultrasonic waves propagating in steel samples
whose surfaces are intentionally nonparallel. By using a recently
designed Gaussian transducer one now is able to correct for the effects
of both diffraction and wedge angle on measured pressure amplitudes and
hence determine the intrinsic attenuation of the material under investi-
gation. A through-transmission technique is used to obtain pulse echo
patterns from a steel plate having facets whose angles range between
0 and 0.018 radians. A mathematical model is developed which corrects
ultrasonic echo heights for diffraction and wedge angle.

Finally, a computer program is given and its use to correct

ultrasonic echo-amplitudes for frequencies of 3 and 6 MHz is illustrated.
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CHAPTER I
INTRODUCTION

For many years, the attenuation of pulsed ultrasonic waves in
structural materials has been investigated as a means to determine
material properties. Strong empirical correlations between energy
losses of ultrasonic waves and material variations due to hardening,
annealing, quenching and cold working in laboratory samples have
evolved from several studies (Roderick and Truell, 1952; Rogers, 1965;
Papadakis, 1970). As this ultrasonic technique is more universally
accepted and added to conventional material evaluation methods, how-
ever, it becomes even more important that research be conducted on
the factors thaf affect its accuracy and precision.

One such factor commonly encountered in practical nondestructive
testing (NDT) situations is losses resulting from nonparallelism
between sample faces (wedge loss). In calculating intrinsic attenuation,
investigators have observed that appreciable errors can result if
wedge loss is not correctly accounted for. But in attempting to
account for wedge loss one encounters the fact that a transducer
produces a complicated diffraction field whose effects are super-
imposed on wedge loss and intrinsic attenuation and that the
diffraction field is especially complicated in the nearfield where
most contact NDT measurements are made. In an attempt to simplify
the analysis, investigators have made the expedient assumption that

nonparallelism and diffraction produce separate effects on the




ultrasonic waves and therefore can be calculated separately.

Although it is expedient, this assumption is incorrect. In this
thesis it is observed that losses due to diffraction and nonparallel-
ism are not independent and therefore must be corrected for
simultaneously.

A review of the literature on the diffraction problem shows
that the majority of researchers have focused their attention on the
form of the diffraction integral given in 1878 by Lord Rayleigh (1945)
and its solution for a piston radiator. The first solution of this
integral was published by Lommel (1885) who applied it to the propa-
gation of light by utilizing the Kirchhoff approximation. Since this
solution was found difficult to use; viz., it was in the form of an
infinite sum oleesse] functions, Huntington et al. (1948) published
a table of diffraction corrections based on numerical integration of
Lommel's results. Inasmuch as the relationship that Huntington et al.
used was an approximation, the diffraction corrections that they
obtained in the vicinity of the radiator were found to diverge. This
restricted the application of their results to only those NDT
situations in which the propagation path was sufficiently great
(usually the immersion technique). Later Seki, Granato, and Truell
(1956) recalculated the Lommel diffraction correction at closer inter-
vals than Huntington et al. by performing the required integrations
graphically.

Rogers and Van Buren (1974) obtained an analytical solution
for the Lommel diffraction correction integral which was valid at all

distances. This solution was applicable to the transmission of sound




between two discs of the same size and parallel to each other and
allowed them to plot the complete diffraction correction curve for
all distances between the transducers. Although Rogers and

Van Buren's solution of the Lommel diffraction correction integral
resolved the diffraction correction problem of a piston transducer,
jts application in the present study is limited since it assumes
parallelism between the source and receiving transducer. Most of our
measurements are made in samples whose faces are intentionally
nonparallel.

In the early diffraction studies the surface of the sample
under investigation were conveniently assumed to be parallel. However,
this assumption is not valid in many NDT situations and large errors
may result in attenuation measurements if parallelism is assumed in
the theoretical analysis when it is not realized in the experiment.
This fact was realized by Vary (1980). In his review of attenuation
measurement he cautioned that ultrasonic waves should be transmitted
between parallel surfaces to avoid problems with beam divergence
(diffraction) and geometrical effects. But this advice cannot always
be heeded.

The problem of mathematically correcting for nonparallelism
was initially investigated by Truell and Oats (1963). Their model,
based upon phase cancellation of infinite plane waves, indicated that
the diffraction pattern in a wedged sample was modulated by a function
2 J](Ka sin yn)/Ka sin yn. Further, they observed that their model
corrected the experimental echo pattern at a frequency of 85 MHz better

than at 30 MHz. They did not present any data for frequencies as low




as 1 to 5 MHz, the frequencies most commonly used in NDT. A
subsequent investigation by Calder (1978) modified the Truell and
Oates model by correcting for anisotropy in the sample. He applied
this correction to a wedged sample and to a hemispherical reflector.
In his study he found that at a frequency of 5 MHz he was able to
correct the echo train produced by the hemispherical reflector; how-
ever, he was unable to adjust echoes observed in the presence of a
nonparallel reflector.

The problem of nonparallelism was re-examined at the frequency
range between 3 to 9 MHz by Boudreault (1982). In his study Boudreault
modified the Truell and Qates model by removing the plane wave approxi-
mation and considering the diffraction field of a piston transducer by
defining the préssure in the sound field through the use of a unique
coordinate transformation. The geometrical correction as defined in
his study was found correctly to adjust the first four echoes for
frequencies between 3 and 6 MHz and wedge angles less than 4 x ]0'3
radians (0.23°).

In a sense the present study is an extension of that of
Boudreault (1982). In the present study we make use of the mathemati-
cal simplification afforded by use of a transducer whose amplitude
distribution is described by a Gaussian function. The losses resulting
from nonparallelism and diffraction are corrected for simultaneously.
This requires that we determine the pressure at a point in the

diffraction field of a Gaussian radiator and integrate this pressure

over a receiving crystal in order to get its response. In the




integration we use the coordinate transformation of Boudreault and
take into account the variation of phase felt by the receiving crystal
with successive reflection from a wedged sample surface. The result
is a correction which may be applied to adjust attenuation measure-
ments in the usual NDT frequency range as long as Gaussian transducers
are used.

The first attempt to produce a Gaussian transducer was made
by Von Haselberg and Krautkramer (1959) by depositing a rosette-shaped
electrode on a transducer. A focused field produced by the transducer
was studied by Filipcznski and Etienne (1973). Zerwekh and Claus
(1981) used a ring electrode configuration and a resistor chain to
adjust the amplitude to produce a pieéewise continuous Gaussian dis-
tribution. Marfin and Breazeale (1971) and Breazeale et al. (1981)
described a means by which a one-dimensional Gaussian distribution
could be produced by using electrical fringing. Du and Breazeale
(1984) gave an analytical expression which describes the radiation
field of a radially symmetric Gaussian amplitude distribution and
designed a practical transducer. Both the mathematical simplification
in the evaluation of the diffraction integral brought about by use of
the Gaussian function and the attractive features of the Gaussian
transducer (absence of pressure maxima and minima near the transducer)
as pointed out by the Du and Breazeale study suggested the possibility
of its use to facilitate calculation of geometrical losses resulting

from diffraction in a wedged sample. The results of this investiga-

tion are reported in this thesis.




CHAPTER 11

THEORETICAL ANALYSIS

A. Wave Propagation Theory

1. Ultrasonic Attenuation

a. Definition of the attenuation coefficient. Media in which

ultrasonic waves propagate are lossy and consequently the amplitude

of these waves decreases with distance. Considering plane waves
(where there is no geometrical beam spread), one may write the follow-
ing expression for the pressure amplitude after travelling a distance

AX:

p(x,t) = pgy el (WE-k&X) (2-1)

2T is the propagation

where w is the angular frequency and k =
constant.

An expression for an attenuated wave may be found directly
from Equation (2-1) by assuming that the propagation constant is

complex. Taking
k = k1 - ia , (2-2)

one obtains the equation of the attenuated plane wave to be:

i(wt-kqax)
px,t) = [ Ipge 1.




