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SHELLS AND RINGS

Part 2 — EIGSHIP PREDICTED PERFORMANCE, EXPERIMENTAL
MEASUREMENTS, AND COMPUTER LISTING OF EIGSHIP

1. INTRODUCTION
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matical modeling of the electroacoustlc performance of ma etostnctlve shells and rmgs
The most fully developed model presented was that of a magnetostrictive shell, wound
toroidally with copper wire, submerged free flooded in an infinite unbounded homoge-
rieous medium, and driven in forced vibration by an applied electric field. The theoreti-
cal analysis of this model was aimed at the prediction of absolute (rather than relative)
values of electroacoustic performance parameters, such as electrical impedance, mechani-
cal radiation impedance, far field acoustic pressure patterns, transmitting response, elec-
troacoustic conversion efficiency, surface (mechanical) velocity, and “resonant” frequen-
cies. For literature citations the reader ig referred to Ref. T and this report’s bibliography.
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In this report the theoretical model that was developed in Part 1 has been coded in-
to a digital computer program called EIGSHIP, capable of delivering predictions on these
seven electroacoustic performance factors of a free-flooded magnetostrictive shell when
the geometric construction and piezomagnetic properties of the shell material are fur-
nished as input. Since the original purpose of the modeling was to enable designers of
magnetostrictive shells to optimize design parameters by rapid calculation of alternative
construction and materials, it was deemed desirable in the course of the modeling to con-
struct physical models of several cylindrical shell transducers and compare measurements
of their performance in an underwater acoustic facility with the predicted performance.
A study of both the experimental measurements and the corresponding predicted perfor-
mance is reviewed in detail herein.

2. PHYSICAL MODELS AND TEST PROCEDURE

The ring transducers (labeled A, B, and C) used in the experiments were three “cube-
textured® nickel (CTN) rings fabricated by the International Nickel Company. The prin-
cipal differences among the three rings are in their height dimensions (also called lengths,
Table 1). The ring cores were scroll wound, which means that they were made by wind-

ing the CTN metal strips of thickness 0.2032 mm about a mandrel and using a bonding
agent to consolidate the ring.

Each of the cores (consolidated rings) was separately mounted as shown in Fig. 1.
The mounting structure was designed to hold the core in a fixed position in the windings

Manuscript submitted December 16, 1975.



Table 1 — Dimensional and Elastic Parameters of Rings A, B, and C

Ring Length, Outside Inside Mean Thickness, Young’s Modulus Poisson Density,
Q Radius Radius | Radius, b Y at Congtant Ratjo, 0
m mim mm a (mm) Magnetic v (kg/m3)
(romm) (mm) (porn) (mm) Induction (N/m?2) |
A 20.29 69,105 £2.455 | 65.78 6.65 1.28 x 101! 0.38 8234
B 49.30 69.145 62.295 85.72 5.85 1.28 x 1011 0.38 8400
C 90.55 69.30 62.45 65.87 6.85 1.26 X 1011 0.38 8400

f
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without appreciably clamping it. The mounting structure was designed to be acoustically
transparent in the excitation frequency range of interest. The core was wound with 144
turns of No, 18 Teflon-insulated copper wire supported by four copper hoops above and
below the ring core. The hoops, in turn, were supported by two sets of three spokes em-
anating from the hubs at the geometric center of the ring transducer. The hubs were held
apart and the entire structure was Kept rigid by a threaded 6.35-mm (1/4-inch) steel bolt.

The motion of the core was isolated from the supporting icture hv pads of rho-C
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rubber,

fpr—r— m o]
Fig. 1 — Model transducer
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ing was ariven Dy an ac current while simulta aneousLy pu1auacu U_y a dc cur-
rent, and a sujtable blocking circuit was used to keep the direct current from circulating
in the ac source and to keep the dc source itself from shorting out the ac source.

The test procedures adopted were designed to check the validity of the EIGSHIP
prediction model by electric impedance analysis (of current and voltage at the electrical
terminals} of the force-driven transducer, and comparison of these predictions with under-
water sound measurements in a calibration tank. Two types of calibration signal were
used: CW signals at the electrical terminals, with the transducer under no load (in air),

and square-wave-modulated carrier signals for underwater measurements. In both cases

the dc polarizing current I, was 4 amperes, which corresponded to a magnetizing field
of Hy = Niy/(2na)} = 0.14 ampere per meter, for a mean radius a of the ring and for N
turns of exciting coil. The ac excitation current was held constant for all frequencies at
15 milliamperes (rms) when measuring electrical impedances and at 100 milliamperes



* HANISH, KING, BAIER, ANIy ROGERS

when measuring underwater transmitting current responses and directivity patterns. This
change in amplitude was one of convenience. Because both levels were low it did nat
affect the validity of the experiments.