The modulus of Equation (2-3) is found to be:

Poay = Po & . (2-4)

From Equation (2-4) one obtains an expression for the

attenuation coefficient in the form:

max

P
o = i—x 'IOQ-IO (ﬁ?y] s (2-5)

where o is expressed in db per unit of length. This expression is

used throughout this thesis.

b. Attenuation correction. The exact determination of the
intrinsic attenﬁation of a material as described by Equation (2-5)
often requires correction for effects ignored in writing the equation.
For example, it has been found that geometrical losses resulting from
diffraction, as well as phase cancellation from nonparallelism of the
receiver and transmitter, both affect the observed echo pattern and
therefore the attenuation measurement.

As we are attempting precisely to measure only those losses
contributed by the material properties, the geometrical losses must
be properly accounted for in our study. This is done by correcting
the measured pressure values for geometrical effects and using the
corrected pressure in Equation (2-5). The means to correct for the
effect of geometrical losses on the measured decay pattern is the

subject of the next section.




2. Diffraction Theory

a. Assumption and basic formulae. The propagation of an

ultrasonic wave in a fluid is governed by the wave equation, which is
derived from three basic equations in physics, the equation of

continuity:

Lrv.(u=0, (2-6)

Navier-Stokes equation:

25, wu =0, (2-7)

©
alo
e
"

"%t [§“+ K]V

and the equation of state (Aanonsen et al., 1984):

v = c2vp - [k[Y ; 1] + R}pvzﬁ . (2-8)

Here are d/dt = 3/3t + u - Vv, u velocity, p pressure, p density, ¢
speed of sound; u, K, k and R are, respectively, the coefficients of
shear and bulk viscosity, thermal conductivity and relaxation and

y = Cp/Cv is the ratio between specific heat at constant pressure and
constant volume.

The general expression of the wave equation is obtained from
the above equations in the case of a narrow, progressive sound beam
by utilizing the parabolic approximation which in effect requires
ka >> 1. A nondimensional form of the resulting nonlinear wave

equation (the parabolic equation) is given by (Aanonsen et al., 1984):




9
2 3 2r 2
3 =2 07 |l=_°0 3~ =2
b35s ") g T3P 2P s (2-9)
ot D ar
2 Chv
I SN R A -2
where o = = T T T w(t S )s P p/pocouo, % B
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a= —=—5, D = g + X K + R and v,“ is the nondimensional
2c 3T2 3 Y 1
form 09 the Laplace operator, viz., V]z = %-g%—(e g%), where ¢ = p/a

and p is the radial coordinate.
Neglecting the nonlinear terms of Equation (2-9), one may

obtain the following linear equation:

3130 1 3

2 3
[4 2 -Vz-4ar0—3—]E=o.
9T

Now, by seeking a solution of this equation in the form

p = exp(-ir)ﬁa(o), one gets an equation for the complex amplitude Eﬁ:

s R
{- 44 Fyl 4ar01 - 9 }p] =0 . (2-10)

To solve Equation (2-10), one introduces the Hankel

transformation

P (es0) = JO ol (s0)sds (2-11a)

and its inverse
By (s40) = j By (e%0)dg (78 )ede” . (2-11b)
0

Substituting Equation (2-11a) into Equation (2-10), one gets:
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(T d - . -
- 4 JO Jo(es)sds a;'P](SsO) - 41ar0 JO p](s,o)do(es)sds
- [w 51(s,o)sds§}zdo(es) =0,
0
or
(7 d - ® .
- 44 JO JO(eS)SdS I p](S,o) - 41ar0 JO p1(s,o)JO(es)sds
® - =2 2 2 _
- p](s,o)sds[v] Jo(es) + s Jo(es) -5 Jo(es)] =0 .
0
(2-12)
From Watson (1944):
7,20, (es) + s2dp(es) = 0 .
Thus Equation (2-12) becomes:
(0 d - . ® .
- 41 JO Jo(ss)sds 33‘91(5’0) - 41ar0 JO p1(s,o)J0(es)sds
+ f” 5](s,o)sds SZJO(ES) =0 . (2-13)
0

From Equation (2-13) one finds that the inverse Hankel transform

of the pressure satisfies the ordinary differential equation

dp,(s,0) . 2
P](S,O)

which has the solution



.2 1
(-arg - 1%‘90

p,(s,0) = py(e,0)e (2-14)

Now if, initially at ¢ = O,
E‘I(e’ao) = f(e”) ,

then, at o = 0, the inverse Hankel transform becomes

f(e’)JO(s’S)e‘de’ .

Thus, by forming p, by means of the Hankel transformation one gets:
1

. 2

B o (-ar, - )0
p1(es0) = JO f(e”)e de” f; Jo(e‘s)do(es)e 0 4 Tsgs .

(2-15)

From Watson (1944):

- .2
J e Pt Jolat)dy(btitdt = —lﬁ-e
0 2p

Thus, Equation (2-15) becomes

©  =Qf A0 . 2 2 .
By (e.0) = J e O _ glexp['i e te }Jo(zee Vf(e*)e de” .
0 g
(2-16)

Finally, rewriting Equation (2-16) one gets as the linearized

solution of the parabolic equation:
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E](e,o,t) = Re[if](e,o)exp(-it - ocr‘oo)] . (2-17)
where
o 2 2 .
f](e,o) = % Jo exp[i £ ; £ ]JO[ZEOE }f(e‘)e’de‘ ) (2-17a)

i

Now, let us consider the situation in which the initial

disturbance on the boundary takes the form of a Gaussian function

where B is defined as the Gaussian coefficient. Equation (2-17a) then

becomes

From Watson (1944):

@ 2
[ eXP(-PZXZ) X Jo(ax)dx = —lﬁ'exP - ng )
0 zp 4p

Thus,

2

e B

EXPJ;—‘—————?l 2 2

- 1 + (Bo) . B e¢"o -1 T
f.(e,0) = —_— - g 71| s
12 e )12 exp[1((80)2+] e }]

and Equation (2-17) then gives the sound pressure for a Gaussian

source as
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— 1+ (B
p'I(E,O) ((BG)Z +(]j%/2 eXp{" Ctl"OO
2 2
. B oe _ -1 . _
+ 1[;5335—177- tan” ' (Bo) ]] . (2-19)

b. Characteristics of the sound field. With the evaluation of

the pressure field radiated by an initial Gaussian amplitude distribu-
tion, we will now examine Equation (2-19) more closely to observe some
of the characteristics of the field.

(i) Axial response. The effective amplitude of the pressure

along the ¢ axis from Equation (2-19) is

= (0.0 = exp(-aroo) (2-20)
T ()« )

In Figure II-1, we plot the value of B} obtained from
Equation (2-20) for a Gaussian source (B = 0.4861) with a 0.20 cm
radius electrode operating in steel (c0 = 5840 m/sec) at 6 MHz and
with a linear absorption coefficient o« equal to 6.9 Nepers. One
observes from this figure that the axial amplitude of the Gaussian
sound field gradually reduces with distance but it does not exhibit
any of the nearfield pressure fluctuations that are usually evident
in the case of a piston transducer. '

(ii) Beam width. From Equation (2-19) one observes that at
different distances o from the transducer, the sound field across the
beam remains proportional to the Gaussian function. Further, it is

easy to see that an increase in beam width occurs and is accompanied
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0.5

Figure II-1. Normalized sound pressure distribution along the
propagation axis.
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by a decrease in the amplitude of the wave with propagation distance.

This process is pictured in Figure II-2.

c. Average pressure on the receiver. In a through transmission

system one can obtain the average pressure on the receijver by

integrating Equation (2-19) over the receiver area. This gives:

ex ;EZE___-}- 1]
_ 2 a 2T P -I + (BO’)Z 2) .
e=-a ' ¢=0 (1 + (Bo)")
(2-21)
82052 -1
where y = > - tan (Bo)| is the phase shift.
1 + (Bo)
Integrating Equation (2-21) with respect to ¢ one gets:
ex e + 5
— a P p)f 2 .
(T)] =8 J 5772 exp[-1(r + y)]sde . (2-22)
e=0 (1 + (Bo)7)

Since in the study of attenuation one wishes to measure the
maximum pressure, it is necessary to determine the magnitude of
Equation (2-22).

Substituting the identity

e16 = cosf + isine ,

into Equation (2-22) one gets:
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2

— _ 1 + (Bo) -

p(t), = 8 r {cos(t + y) - isin(t + y)}ede .
(2-23)

The real part of Equation (2-23) is:
2
a EXP[ 2 2 +%
p(t)y, = 8 J 14 (33)1/2 cos(t +v)ede . (2-24)
r 0 (1+ (Bo)°)

Since cos(A + B) = cosAcosB - sinAsinB, then

costCcosyede

sintsinyede|,

or

8
(1 + (Bo)

: ex ——:EEE———-+ L cosyede
2,172 | % P A el

p(T)]Y‘= 0 1+ (89)

a _ ZB i
- sint J exp ———3————§-+ 5 sinvede . (2-24a)
0 1+ (Bo)

Similarly, the imaginary part of BKT)] is
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o~ 8 a -eZB T .4
p(t)y; = coST J exp|————— + 5|sinyede

(1 + (B0)%)!/2 0 |1+ (Bo)
a -%B

- sint j exp ———5?———§-+ %—COSyede . (2-24b)
0 1 + (Bo)

Then, the magnitude of BKT)] is given by

- — ~ = /2,
!p|]n = [(p(T)]Y‘ + 1p(T)]1)(p(T)]Y‘ 1p(T)]1)]
or
— _ 8 2 2,1/2
iply, = (f,°+ £,°)7°, (2-25)
In (1 + (80)2)1/2 1 2
where _
a 2
f, = f exp ——:E—E——§-+ %-COSYede
0 1 + (Bo)
and
a 2
f, = J exp ——:5-5——§-+ %-Sinyede .
0 1 + (Bo)
By integrating f] and f2 one is able to obtain the analytical
expressions:

£l = 1 + (Bo) cos B“oa [-cos(tan (Bo))
1 2 1+ (80)2 B

. 2 .2
‘- osin{tan'](Bc)]I + §lﬂ—§—9§§- [ocos(tan'1(Bo)
1 + (Bo)
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N sin(tag'](Bc))\ + %_{cos(tag'](Bo))

/

+ csin(tan'](Bo) ] R (2-25a)

2
-Ba
exp[] + (Bo)z} cos Bzoa2 -1
f, = 5 5 -ocos[tan (Bc)}
1 + (Bo)

. 2 2
+ %-sin[tan'](Bo)] + §1ﬂ_§_227
1 + (Bo)

{- %—cos[tan'](Bo)J - csin[tan'1(Bo)]W

J
3

| 0COS tan'](Bo) - Lsin tan'](Bo) . (2-25b)
7 |

J

7

This equation then represents a mathematical diffraction model
which gives the maximum pressure impinging on a circular transducer
when a pressure wave of magnitude 1 is reflected n times from the lower

surface of a sample with parallel faces.

d. Diffraction correction factor. From the preceding analysis,

an amplitude correction factor (DC)n can now be defined as the ratio
of the magnitude of the maximum pressure at a receiver of radius a when
an infinite plane wave is impinging on its surface (IEW] = 1) to the

situation described by Equation (2-25). This gives:

1

— . (2-26)
[pl]n

(bc), =

—
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After n reflections from the lower face of a specimen the
magnitude of the maximum pressure |51]n can be used in Equation (2-26)
to obtain the diffraction correction. The diffraction correction then

is multiplied by the measured pressure amplitude of the nth puise to

obtain the corrected pressure amplitude:
lpcly = Ipl, x (DC) (2-27)

B. Geometrical Correction Model

As has been pointed out, measurements of ultrasonic attenuation
can be affected seriously by the lack of parallelism between the
transducer and reflector. Thus, it has been found that one can observe
a significant deviation of the pulse height resulting from diffraction
in the presence of a wedge angle. A mathematical model now will be
presented to explain the simultaneous effects of diffraction and non-
parallelism on the echo train. For convenience this is referred to as

the geometrical model.

1. General Description of Wave Propagation in a Wedged Sample

As shown in Figure II-3, let us assume that a source of ultrasonic
waves having radial symmetry about origin O is located on the top surface
of a sample at t = 0. The center of the wave will travel along the path
of a ray through the sample, reflect from the opposite sample-air
interface for t > 0. This process will continue until all the energy

contained by the wave is dissipated within the sample. With each

successive reflection from the lower face, the relative angle T between
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the upper surface and the axis of the ultrasonic beam is increased by
2y. After n reflections, the relative angle is given by

\P 2ny . (2-28)

As Equation (2-28) represents the angle between the wave front
and the transducer, the variation of phase that the transducer sees
across its surface as a function of the nondimensional coordinate ¢

from its center is esinyn.

2. Average Pressure on the Receiver

From the expressions for the pressure at a point in the field
expressed by Equation (2-19) and the variation of phase across the
transducer one can now obtain an equation which describes the change

of pressure across the transducer after n reflections. This gives:

2 2

ex . + 5
P z2 "2
1+ ) B 0n€

Bt Sl { [
plt = expl-=1it -
1 ((Bo])2 12 1

o tan'](Bcz)]]
1 o}

5)
(2-29)
Here oy = 2no and oy = 0y - esinyn. Integrating Equation (2-29) over

the area of a receiver one finds that the magnitude of average pressure

on the receiver is:

’ (2'30)

(1 + (Bo
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a -2 . Bzc € -1
f] = J exp __-—-———?-+ 7|C0S | ———— - tan (Bcz) ede
0 1+ (Boy) 1+ (Boy)
(2-30a)
and
a -ezB i 820262 -1
f, = J exp|———— + z|sinj———— - tan (302) ede .
0 1+ (801) 1+ (Boz)
, (2-30b)

It should be noted that Equation (2-30) must be numerically
integrated in order to find its value as no analytical form of this
integration has been found.

Accordingly, IE]]n in this model represents the maximum
pressure impinging on a transducer when a pressure wave is subjected
to geometrical attenuation and is of magnitude of 1 when reflected n
times from the Tower face of a wedged sample. Furthermore, the
expression for 1511n combines both the results of diffraction theory
and phase cancellation from nonparallelism in describing the effects

of these factors on the observed echo pattern.

3. Geometrical Correction Factor

One is now in a position to define a geometrical correction
factor (DCG)n which represents the ratio of the magnitude of the
average pressure felt on a receiver of radius a when an infinite plane
wave is striking its surface (IEW] = 1) to that given by Equation (2-30).

This correction factor is given by

(0ca), = IB} . (2-31)
Tn
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After n reflections from the lower surface of a wedged sample
the magnitude of the maximum pressure IE]]n can be corrected for the
effects of both nonparallelism and diffraction to obtain a corrected

maximum pressure lPCGIn:

lpeglp = Ipl, x (DCG), . (2-32)

A computer program written in the Basic language which corrects
amp1itude measurements for both nonparallelism and diffraction using
the correction factor detailed in Equation (2-31) is given in
Appendix B. The input variables for this program are: DAT(NN,2) the
uncorrected pressure amplitude measurements, BG the Gaussian
coefficient, CO-the velocity of sound in the sample, F4 the frequency
of the ultrasonic waves, WA the wedge angle, TS the sample thickness,
A6 the radius of the Gaussian electrode and A8 the radius of the

receiving transducer.




CHAPTER III

APPARATUS, SAMPLES, AND PROCEDURES

A. Experimental Considerations

The purpose of this investigation is to extend our understanding
of diffraction and nonparallelism in precise attenuation measurements.
In order to accomplish this aim we used the through-transmission
technique of ultrasonic testing. The rationale behind this particular
selection of technique was twofold: First, it allows us to make use
of the attractive characteristics of the Gaussian transducer in a
transmitting mode, viz., a relatively narrow beam free of sidelobes
and free of the maxima and minima that characterize the beam generated
by a piston transducer. Secondly, the technique provides us with the
possibility to use a large transducer to receive the integrated pressure
in the field of the Gaussian transducer so that we could handle the
nonparallelism and diffraction problem in a simple fashion.