In air the transducer was suspended freely under effectively zero mechanical constraint
and driven by a CW signal. Sixty values of input electrical impedance were directly mea-
sured at the electrical terminals over the frequency range of the lowest radial resonance.
The measured data were corrected for the contribution to the total electrical impedance
from the bloacking circuit.

In water the transducer was subjected to a standard underwater calibration in the
NRL Acoustic Research Test Tank [2] which is provided with pulse-modulation and
gating circuits and with geormetric positioning devices to allow a free-field steady-state
calibration in the frequency ranges of interest. An NRL model F38 standard hydrophone
was used as a recejver, occasionally repiaced by an Fb0. The total electrical impedance
was measured by a Sclentific Atlanta Pulse Vector Immittance Meter and corrected for the
presence of a blocking circuit. Sixiy values of electrical impedance were measured over
the frequency range of test.

3. INPUT FACTORS IN THE IMPLEMENTATION
OF EIGSHIP

The computer program EIGSHIP was used to predict the electroacoustic performance
of rings A, B, and C. A detailed description of EIGSHIP is given in Section 7, where
fundamental parameters of computer program input are listed and defined. Since the de-
sired input guantities are not always available in the literature or easily accessible to ex-
perimnental determination, it was often necessary to make some compromises with the
precise definitions. We indicate here how we obtained the input parameters from our air
measurements. However, if in a particular case betier values of input quantities or better
methods for obtaining them are available to the prospective users of EIGSHIP, they should
be used, (Many of the parameters™®,such as a, &, g, N, v, and ¢ are easily and directly ob-
tainable and will not be discussed.) We begin with Young’s modulus.

The real part Yy of the complex Young’s modulus, taken at constant magnetic in-
duction, was obtained by the following procedure. The ring was electrically driven in air
at constant current over the range of frequencies covering the lowest radial mode, and the
total electrical reactive impedance (X,,,) was plotted versus frequency. The (interpolated)
crossover frequency (= wq) where X,,, = +o jumps to X,,, = —= is taken to be the reso-
nant frequency. Knowing the effective mass (M) of the ring, we then calculated the ef-
fective stiffness K; = M, w% in the lowest radial mode [1, Eq. 6.10}, The real number
K, so determined is the magnitude of the stiffness under conditions of constant magetic
intensity (constant H). In theory K; is a complex number given by the formula

2rA 2]
£ = 6Y(1~ «-_—-—NSX 6_&}

a Y

*See Glossary, Part I, and discussion below,
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(as discussed further in Appendix C of Part 1 [1]}, where Ag = b¥, uS is the reversible
permeability at constant strain, X is the eddy-current and hysteresis factor, and hgy is an
effective piezomagnetic constant.

Both Young’s modulus Y and the eddy-current and hysteresis factor X; are complex

numbers with small imaginary parts. Neglecting small quantities, we write Ky as the real number

27 Ag

a

Ky =~ Yp (1 -k xp).

The quantity kl Xp. Where k is the coefficient of electromechanical coupling, is obtain-
able by other measurements. Thus the real part of Young’s modulus is calculated from
the relation

(Kl )rneas a
2ndg (1 - kIXR)’

where (B )meas = My (w?)meas - Computed in this way the magnitude of Yp is equivalent
to the Young’s modulus taken at constant-voltage drive. The resonant frequency associ-
ated with Y, by the formula

27TAE| YR

0y =
1 aMl

is the mechanical resonant frequency in the first radial mode at constant-voltage drive.
This calculated ©; compares favorably in magnitude with the resonant frequency obtained
hv dnvlno‘ the core of =z qnpmfm ring {ﬂncr ("\ mechanicallv and ohserving with an ac-

w110 LLIT el 1illn \Aiip AL GMLY S ViletlVilily Wiuil &l

celerometer the frequency of the maximum rad1a1 velocity in the first radial mode.

The effective Poisson ratio » and the resistivity p, of the core material was furnished
to us by the International Nickel Co., who fabricated the three INCO rings, A, B, and C.

The relative reversible permeability at constant strain (ur'%l) proved difficult to measure
directly, since this required a satisfactory method of mechanically clamping the magnet-
ostrictive ring. Instead we measured the permeability at constant (zero) stress, namely

T and then calculated x5 from a knowledge of k2 by the formula

uS = ul (1 - k2 Yg).
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The measurement of ul is made by determining the total electrical reactance X, at very
low frequency under zero stress (no external load). Since

N?
Xior = 5 [Txp bR + g (8¢ - O],

where b'0’ ig the area enclosed by the coil surrounding the ring and 5% is the cross-sectional
area of the ring, we find

(Xior}2na ' - pe
iiTXR= tof - g { }
w2 bt ht
and
= g Bo

Thus, by measuring the slope of X;,; = Im Z;,; over the low-frequency range and using
this formula, one obtains u¥xp, which immediately yields uSxp, provided that the coef-
ficient of electromechanical coupling & is known.

The effective coefficient of electromechanical coupling 2 can be measured by elec-
trical impedance analysis. It is known [3] that

D k2 X2
o (Q s xo = xt,
QX 1-Exp\xg

in which Dz and X are the diameter and clamped reactance respectively of the electrical
motional impedance loop and @5 is the mechanical @ determined by

;o LAJM _ LJR
QZ“ R +R" - ?
m Wy - W2

in which R,,, R”, wg, wg, wg are defined in Part 1 (Section 6 and Appendix A). iQ% =
Qi as defined by Eq. 6.23 of Part 1.} When a leakage magnetic flux is present and is in-

aliidad in tha aAlamsnad imnadannns wo ant
CiaGtd i WiC Cladmnpel dapeiGanie, We stu
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where

Xb - Xc + Xer
in which X, is the imaginary par t of the blocked impedance, ,Xc is the imaginary part of
the core 1mpedance and X,¢ is the imaginary part of the copper-loss leakage impedance.
For small copper and core 1 oss we assume k = X./Xp, so that

D, Dz « kzx?|3 K
= = =

Qz X, Qz X, (1 - K2xg)xg

Thus

o
o+ K

k‘?‘XR a4

When so calculated, k2 is approximately the dynamic material coupling factor.

LonnFirrn tntartes arem ndd A e

e o .
) < ”e(. Live pucLulllagiicul CUll-

'h

k2 Yy

g
I

Ny
Hrel Ho

An equivalent formula for hgg [1, p. 78] includes all parameters noted here but in some-
what different form.

The constant-current mechanical Q{ is determined from motional impedance analysis

by use of

Wg—ig

[1, pp. 77 and 78]. Here w, = w{ is the resonant frequency of the ring in the lowest
radial mode when driven in air at constant current, and ws and w4y are the quadrantal
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frequencies. When Q‘l' > 10, one can determine these frequenciss from a plot of magni-
tude of radial velocity (air) versus frequency in the vicinity of the first radial resonance,
We have used the motional diagram technigue for measuring Q{

The direct measurement of Qi for n > 1 by impedance analysis is not practical, be-
cause the higher numbered motional impedance loops generalty have small sizes which
cannot be accurately measured and because the higher order modes tend to nest within
each other, exhibiting such close coupling as to make separation of modes questionabte.
Bince Q[ is needed in the fma}ysm we assumed that it can be estimated by allowing the
purely mechanical resistance (R, as defined in Part 1) to be a constant for each mode.

The modal mass is presently defined as the static mass in RIGSHIP.

The basic limitations and assumptions contained in this section provide an adequate
input statement for the parameters of EIGSHIP when the amplitude of forced electrical
drive is low enough {o assure guasi-linear operation. At high-power drive they must be
modified. High-power drive is not discussed in this report.

4. GRAPHICAL RECORD OF EIGSHIP PREDICTIONS
AND EXPERIMENTAL MEASUREMENTS

When an acceptable set of input parameters of the three transducers A, B, and €
was stpplied the computer program EIGSHIP delivered all the predicied performance
data over the frequency ranges of interest. At the same time experiments were run on
physical models as noted in Section 2.

We present EIGSHIP predictions and experimental measurements in the following
series of graphs and associated texts. The notation of Butterworth and Smith appearing
in the text and on the graphs signifies a comparison of the data with a theorefical analy-
sis modeled after the classic Butterworth and Smith analysis [4}, which describes the
iimiting case of a one-dimensional model of a magnetostrictive ring wherein the ring ve-
locity is radial only and is a constant over the length of the ring. In each fipure, part {(a}
is the experimental graph, part (b} is the EIGSHIP theoretical graph, and part (¢} is the
Butterworth and Smith model graph.