The resonant frequencies of the Gaussian transducers were 1,

2, and 3 MHz. It was found that by using odd overtones of these
resonant frequencies we could get measurements in the usual NDT testing
frequency range and simultaneously satisfy the D/T conditions necessary
for producing a Gaussian amplitude distribution on the transmitter

(Du and Breazeale, 1984).
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B. Electrical System

A block diagram of the circuit used in this study is given in
Figure III.1. In this circuit the H/P pulse function generator is
operated in the internal burst mode. The output is a tone burst which
may be controlled as to its length, voltage level, and frequency.

The signal generated by the function generator is applied to
the transmitting transducer. As a consequence of the piezoelectric
effect, this transducer produces a stress wave in the sample. This
wave passes through the sample and is detected by a receiving trans-
ducer. The receiving transducer reconverts the mechanical vibrations
into an electrical signal which is transmitted to the receiver. The
receiver contains a wide band (1 to 90 MHz) amplifier which is
capable of amplifying the RF signals up to 20 decibels. The signal
is then detected and amplified by the second stage of the receiver up
to 70 decibels. Subsequently, it is fed into a boxcar integrator and
displayed on the oscilloscope. The synchronization of the entire
system is ensured by triggering all the instruments by the function
generator. A 50 ohm terminator is used to provide impedance matching
between the function generator and the transmitting transducer. An
impedance matching unit matches impedances in the receiver transducer

circuit.

C. Transducers

1. Transducer Construction

Quartz 2.54 cm in diameter X-cut crystals are used both as the

transmitters and receivers of the ultrasonic waves. These crystals
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were placed in lucite housings which were in the form of a ring with
a depression where the crystals could be inserted. The lucite rings
were positioned in brass transducer housings and pressure was
applied by means of a vise to the housings. This is pictured in
Figure III.2. A detailed breakdown of the various components that
comprise the transducer is shown in Figure III.3. The brass housings
in the figure had been previously used in immersion testing (see
Scott, 1975). To ensure parallelism between the crystals and sample
faces and to damp the crystals to avoid the "ringing" effect described
by Krautkramer (1977), the crystals were wrung onto the sample using
stopcock grease and stopcock grease was applied on the rear surfaces

of the crystal.

2. Electrical Operation

The electrical signal from the H/P function generator enters
the BNC connector of the transmitting transducer housing. This signal
is fed to a circular brass cylinder which is positioned in a lucite
cylinder. The brass cylinder serves as the electrode in this trans-
ducer and has been manufactured to the dimensions required by the theory
in Appendix A to produce a Gaussian amplitude distribution at the
surface of the crystal as a result of electrical fringing. The stress
wave passing through the sample is received by a receiving transducer
located on the opposite face of the sample. The mechanical vibrations
of the receiving crystal produce an electrical signal which is picked

up by a spring loaded retractable connector which is in contact with




Figure III-2. Ultrasonic measurement setup showing the steel plate,
transducers, and the vise.



Figure III-3. Transducer parts. Top row, left to right: lucite
housing ring, teflon cylinder housing and electrode.
Bottom row: main brass housing.
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the electrode]

attached to the surface of the crystal. The electrical
signal then is fed through the BNC connector of the receiving trans-
ducer housing to the receiver. To complete the circuit a brass
connector is used to provide a ground connection to the lower face of

the crystal.
D. Samples

In our preliminary investigation attenuation measurements were
conducted on a steel plate which had been manufactured for a previous
study (Boudreault, 1982). During the course of this work we found
that the number of echoes received was not sufficient to evaluate our
geometrical model in an adequate fashion. To facilitate a more
detailed evaluation, thinner samples were made: one by the Canadian
Forces Aerospace Maintenance Development Unit (CFAMDU) and one by Oak
Ridge National Laboratory (ORNL). Surfaces of both samples were
precision flats ground at increments of 6 minutes of arc up to one
degree. Detailed ultrasonic investigations of the samples, however,
revealed the presence of secondary echoes from inhomogeneities within
the CFAMDU sample. Consequently it was decided to concentrate our
efforts on the ORNL samb]e which gave a clean echo pattern in order
to evaluate the technique used in this thesis for determining the
magnitude of geometrical losses from nonparallelism and diffraction.

The CFAMDU sample is being retained for further tests to be made after

]A silver electrode was plated on the crystal surface.
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the technique has been evaluated under the more ideal situation
| possible with the ORNL sample.

The ORNL sample is a plate of AISI Type A-2 Tool Steel. This
material was selected because of its isotropy, low attenuation
coefficient at the frequency range used, and good machinability.

The sample plate was first machined to ensure parallelism of
the upper and Tower faces and to eliminate surface defects. The upper
face was then ground in 11 facets of approximately 1 inch in width with
an increasing relative angle between facets. A drawing of the sample
which illustrates the geometry and the coordinate system used in the
mathematical characterization is shown in Figure III-4. One notes in
this figure that the Z direction corresponds to wave propagation
direction, Y direction to the width of the sample, and X direction to

the lateral displacement of the propagating wave.
E. Sequence of the Investigation

The first step in this investigation involved the
characterization of the sample. This activity required that we make
accurate measurements of:

1. the various angles of the facets on the sample;

2. thickness of the sample; and

3. the velocity of ultrasonic waves within the sample.

With the completion of these details one then could proceed with

measurement of attenuation. The detailed procedures are presented

in the following paragraphs.
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1. Sample Characterization

The angles of the facets of the sample were measured by a
collimator and two optically flat reflectors as shown in Figure III.5.
As a first step a reflector is wrung onto the lower surface of the
sample. Light originating in the Gauss eyepiece of the collimator is
then reflected from this reflector thereby forming an image of the
cross hairs in the focal plane of the collimator. The cross hairs on
the micrometer are aligned with this image and the micrometer reading
is noted. Subsequently, a parallel reflector is wrung onto the edge
of the upper surface of the sample and the micrometer cross hairs are
moved until they line up with the image from the upper surface.

The wedge angle of the facet is then determined by using the

following relationship:

_ sin']gAx/f}
2

y
where
y = wedge angle;
f = focal length] of the collimator - 29.84 cm; and
Ax = distance between the two-image positions.

Angle measurements employing this procedure are successively
carried out on each of the facets at both edges of the sample
(y =0 cmandy = 10 cm locations).

The sample thickness is measured by using a Starrett dial

indicator. Readings of the thickness were taken at the y position

]The value of f, the focal length, was found by using the
Newtonian method as detailed by Palmer (1969).




Collimator

Figure 11I-5. Schematic of optical measurement setup.

2Y
4
Y
Upper Face T
Reflector
0
'
' -
~ .
”
’l
”
| LA -
< \
” T =
d Lower Face Reflector




- 36

corresponding approximately to the center of the transducer (y = 2 cm
and y = 8 cm). The resultant angle and thickness are shown in

Table III.T.

2. Velocity Measurements

Measurement of the velocity of the ultrasonic waves is made
by using the pulse interference technique. The experimental setup
for this technique is illustrated in Figure III.6. In this arrange-
ment the Hewlett-Packard function generator is replaced by an
Arenburg pulsed amplifier. A frequency counter, CW generator, and
decoupler Timiter are also added to the circuit. The pulsed ampli-
fier is used in this setup because of its capability to be operated
in a double pulse mode allowing one to generate two pulses whose
spacing in time causes them to interfere at the receiving transducer.
The decoupler sends electrical signals to the transducer and
oscilloscope and limits the amplitude of the signal fed to the
oscilloscope.