Figures 2, 3, and 4 are graphs of the electrical driving point impedance in air, dis-
played separately as resistive and reactive components, for ring A (small ring), ring B
{middle ring) and ring C (long ring), plotted as a function of the driving frequency.

Figure 2a illustrates how ring A behaves in air as a function of frequency when ob-
gerved at the electrical ferminals over the frequency range Q < f < 20 kHz. The frequency
of maximum {motional} electrical resistance {to clese approximation the air resonant fre-
quency) is 9.2 kHz. It is from this graph that the physical parameters of reversible mag-
netic permeability {u), Young's elastic modulus {¥8), the electromechanical coupling co-
efficient {k), and the piezomagnetic stress congtant (k) are evaluated by the methods
noted. These parameter values were then used in the computer program EIGSHIP to pro-
duce the graphs in Fig. 2b. As is to be expected for ring A these graphs duplicate Fig. 2a
very well. For illustrating the results of using a simpler mathematical model, we present
graphs in Fig. Zc using the Butterworth and Smith theoretical model. For ving A the
Butterworth model agrees well with the EIGSHIP model,

8
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Figures 3a, 3b, and 3c are graphs of the electrical driving point impedance [1, Eg.
5.24} in air for ring B. Again these graphs are similar to each other and to thase in Fig.
2. The values of the electrical impedance components of ring R are larger than the im-
pedance components of ring A by roughly the ratio of its length to the length of ring A,
The radial resonant frequency is nearly the same as ring A at 9.15 kHz. The Butterworth
and Smith model for ring B agrees with the EIGSHIP model.

Figures 4a, 4b, and 4c are graphs of the clectrical driving-point impedance in air for
ring C. A comparison of the three graphs in Fig. 4 shows that in general there is good
agreement in shape and magnitude except that the **barrel mode® (a radiai-motion mode
with two nodes along the length of the ring) is predicted by EIGSHIP io be 8,9 kHz
whereas the experiment indicates that it is at 9.6 kHz and it does not appear in the
Butterworth and Smith model. It is difficuit to specify the accuracy of the experimental
measurements near this frequency because of the low values of the motional impedance
components,

Figures 5, 6, and 7 are graphs of the electrical driving-point impedance (resistive and
reactive) components in water as a function of frequency for rings A, B, and C. Compar-
ison of Figs, ba and Fig, bb shows that the resonant frequency is approximately 7.6 kHz
and that the values of the EIGSHIP impedance components at resonance are larger than
the experiment by about 5 percent. Again the Butferworth and Smith model iz in good
agreement with the EIGSHIP modet. Comparisons of the graphs in Figs. 8a and 8b for
ving B shows a resonant frequency of 5.8 kHz and shows BEIGSHIP reactance 10 percent
larger than the experiment and EIGSHIP registance 30 percent larger than the experiment

near the regonant freaoueney. The granh for the Butierworth and Smith modsl f]?n} fed

ALRs Ml SRGRLLGRIL LAUAg USRIV Y . Al FApSAR LIFL AT LA UOTL vF R var Gt RIAARA VI nataalll L iag. Wog

ig in good agreement with EIGSHIP, and all three graphs are in excellent agreement with
each other off regsonance. The magnittide of the motional impedance predicted by
EIGSHIP near 14 kHz is too small to be ohserved by the experiment. Comparison of
Figs, 7a and Tb for ring C shows that the frequencies at which the lower frequency peaks
accur (near 4 kHz) disagree by about 100 Hz, whereas the frequencies at which the next
higher frequency peaks occur (near 8 kHz) agree. EIGSHIP (Fig. 7b) shows a definite
peak at a frequency of 9.2 kHz, at which a response in the experimental data is barely
perceptible. Comparison of the impedance compaonents shows that EIGSHIP predicted

valueg near resonance are from 30 to 80 nerpcent larooy than the exnerimental values, The
VALUES NIEAYT TE50nanie are Irom U o U percent 1arger nan g sxpenmens VRauies, 1ne

Butterworth and Smith model in Fig. 7e agrees well with EIGSHIP except that peaks at
8 kHz and 9.3 kHz the Butterworth and Smith model appears to integrate through and
thereby smooth these peaks, Examination of Figs. 4 and 7 shows that the peak in the
impedance at 4 kHz is a lowest cavity type mode, the peak st 8 kHz is the first radial
ring mode loaded by the water reactance, and the peak at 9.8 kHz is the second radial
mode loaded by the water load.

Figures 8, 9, and 10 present graphs of the computed reactive component of the

mﬂnhqn}ﬂul 1mhnflanr|a onmd the namniitad voanotiva namnanont Af the sadistisn laoad varenia
nocaint g HNpeGainle @G Wit COMPULes faluvn COIMPpONeny 0L i€ Gldulaion (Ol VEinis

the frequency for ring A, ring B and ring C respectively. (Elecirical reactance is discussed
in Section 5.1}, The reactive component of the mechanical impedance is computed from
the theoretical strain energy {appropriate formulas in Section 5.6) of the elastic system.
For quick inferpretation in visual inspection the negative of the mechanical reactance is
plotted in these figures. Consequently, where these graphg either touch or eross each
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other the net mechanical reactance of the transducer plus the water load is 0. In Fig. 8
for ring A, the mechanical reactance curve of the elastic shell crosses the water reactance
curve at about 7.6 kHz, and the electrical driving-point reactance in water (Fig. 5b) is a
minimum at about 7.9 kHz, The mechanical reactance curve passes through 0 at 9.2
kHz, whereas the electrical driving-point reactance (Fig. 2b) in air is 2 minimum at 9.25
kHz.

In Fig. 9 for ring B, the mechanical reactance of the elastic shell either touches or
crosses the reactive water load at 6.1, 9.1, and 9.2 kHz and goes through 0 at 9.2, 13.2,
and 14.2 kHz. The electrical driving-point reactance in water (Fig. 6b) has minima at
6 and 14 kHz and in air (Fig. 3b) has a minimum at 9.2 kHz. In Fig. 10 for ring C, the
mechanical reactance of the elastic shell either touches or crosses the reactive water load
at 4.1, 4.6, 8.5, 15.7, and 16.5 kHz and goes through 0 at 8.9 kHz. The electrical
driving-point reactance in water (Fig. 7b) has minima at 4.2, 8.1, 9.3, and 17 kHz and in
air (Fig. 4b) has minima at 9.1 and 9.9 kHz,

Figures 11, 12, and 13 present for rings A, B, and C respectively comparisions be-
tween the computed resistive and reactive components of the radiation load as a function
of frequency for the EIGSHIP model and the Butterworth and Smith model. The radi-
ation load in EIGSHIP is calculated by dividing the acoustic power by an average of the
magnitude squared of the surface band velocities and multiplying the result by the total
surface area of the ring. In the Butterworth and Smith model of the radiation load the
same formalism is employed with a single reference surface velocity.*

In Figs, 11a and 11b the shapes of the radiation load for ring A are quite similar,
differing only by a scale factor in the value of the load. The radiation loads for ring B
in Figs. 12a and 12b are in reasonable agreement except near 9 and 14 kHz. At these
frequencies EIGSHIP reflects the influence of the first radial elastic mode (9 kHz) and
the second radial elastic mode (14 kHz) on the velocity distribution.

For ring C in Figs. 13a and 13b the Butterworth and Smith model radiationload
components provide an envelope within which the EIGSHIP radiation-load components
oscillate. The frequencies of the acoustic cavity type mode (defined and discussed in
Section 5.1.3) at 5 and 15.5 kHz as well the values of the radiation load components are
well represented by the Butterworth and Smith model. In Fig. 13a the erratic behavior
of the EIGSHIP-model radiation load is due to the first and second radial elastic modes.
At these frequencies, 8 and 9.3 kHz, the real part of the radiation load is small.

Figures 14, 15, and 16 present graphs of the real acoustic power delivered to the
water medium as a function of frequency for the EIGSHIP model and the Butterworth
and Smith model for ring A, ring B, and ring C. For ring A ( Fig. 14) both models yield
identical results; therefore only one curve is drawn. In Figs. 15 and 16 the curve for the
Butterworth and Smith model essentially follows that of the EIGSHIP model except near
14 and 8 kHz respectively.