As a first step in the velocity measurements, the surface of
the sample is cleaned with acetone. Subsequently, a drop of couplant
(nonag stopcock grease) is applied to the sample and the transducers
are mounted by applying pressure to the housing by use of a vise.
Once a suitable single-pulse echo pattern is evident on the oscillo-
scope, the fundamental frequency] of the crystal is found by changing

the frequency on the CW generator until minimum attenuation of the

]The fundamental frequency of the crystal used for the velocity
measurements was 4 MHz,
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Facet Yo, (mi1Tiradians)® Ly, (cm)®
No. y = 0.0 cm y = 10.0 cm y =2 cm y = 8 cm
1 0.22 0.21 0.9220 0.9243
2 2.34 2.98 0.9218 0.9218
3 3.62 3.62 0.9169 0.9169
4 5.32 4.89 0.9144 0.9144
5 7.23 7.45 0.9149 0.9149
6 9.51 10.00 0.9121 0.9106
7 10.43 10.64 0.0119 0.9116
8 11.49 11.70 0.9081 0.9081
9 14.04 13.83 0.9027 0.9017
10 15.75 15.96 0.9068 0.9068
11 18.07 17.31 0.9017 0.9004
4The variations of YNo. and LNo. in the y direction were caused

by machining.

bAccuracy of these measurements is

CAccur‘acy of these measurements is

+

3 x 1072

5 x 10'5 cm.

milliradians.
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Figure III-6. Electrical circuit used for velocity measurements.
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echo pattern is observed. The gated pulsed amplifier is then put
into its double pulse mode. This results in the display of two echo
trains on the oscilloscope. By means of the time "delay"
potentiometer on the gated amplifier, the time delay between these
two pulse trains is adjusted until the trains interfere with one
another. The frequency of the VFO is then varied so that the over-
lapping echoes went through several interference maxima and minima.
The number of minima is counted and the initial and final frequencies

noted. The velocity is then calculated from

_ 2AfL
V= =’

where Af is the change in frequency corresponding to a change in peak
number An, and L is the length of the sample. The average velocity
obtained from twelve sets of readings was 0.5549 cm/usec with a
standard deviation of 0.26%. A correction for the losses arising
from the transducer and transducer coupling to the sample was calcu-
lated and found to be 80 times smaller than the standard deviation.
Consequently, this correction was considered negligible and was not

applied to the velocity measurements.

3. Attenuation Measurements

The attenuation measurements were made using the circuit shown
in Figure III.1 (p. 27). The preparatory procedures used for the
attenuation study were the same as those used for velocity measurements

up to the establishment of a suitable echo pattern.
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Once these were done, the pulse parameters were adjusted to
produce echoes with minimum distortion and no signs of interfering with
each other. The width of the gate of the boxcar was then adjusted
to cover the top of the echo to be measured. Subsequently, the first
echo's amplitude was adjusted to a given reference level and the
amplitudes of the remaining echoes were measured relative to that of
the first echo by use of the boxcar integrator. This procedure was

repeated on each facet.



CHAPTER IV
RESULTS AND DISCUSSION

In this chapter we report a series of amplitude measurements that
was made using the procedures described in Chapter III. The results
were obtained by concentrating our attention on the dependence of the
echo train on frequency and wedge angle. The Gaussian transducer
described in Appendix A was used in conjunction with a large receiving
transducer to measure ultrasonic pulse echo amplitudes in the steel
sample from ORNL. The effect of diffraction and changes in wedge angle
on the echo train using this configuration is the subject of the

following sectiqn.
A. Echo Pattern with Gaussian Transducer

In the first segment of this investigation we examine the
character of the echo pattern obtained with a Gaussian transmitting
transducer. Observation of the diffraction field of this transducer
had led us to anticipate an improvement over the echo pattern of the
usual piston transducer because the Gaussian field lacks the maxima
and minima which are known to characterize the field of a piston trans-
ducer. Moreover, it was felt that these attractive features would make
the echo pattern variation with wedge angle simpler to calculate. -The

results of our investigations confirmed these expectations as will be

shown.
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The echo pattern observed with zero wedge angle displayed an
exponential decrease in amplitude as a function of propagation
distance and did not exhibit amplitude fluctuations at any of the test
frequencies between 2 and 6 MHz. A typical echo train is shown in
Figure IV-1. Even with a wedge angle the pattern continued to exhibit
a monotonic decrease of amplitude. As the wedge angle increased, a
decrease in the number of echoes in the pattern became evident, but
the monotonic behavior continued. This is shown in Figure IV-2. For
comparison, Figure IV-3 is an echo train for a piston transducer taken
under similar conditions (Boudreault, 1982) which does not show a

monotonic decrease of amplitude.
B. Pressure Amplitude Corrections

The simplification of the behavior of the echo pattern suggests
that it now may be possible to make a quantitative description of the
losses resulting from the presence of a wedge angle between the Gaussian
transducer and receiving transducer. By correcting the magnitude of
each pulse for this effect one should be able to evaluate the intrinsic
attenuation in the sample.

In Chapter II we pointed out that one can evaluate the intrinsic
attenuation by correcting the pressure amplitude measured experimentally
at an echo n in the echo pattern for geometrical losses and using this

corrected pressure in the expression given by Equation (2-5) which is

repeated for convenience:
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Figure IV-1. Exponential decay pattern at 6 MHz for O wedge angle.




Figure IV-2.

-3 radians.

Echo train at 3 MHz for y = 9.51 x 10

=4
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Figure IV-3. Fluctuations in the echo pattern observed at 3 MHz.

Source: J. P. S. Boudreault, "Effect of Nonparallelism on the
Measurement of Ultrasonic Attenuation in Solids," Master's
thesis, The University of Tennessee, Knoxville, 1982.
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where Po is the measured pressure amplitude of the first echo and the
remaining terms in this equation are as previously defined in
Chapter I.

If one uses uncorrected data in Equation (4-1) one evaluates
the apparent attenuation. Figures IV-4 and IV-5 are examples of the
apparent attenuation for two of the frequencies investigated. The
apparent attenuation for each echo is different (but the intrinsic
attenuation for each echo would be the same, of course). The apparent
attenuation of the first echo is not given in these plots because the
amplitude of the first echo is used as the reference value Po- As
can be seen, the apparent attenuation of each echo is a strong function
of the wedge angle. At zero wedge angle, however, the apparent
attenuation of each echo may be corrected for diffraction to give the
intrinsic attenuation which is the same for each echo. This is the

subject of the next section.

1. Diffraction Correction for Zero Wedge Angle

In Chapter Il a model was presented that enables one to correct
experimental values of pressure amplitudes of each echo for diffraction
within the 1imit of validity of the parabolic approximation. This model
now is applied to adjust the amplitude values obtained from zero angle
measurements at a frequency of 6 MHz. At this frequency the Gaussian
transducer used had a valve Ka = 15, which satisfies the parabolic

approximation requirements quite well. The corrected attenuation values



47

2.34 x 1073 Radians

-1.8 * T
Ay =5.32 x 1073 Radians
O vy =9.51 x 10°3 Radians

a(db/cm)

Echo Number

Figure IV-4. Apparent attenuation at 3 MHz for different wedge angles.
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Figure IV-5. Apparent attenuation at 6 MHz for different wedge angles.
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are given by the quantity DBDCA in the computer program in Appendix B.
A plot of both the uncorrected and the diffraction corrected attenuation
as a function of echo number is given in Figure IV-6. A reference
attenuation obtained by taking the average of the attenuation values of
the first four echoes also is plotted in this figure. From this plot
one observes that the diffraction correction brings the first five
echoes to within 5% of the reference attenuation. Furthermore, this
reference attenuation value is deemed to represent the intrinsic attenua-
tion. for the steel under study as no comparative attenuation value for
this material can be found in published 1iterature. Beyond the fifth echo
the correction overcompensates for the effects of diffraction. The
deviation of thg data from the reference attenuation for the latter part
of the echo train may be attributable to two factors. First, the possi-
bility exists that with increasing propagation distance the sound beam
may be subjected to a wedge angle effect as reported by Boudreault (1982).
The accuracy of our wedge angle measurements is limited to #3.0 x 10'5
radians. If a wedge angle of 2 x 10'5 radians were present, then after
four echoes the wave impinging on the receiver would approach it at the
same wedge angle as the smallest wedge in the sample. Second, it is
conceivable that one cannot neglect the uncertainty in measuring the
small magnitudes of the higher order echoes. An estimate of this uncer-
tainty for the seventh echo gave a value of *36%, which is close to the
magnitude of the correction of the seventh echo.

Having found that the model corrects the experimental data well
in the range of large Ka values where the parabolic approximation

should give good results, one now can examine the data taken for lower



50

. Uncorrected

O Diffraction Corrected

- Reference

a(db/cm)

Echo Number

Figure IV-6. Attenuation at 6 MHz for O wedge angle. A reference
attenuation is obtained by averaging the first four echoes.
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Ka values. The diffraction correction applied to measurements taken
at 3 MHz (Ka = 5) gave the results shown in Figure IV-7, in which it
is clear that the model continues to adjust the attenuation for the
first two echoes even at this low value of Ka. The reference
attenuation shown in this figure is obtained by taking the average
attenuation values of these two echoes.

In summary, one can use the model given in this study to
correct the pressure measurements for diffraction for the first four
echoes if Ka = 15. For Ka = 5 (2 or 3 MHz) the model seems to adjust
the first two echoes properly. With this observation in mind, it now

is possible to consider the effect of a change of the wedge angle.
C. Correction for Wedge Angle

It is evident from Figures IV-4 and IV-5 that the echo pattern
and the measured attenuations are affected by the presence of a wedge
angle. Using the geometrical correction defined by Equation (2-31)
we now correct amplitude values obtained on facets with various wedge
angles. A corrected attenuation is then obtained by using these
corrected amplitude values in Equation (4-1). Again the attenuation
is corrected by using the computer program in Appendix B to evaluate
the quantity DBCGA. A plot of the corrected attenuation is then made
against the echo number for several combinations of frequency and
wedge angle. The reference level of attenuation determined from the
average of the first few echo diffraction corrected attenuation values

at zero wedge angle for each frequency again is plotted to serve as an
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Figure IV-7. Attenuation at 3 MHz for O wedge angle. A reference
attenuation is obtained by averaging the first two echoes.
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indication of the degree of correction achieved at different wedge
angles.

In Figure IV-8 is shown a plot of the data at 6 MHz for a wedge
3

angle of 3.62 x 10°~ radians. This plot shows that the model properly
adjusts the measured attenuation to within 10% of the reference level
for the first four echoes. Since the model works this well, we now
apply it to larger wedge angles and for lower frequencies. At large
wedge angles, we observed that the geometrical correction adjusts the
attenuation values in the right direction; however, it undercompensates
for the variations produ;ed by the wedge angle and diffraction.
Representative plots illustrating this point are shown for 6 MHz in
Figure IV-9 and for 3 MHz in Figure IV-10. In general, when the
geometrical correction was applied to data at lower frequencies, we
noted that the model was able to compensate for geometrical losses at
specific'combinations of frequency and wedge angle for at least the
first few echoes. An example is shown in Figure IV-11 for a frequency

3 radians.

of 3 MHz and wedge angle of 3.62 x 10~
In sumﬁary, it is found that our geometrical model only corrects

partially for the deviation of the measured attenuation from the

reference at large wedge angles. For frequencies between 3 and 6 MHz

3 radians, the model adjusts the

and wedge angles less than 3.62 x 10~
amplitude of the first few echoes to give good intrinsic attenuation
values. In the data there appears to be an improvement in the
correction for higher frequencies, so one might expect better and

better results at higher and higher frequencies.
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Figure IV-8. Attenuation at 6 MHz for a wedge angle of 3.62 x 10~
radians using geometrical correction model and reference

attenuation for y = 0 and f = 6 MHz.
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Figure IV-9. Attenuation at 6 MHz for a wedge angle of 7.24 x 10'3
radians using geometrical correction model and reference

attenuation for vy = 0 and f = 6 MHz.
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Figure IV-10. Attenuation at 3 MHz for a wedge angle of 9.51 x 10'3
radians using geometrical correction model and reference

attenuation for y = 0 and f = 3 MHz.
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Figure IV-11. Attenuation at 3 MHz for wedge angle of 3.62 x 10'3 ;
radians using geometrical correction model and reference
attenuation for y = 0 and f = 3 MHz.
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D. Conclusion

An analytical theory for evaluating the effects of
nonparallelism and diffraction on the measured pressure amplitude,
and hence the attenuation, has been developed. This theory describes
the ultrasonic field produced by a Gaussian transducer and is valid in
the parabolic approximation. Using the corrections for diffraction
and wedge angle as defined in the theory, corrections have been
applied to data taken with a steel plate having wedge angles up to

1.81 x 1072

radians. The diffraction correction at zero wedge angle
seems to be valid at Ka values which satisfy the parabolic approxima-
tion (at Ka = 15) and for the first few echoes even at Ka values some-
what outside the limits of this approximation (at Ka = 5). Pressure
amplitude corrections using the geometrical model for several combina-
tions of frequency and wedge angle have provided good values for the
first two echoes for all frequencies (2 to 6 MHz) and wedge angles less
than 3.62 x 10'3 radians. This means that the model is able to make
reasonably dependable adjustment of amplitude values in the range of
frequencies commonly used in nondestructive testing. The only model
previously available, that of True11'et al. (1969) corrects properly
only for data taken at much higher frequencies (85 MHz). Further

testing of the model is desirable, however, before it can be considered

to be a reliable technique for field applications.

E. Suggestion for Further Study

From this investigation evolved a number of subjects which require

further study.
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1. A problem that was experienced in this study stemmed from
a difficulty in exactly aligning the Gaussian transmitting transducer
and receiving transducer. To overcome this probiem it is felt that it
would be beneficial to develop a single transducer thét has the
characteristics of the Gaussian in its transmit mode and provides a
large receiving surface for returning echoes. This may be accomplished
by depositing a doughnut shaped electrode on the outer part of the
crystal and a small circular electrode in its center. By using suitable
electronics one then could transmit a stress wave into the sample via
the circular electrode in the center of the crystal and receive the
returning echoes with the larger electrode on the outer part of the
crysté].

2. A useful improvement of the diffraction model would be to
extend its use to lower Ka values. This might be done by solving
King's diffraction integral which is written in cylindrical coordinates

for a Gaussian velocity distribution at the surface of the transducer.
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APPENDIX A

DESIGN OF A CIRCULAR GAUSSIAN TRANSDUCER



Du and Breazeale (1984) discussed a means by which one is able
to produce a two-dimensional Gaussian amplitude distribution across a
transducer by utilizing the effects of electrical fringing. The
analytical basis for the design of a practical transducer derived from
this study is presented as follows.

From electromagnetic theory, it is known that the electrical

field produced by an element of a surface (Figure A-1) is given by:

de = L) odode (L] . (A-1)
2 2
ma R
Here Q(t) represents the charge on the electrode, and a is the radius
of the electrode.
The velocity amplitude at the surface of the transducer is

assumed to be proportional to the z component of the electric field.

Thus, one writes:

—

Qt) 4ods (A-2)
na2R3 i

dE_ =
z

where T is the thickness of the crystal.

The geometrical relationship R2 = r2

+ p2 - 2rpcos¢sing is
substituted into Equation (A-2) then integrated over the area of the

electrode to obtain the electrical field at a point:

E = IQLIl.Jzn d¢ Ja 5 pdp 377 - (A-3)
z na2 0 0 (r° + p2 - 2rp cos¢sineg) /
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Direction of
A Wave Propagation
Ground Plane

\
T

.—.{

Back Electrode

Figure A-1. Coordinates for calculating the electrical field.