*See Section 7 and Fig. 39 for definition and numbering of bands.
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Figures 17, 18, and 19 present graphs for rings A, B, and C respectively that compare
the power-conversion efficiency of the EIGSHIP model and the Butterworth and Smith
model. In Fig, 17 for ring A the efficiency predicted by the Butterworth and Smith model
essentially duplicates the efficiency predicted by the EIGSHBIP model, In Fig. 18 for
ring B again the Butterworth and Smith model follows the EIGSHIP model except at the
second-radial-mode resonant frequency of 14 kHz. In Fig. 192 for ring C {the long ring}
the graph from the Butterworth and Smith model again follows the graph from the
BIGSHIP madel except at the 8-kHz and 9.3-kHz resonances, and it peaks at its own
radiagl vegonant frequency of 9 kHz. In each of these three figures the efficiency curves
reflect the same behavior as the acoustic power curves in Figs. 14, 15, and 18.
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Figures 20, 21, and 22 present graphs for rings A, B, and C respectively, comparing
the experiment with the theoretical predictions of EIGSHIP of the constant-current
transmitting response for ring A, ring B and ring C. The constant-current transmitting
response is taken in two directions: in the plane of the ring on an extended radius and
on the geometric axis (z) of the ring. The constant-current transmitting response is 20
log of the calculated value of the acoustic pressure in the far field of the source, referred
back to 1 meter, when the source is driven at 1 ampere over the frequency range of
interest.

Figure 20, which displays the transmitting current response for ring A, shows that
for the in-plane response the EIGSHIP prediction is in good agreement with experiment,
with a 2-dB discrepancy at the radial resonance of the ring at a frequency of 7.6 kHz and
with greater discrepancies in the region of frequencies greater than 12 kHz, possibly due
to the effect of the coil winding (Section 6). The comparison of the axial response of
ring A between theory and experiment is not as good, possibly due to low level of signal
(in noise) and the presence of the ring holder.

In Fig. 21 for ring B the radial (in-plane) response comparison is good, with EIGSHIP
being about 2.5 dB larger than the experimental value at the cavity resonance frequency
of 5.8 kHz. EIGSHIP correctly predicts the peaks and holes in the in-plane (radial) and
on-axis responses except for an additional dip in the experimental curve at 6.4 kHz.

In Fig, 22 for ring C, the EIGSHIP prediction for the radial (in-plane) response is
again within about 2 dB of the experimental data over the frequency range shown. The
EIGSHIP-predicted axial response agrees in frequency with the experimental data for the
resonant peaks at 4 and 8 kHz but disagrees in predicting the frequency at the minimum
response occurring at 14.8 and 16.8 kHz. In addition the agreement in the magnitude of
the axial constant-current transmitting response between theory and experiment is the poorest
of any of the rings.

Figures 23 through 25 are selected far-field directivity patterns, some of which cor-
respond to notable features of the transmitting current responses. The in-plane pressure
level at 0 degrees was arbitrarily adjusted for each plot.

Figure 26 shows theoretical and experimental values for the magnitude of surface
acoustic pressure along the length of the ring at several frequencies. At 7800 Hz (theo-
retical) and 7825 Hz (experimental) the surface pressure distribution is primarily due to
the presence of the first radial mode. At higher frequencies both theory and experiment
show that the center of the ring no longer has the highest magnitude of pressure. This
is a result of surface pressure cancellation due to the presence of the barrel mode. A
one-degree-of-freedom model such as that of Butterworth and Smith would not predict
this behavior. The experimental evidence thus demonstrates the presence of a barrel
mode.
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Fig, 20 — Constant-current transmitting re-
spansge for ring A at 1 meter in the plane of
the ring and on the axis of the ring when
driven at 1 ampere
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Fig. 21 — Constant-current transmiting re-
sponse for ring B at 1 meter in the plane of
the ring and on the axis of the ring when
driven at 1 ampere

Fig. 22 — Constant-current transmitting re-
sponse for ring € at 1 meter in {he pilane of
the ring and on the axis of the ring when
driven at 1 ampere
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Figures 27 through 29 are graphs of calculated quantities hased on EIGSHIP and Butfer-
worth and Smith models. Figure 27 is a graph of the magnitude of the radial veloetly in
air of band 8 (second band from the top among eight oulerwurface bands} on ring €
plotted as a function of frequency for the EIGSHIP model and the Butterworth and
Smith meodel and of the axial velocity on band 10 of ring C for the EIGSHIP model (the
axial velocity not being available in the Butterworth and Smith model). Figure Z8 is a
graph of these velocity magnitudes on ring C in water.

5. METHODS USED IN INTERPRETING EIGSHIP
PREDICTIONS AND EXPERIMENTAL MEASUREMENTS

The graphical displays of EIGSHIP predictions and experimental measurements given
in Figs. 2 through 28 show complicated behavior of the force-driven magnetostrictive
shell. We believe they require speciat tools for their interpretation. To interpret the sig-
nificance of these graphs in connection with parameters of voltage and current al the elec-
trical terminals, we have used the method of X-v¢-R electrical-impedance plots, Similarly
to interpret the significance of these graphs in connection with the mechanical terminats
of the model we have used the method of X -plus-X; mechanical-reactance plots. A
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and Fig. 39 in the present report.

combination of parameters from both types of plots then enables us to interpret the re-
sults generated by the mathematical model, as well as to interpret measurements perform-
ed by experiments on physical models. The basic features of these plot types will be dis-
cussed in the next sections, with explanations of their use in interpretation of transducer
performance. In discussing X,,-plus-X; plots we will briefly review the concepts of

cylinder modes to aid in understanding the important parameters of radial stiffness and

e g ndla
longitudinal (fluid) inertia of the waterloaded shell. In addition we will review the meth

of obtaining the mechanical reactance X,, of the shell through use of sirain energy
methods.

5.1 Interpretation of Electrical-Impedance X-vs-R Plots

The electrical input impedance of an electromechanical transducer is the sum of the

blocked impedance and the motional impedance. We discuss these two impedances for
the case of a toroidallv wound maonetastrictive ving

L= LALRIA ALY rhaiala AAlRIAL AT VAL LAY S LRig.
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Fig. 280 — Biocked and motional electrical impedance
referenced to the rolated coordinate system (R,
Xpaph drawn to illusirate several operating conditions.

Biocked Impedance

The blocked impedance is that of a nickel-core toroidal coil for which

Z0)y = RNw)+j wl®PXw) = R+ X. {(5.1)

When both R and L are weak functions of w (are nearly constanti}, the blocked imped-
ance is an essentially vertical line on an X-vs-R plot. For high enough frequency however
bhoth R and L are (gently increasing) functions of frequency due to electrical properties

of coil and core, excluding hysteresis and eddy currents. Hence an X-ve-R plot of blocked
impedance is a smooth curve with positive slope extending upward from w = §. The
electrical phase associated with Z(0) ig

x(b)
¢} = tan-t ;‘(;. (5.2)

For small resistance losses this angle tends to +90°,
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5.1.2 Motional Impedance

When the nickel core is driven by external forces distributed over its surface, it
vibrates in several (possible infinite) modes of a thin elastic shell. This motion is reflec-
ted at the electrical terminals as an added impedance, namely, the motional impedance
Z,. ot» Whose mathematical form is given by Eq. (5.24) of Part 1 [1]. This equation
shows that Z,_, ,, is proportional to the ratio of shell velocity to driving current or, equiv-
alently, inversely proportional to the mechanical impedance of the shell. When the shell
is loaded by an unbounded fluid, its mechanical impedance exhibits an indefinite number
of maxima and minima (mechanical resonances) as a function of frequency of forced
drive. Thus an X-vs-R plot of total impedance consists of a series of (connected) loops
of varying size, indefinite in number, tending to become merged into an irregular curve
as w —r oo,

5.1.3 Electrical-Impedance Plots

A sketch of idealized blocked and motional electrical impedance is shown in Fig.
29, drawn for the condition of high mechanical @ (>10). When referred to the X-vs-R
axes the maximum Z_, . vector is inclined at an angle 28 to the horizontal (R axis) due
to hysteresis and eddy currents. Since in the following discussion the angle 28 is extra-
neous, it is convenient to refer all vectors to axes X,,; and R,,; obtained by rotating the
original X and R axes clockwise by the angle 25, Thus

(Zee)rot = (Ree)rot‘ + j{“ee}roi*:
(Reedrot = [ROI+R . Tcos2f-[X()+X  ,]1sin28,

(Xeehror = [XOHX, 0] COSZﬁ+[R(b)+RmOt] sin28.

In the rotated system (abscissa R,,,; and ordinate X,,;) we define a frequency of mechan-
ical resonance wy to be that frequency satisfying two requirements:

® wy is approached from a positive phase of Z, ;, and

* wy satisfies the relation

(Xoedror = X&) = X(®) cos 25 + R(®) sin 2. (5.8)

These conditions imply that at mechanical resonance

(Xmotdrot = 0
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or

Ry 0f sin2p
X = e e {6.4)
mot cos2p

The electrical phase associated with the motional impedance is defined as

. £\
(¢mothror = tan™ k - }
Rmot raf
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The various vectors and angles associated with electrical impedance are shown in the
idealized sketch of Fig. 29, where hoth conventional X, and R axes and rotated X,;, and
R,,; axes are shown. We will use this figure to explain significant features of electrical
impedance plots.