Source: G. Du)and M. A. Breazeale, J. Acoust. Soc. Am. 76, S23 (A)
(1984).
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Integrating Equation (A-3) with respect to o by changing the

variable of integration to w

r/p one gets:

2m a/r
f d¢ %‘J 2 o 377 (A-4)
0 (w - 2wcos¢sine + 1)

From Spiegel (1968):

J xdx - 2(Bx + 2C)
(A% + Bx + )2 (82 2

B2 - 4AC)(AxZ + Bx + C)1/2

Thus, Equation (A-4) becomes:

(1 - %—sinecos¢)d¢
2
0 (1 - sinZecos ¢)(§§-- 2(%Jsinecose + 1)1/2
r

T
2 2 :

01 - sin“8cos™s

2
mar

£ . 210(t) { e
Z

(A-5)

One may evaluate the second integral of Equation (A-5) by using
Spiegel (1968),

dx ] -1 p tan(Ax) ]
= tan , (A-6)
J p° - qcos’ax  ApZ(p’ - ¢°)'/* {(p2 - q5)l/e
to get:
(t) 2 (1 - 2 sinpcose)d
E2=TQZJC {C-C)ZS“6+J ' :2 - 1/21'
mar 0 (1 - sin26c052¢)\g?-- 2(%&cos¢sine + 1]
r

(A-7)
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-

Recalling the geometric relationships cose = %—and sing = %:

from Figure A-1 one may rewrite Equation (A-7) to get:

-

(1 - 22 cosg)ds
e - - 200, Ta) Jz" : X |
Z - -
a mar 0 (-l _ _QTCOSZq))((%)Z _ Z(Lpz_)cos¢ + ])]/2
r r
(A-8)
Simplifying Equation (A-8) one gets:
2
Eo= 20(t) gy l.J " T(n - ecos¢)d¢ (A-9)
z a2 "o (n - e2c052¢)(1 - 2ecos¢ + n)1/2

where ¢ = %g-and n = (&
Now one may normalize and numerically integrate Equation (A-9)
to get a plot of the electrical field across the surface of a trans-
ducer and hence the velocity amplitude distribution. Results of such
an integration for a D/T ratio of three are shown in Figure A-2. For
comparison,‘the curve representing a Gaussian distribution with a
coefficient B = 0.4861 is also shown. This value of Gaussian

coefficient is used in the calculations presented in this study.
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Gaussian Function
(B = 0.4861)

Position (mm)

Figure A-2. Comparison of the electric field for a D/T = 3 and .
Gaussian function.

Source: G. Du and M. A. Breazeale, J. Acoust. Soc. Am. 76, S23 (A)
(1984).



APPENDIX B

A COMPUTER PROGRAM FOR CORRECTING ATTENUATION DATA



RN B R S e el S SN y I ¢

Y]
s
o

=3

(O I e T vt

OO (Wl N | I R WY o8 B ol
I

VD O O O

VS Mol
QS

-

230
240
270
280
270
300
310
320
330
340
330
3&0
370
20
370
400
410

REM
REM
REM
REM
REM
REM
FEM
REM
REM
REM
REM
=EM
FREM
FEM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM

CEFDBL a-H,P-Z

THIZ PROGRAM

1S CODED IN IEBM PERSOMMAL

COMPUTER BASIC LAMGUAGE. IT CALCULATES

THE CORRECTED
AD MR MM 10

ATTEMUSTION BETWEEN ECHO
FOrR THE THROUGH-

—

TRaMSMIZSION TESTIMG TECHMIQUE.

THE IWNPUT YARIABLES &RE:

M4t

MUUMBER OF ECHOES

CaTimM, 2y UMCORRECTED aMPLITUDE

MEASUREMENTS <WMOLTED
1 GAUSSIAMN COFFICIENT
: VELOCITY OF THE ULTRASOMIC
WAVE IM THE SwMPLE CM/SEC
: FREQUEMCY (HZJ
: WEDGE AMNGLE (DEGREES)
v SAMPLE THICHKMESS (M)
RADIUS OF THE GAUSSIAN
ELECTRODE M>
: RaDIUS OF THE RECEIVIMG
TR&MSDUCER (M2

THE OUTPUT VARIABLES ARE:

DB

: ATTENUATIONM (DB-/CM>

WHERE XXX STAMDS FOR:

DEFINT 1I-0
DIM UC14),We18) ,W(15),2(15) AC2)

DIM DAT(10,4) PR(10,3),DBB(10) ,DEBX(10)
A= HH

INPUT

DBUC : UNCORRECTED
ATTENUATION
CORRECTED FOR
DIFFRACTION
DBCGA : CORRECTED FOR
DIFFRACTED WAVE
GEOMETRY

DBDCA

f# . HE Hi ., BH"
“MO OF ECHOES" ;NN
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o oo |

1,

o R o R o

L0 S 8 (T R R

Bt I S ) IO TV I % R e YT & RN (0 8

s 0s e O O O O O O

X =R

~J )
()
Lo I on S o N o O o v S v Y o N s Y oo SO o s S e

-J
N3
=

750

-
o
L}

770
780
770
- 300
3810
820
8330
240
250
240
370
380

- REM

REM READ IN THE DATA FOR THE GARUSSIANM QUADRATURE

REM

FOR I={ TO 1S

READ UGy JWCT W0 T) 2CT0

MEXT 1

READ UC1&) W01 4D

FEM

FEM READ M THE UMCORRECTED ATTEMUATION MERZUREMEMTS
FEM

FOR I={ TO MNH

IMPUT "UNCORRECTED AMPLITUDE WaLUE (WOLTSX": DATCL L2
NEXT 1

FOR Ix= 2 T0O N

L=DaTOIx, 20 /7DAT 0L 20

DEECIX)=,434274421 PH=Z208=LOG WX

MEXT IX

REM

REM IMNPUT THE DAaTA PARMETERS FOR THE EXPERIMENT
REM

INPUT "BG (GAUSSIAN COEFF:":BG

INPUT "ldA C(DEGREES) " ;WA

INPUT "CO (MA/SEC.":CO

INPUT "F4 (HZ)";F4

INPUT "TS (MX":TS

INPUT "As (M3 1Aé

IMPUT "&8 (MM Al

PRINT

PRINT

CLS

PI=3. 1415°26535
ALLI=01A020=R8/
REM

REM BEGIN LOOP FOR THE INTEGRATIDON

REM

FOR J=1 TO 2

AZ=A0 T

REM

REM BEGIN LOOP FOR CORRECTION OF THE ECHOES
REM

FOR N=1 TO NN STEP

RAaD=WA%PI1 1804

AN=( 2%N-1) *RAD

SL=TS*CO /(A& 2) %P1 *¥F4)

S1=(2*N-1)*SL

W1=SIMNCAND

E2=BG/(1+(BG*51)"Z

FEOH

g
s




Y

(I v S I e

Ll LR Y I N ARy I

O o300
s
[}

{aan
1070
1020
1070
1100
1110
1120
1120
1140
1150
11&0
1170
1130
1170
1200
1210
1220
12320
1240
1250
1240
1270
1220
1270
1300
1310
1320
1230
1340
1350

Al=1/001+0RBG=xS51)°2) % .5
GOsUB 1570
GOsSuUB 2100
PRE=A1*((C2"25+{C3"2))".5
PR{M, 1 )=PRE
IF RNOT(A2=0) THENM &0
Slak PROM LD L PRON, 22
FEXT M
MEXT J
FOR JJ=1 TO MM STEP 1
PROJJ Zr=PR{JJ,2)-PR{JI 12
MEXT JJ
FOR MNx=2 TO MM STEP 1
W=FROMN 22 7PROL (3D
LE=.4342744231 POS#=208=2L0G LWL
DATINX =1, 4i=(DBEMNK -0B /O (Mx*2-20 «T3S=1002
DEA MM =DERE NI /O 2-20 #TSx1 000
MEXT Mx ‘

REM
REM PRIMT QUT EXPERIMENTAL PHEMETERS
REM

PRIMT"BG=" BG "{GAUSSIAN COEFF*

PRIMT"CO=" CO "{M~/SEC)"

PRINT"F4=" Fq "(HZ>"

PRIMT"TS=" TS5 "{pMd"

PRIMT "Aa=" a4 "iMH"

PRIMT"MM=" MM "oMNO OF ECHOES:®

PRINT"Wa=" WA " (DEGREES)"

PRINT

PRINT

PRINT

REM

REM PRINT OUT THE RESULTS

REM

PRINT "THE RESULTS ~RE:® |
PRINT

IF WA=0 THEMN PRINT "ECHO beuC LBDCA"
IF WA<0 THEN PRINT "ECHO DBUC DBCGH"
PRINT

FOR I=1 TO NN-1

PRINT USING AX$;I+1;0BX(I+103DAT(I 4D

NEXT 1

EMD

REM

REM DATA BLOCK FOR GAUSSIAN QUADRATURE

REM

DATA 0483074845887 73822,.07454008851472780



1340 DATA 093307812017, .239572170311
1370 DATA .1444719&15827744%, .0954238720079227484
1380 DATA .492891740302,.5601008427%3

12%0 DAaTA 2392873422521 32707,.07324429902080457
1400 DAaTa 1.215 5?541?071..8??UUUL®141V

1410 D&aTa .3$1uéHcU22821“735. 071 1 7227849374332
2264440213

\

1920 DAaTa 2.289949524204,1.2 =]

1420 DaTda 4213512781 3043535, .08785207200440381
1440 DATA 2.847&422721751,1.574443721 42

1450 DaTa  SO0S8FFPOSFIRE: FE¥,0B832332117242247487 4
1450 DeTe 5.425338827414,1,7447515774852

1470 DaTa JSE7F71ISFS724074233, (OFEL1938937FE707021
1420 DaTh 7.5485%914228413,2.24150205444

19470 DAaTA L £6304424473021520,.072234572410884E851
1300 DATa 10.1202285483017,2. F2LE3

1310 DaTa (P321821137F4028%42, 0408222227 F4&424185
1320 DAaTA 13.12302824821745,3, 25544

15330 DeTa 724433795947 74241, . 05 472523555
1340 DATA 14.,4544077083380,3.8042

1330 DAaTa 8493247813732 254997, .05 A2237518
1340 DATA 20.7754788%9%944%,4.,.4584

1570 DATA E?é-gllSqrééﬂqZIZ. 04z 2222448

1380 DaATa 25.4822894224872%,5.27001778443
1390 DaATA .?24%080759377374%,.03427288291202143
1400 DaATA 31.407319159754,5.35954344%72

1510 DATA =54 ‘FESShP75D¢4:..Ulq4~ﬁﬂﬂ54t? £20
1820 DwTéA 03045832048485,8.03178783212
1430 DATA 85@11q1154qud°4..U1r4;4°°4 ik
1640 DaATA 48.01608557268@11.527"72100V
1850 DaATA .P9724386184948156,.00701841000947010
1460 REM )

18670 REM GAUSSIAN QUADRATURE

1680 P=.0001

14620 B=300

1700 M=1

1710 H=(B-n2>/M

1720 Hz=H 2!

1730 Ci=0!

1740 C2=0!

1750 C3=p2-H2

17460 FOR JJ=1 TO M

17270 Di=H*JJ

1780 FOR I=1 TO 16

1720 X=H2*UC(I)

1800 XS=C3+D01+X

1810 X&=C3+D1-X

1820 FAl=XS=EXP(-E2% (X5 "2))%*SIN(-ATNI{BG*#(S1 -XS=W1 2>
+C((BG 2 %#(S1 ~XG*¥1 1) %¥x5 "2/ (1 +(BG#(S1-XT*W13>" 202>

8

Il_,l-
I'l
Ul

4

4
[}

=
el


https://8330,3.SO

FH2=T$*E”Pf-E2*fWé'h)“*“INf—HTHfEE¥f°1—T4*w1}3

LB 2 %Sl —Xaxl 1) #LE& T 2L+ (BEH (S ~KE#S1 2" 2200
1340 CzZ=C2 +w(I)*(FA1+FA2)

1830 MEXT I

1880 MNEXT JJ

1270 .“:.--L,a_*Ha_

1 (Y}

s

L)
[ou}

—_

»
y 0 ) O

[ X M
[}

IF P=0 THEM GOTO 2010
IF Ci=4 THEM GOTO 2004
FEM TESTIMG ACCURACY OF INTERGRATION
IF Ci=0 THEM GOTZ 1740

DF=aBS(CC2=-020 7020

IF D9<P THEM GOTO ZOoo

C2=C2

1950 Cl=C1+1

{240 HM=M+M

170 H=HZ

1780 HI=HZAZ

1790 GOTO 1740

2000 REM LeGUERRE QUADRATURE
2010 C2e=C2

2ozl CZ=0

2020 FOR I = 1 TO 15

2040 HK=g+U(I7

2050 FZ=H#=EXP(- E°¥<f“‘H)*SINf—ATN*BP*(Si—%*Mlk?
+{((BE " 2) % S1-X#d1 ) %X 2701 + (B S == 3272230
2080 C2=CZ+Z0Ir=F2

2070 MEXT I

20380 CZ=CZ+CZ2

2070 RETURN

2100 REM GAUSSIaN QAUADRATURE
2110 P=,00014

2120 B=300

2130 M=1

2140 H=(B-&AZ)-M

2150 HZ=H/2!

2140 Cil=01

2170 Cd=0!

21380 C3I=AZ-H2

2190 FOR JJ =1 TO M

2200 Di=H=JJd

2210 FOR I = 1 TO 15

2220 K=H2Z2#xU(I)>

2230 XS=CI2+D1+X

2240 X&=C323+D1-X

2250 GAI=XS*EXP(-E2#(X5"2))%COS{-ATMNI{BG# (31 -X5=*l1 7

+(ffEG“Z}*iSi—K5*M1)}*Xq“2 1+ (BG*{S1-%S*1>3 222

2z2a&0

BAZ=XS#EXP(—E2% (& 22 ) #COS{~ATN(BG# (51 —x&=bil )

+(((BG 2 (S —HSxW1) ) #KE" 2/ ( 1+ BOR{EL =M &*W1 3072000
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2270 Ca=Ca+W{l »#(GA1+GAZ)
2230 NEXT 1

2270 NMEXT JJ

2300 Ca4=Ca=HZ

2210 IF P=0 THEM GOTO 2440

20 IF Ci=4 THEMW GOTO Z430
20 FEM TESTINMG SCCURACY OF IWMTERGRATION
41 IF Ci=0 THEM GOTO 2270
S0 DEF=aBIS(C4-023.Cd)
L0 IF D4R THEW GOTO 2420
SO CE8=C4
30 Ci=Cl+1
0 M=M+M
2400 H=Hz

2410 HEsHZSZ

2420 GO0TO 2170

24320 REM LAGUERRE QUADRATURE

2440 C449=C4q

2450 Cd=q

294&0 FOR I = 1 TO IS

2470 H=B+U(1)

2380 Fo=MsEXP(-EZ* (X" 2) ) #COS(-ATM(BG={ 21 —x=*ld1 1)
+CCIBG 20 #(S1 K= 202X " 2/7C 1+ (BG5S —x(#J1 33" 20 2)
2490 C2=C2+2{11#F3

2500 MEXT 1

2510 C4=Cd9+C44

2520 RETURM



VITA

Edward Ted Karkut was born in Woodstock, Ontario, Canada, on
August 19, 1956. He attended public schools in that city and
graduated from Huron Park Secondary School in June 1975. In August he
joined the Canadian Armed Forces under the Regular Officer Training
Program and commenced his university education at the Royal Military
College in Kingston, Ontario. He received his Bachelor of Engineering
in Mechanical Engineering from that institution in May 1979.

After a three-year tour of duty at Moose Jaw, Saskatchewan as
an Aerospace Engineering Officer he was selected to attend Graduate
School under the sponsorship of the Canadian Forces Post Graduate
Training Program. Subsequently he entered the Graduate School of The
University of Tennessee, Knoxville, in September 1983.

He was married to the former Mary Katherine O'Neill of

Gananoque, Ontario on October 6, 1979. They have no children.

77