To simplify the explanation we also show (Fig. 30) a phase diagram of ¢, .}, v8
frequency. In the following discussion we will use the word point {o indicate frequency
as a parameter and we will assume the blocked impedance Z(?) to (loosely} represent the

average hlocked impedance over the entire frequency range covered by the major loop
1-2-3-4-77-1:

e At point 1 the electrical impedance is purely blocked (Z,, = Z{®}). The mo-
tional phase is (asymptotically) +90°.

s Between points 1 and 3 the phase (§,,,: )¢ 15 positive and diminishing. At
point 3 the phase is zero. By definition point 3 is a frequency of mechanical resonance.

® The negative phase {¢,,,),0r 2t point 4 abruptly decreases and becomes O af
mndtnd B bl b te seoddtesa haderrane tmednde B oand £ damvnacine b ) meenie ok smadnd £
PULIL oy LT LHIAMT IS iJUbLU.VU UCULWUECLE prisilite o diitl D, uRlivaslily LU U dEdiil oo piuitiv U,
then the phase becomes negative, returning to point 4. By definition the interior loop
4-5-8 has a frequency of mechanical resonance at 6.

& At point 7 the negative phase undergoes a rapid change of a few degrees with
increase in frequency, always remaining negative. (A similar event occurs at point 2
where the positive phage undergoes a rapid change of a few degrees but always remains
positive.} Points 7 and 2 are frequencies at which a nonresonant change in transducer
motion occurs due to “‘sudden® local changes in {net) stiffness or inertia of the water-
loaded transducer under forced drive. *

%
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e From the completed loop at 7 to point 1 the phase remains negative and ap-
proaches -90° as point 1 is reached.

® At point 1 the idealized phase changes abruptly from ~90° to +90°.

+90 !

2 8
5fis

(¢MOT) ROT 0 3\/

a4
T

-90

FREQUENCY

Fig. 30 — Phase diagram that pertains to Fig. 29

5.1.4 Nonresonant Water Modes

In the vicinity of point 8, where the mechanical stiffness of the system changes
markedly, the mechanical phase (Eq. 5.9) executes a sharp change of a few degrees but
always remains of one sign. This change in stiffness originates in the water (inertial) load,
which being a function of frequency may become relatively large at some given point but
not large enough to cancel the shell (loaded) stiffness completely. The total impedance
curve rapidly changes in curvature but does not form a resonant loop. The condition at
point 8 is called here a nonresonant water mode.

5.2 Motional Impedance Analysis and X,, + X; Plots
5.2.1 Motionel-Impedance Phase
Under an external mechanical load of mechanical impedance Z; (<R, +j X} ) the

electrical motional impedance of an electromechanical transducer in forced drive is given
[5] by

Zmot = AZe28 | Y | et | (5.6)

where A is the absolute value of the vector force factor Z,,, (=R,,, +iX,,,) and § is the
force-factor angle. The symbol |Y,, | is the absolute value of the total mechanical ad-
mittance of the transducer, and ¢, is the total mechanical admittance angle. Thus, in
accordance with these definitions,
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-2R,, X,
A2 =R2 +X2 and tan 2§ = wz"’m——_——%’i : (5.7}
Rem -Xem
¥ =i Ry, +Ry - i(X,, +Xp) 5.8
m o zo+Zy 0 By +Rp)2 + (X, +X )R] (5.8)

in which Z, = R, +jX, Is the no-load mechanical impedance of the transducer, and

o EntA) o 0
$m =tant T 20 _00° < ¢, < 90°. {5.9)
R, +Ry

In this report we measure all angles relative fo 2. The sign of ¢,, is determined in the
simple case of one degree of freedom as follows: the sum X, + X; is negative when me-
chanical stiffness exceeds mechanical inertia in the loaded transducer, and positive when
ineriia predominates. From Eqg. 5.9 it is seen that when siiffness predominates, ¢, is
positive, and that when inertia predominates, ¢,, is negative. When w = 0, ¢,, > 90°,
and when w = =, ¢, — -an°,

5.2.2 X, -plus-X; Plots

Equations 5.6 through 5.9 describe the motional effect of the mechanical vibra-
tion of the ring core on the electrical terminals, including resonance. As noted in Section
5.1.3, 2 frequency of mechanicel resonance is defined as that frequency of forced drive
of the shell for which the phase angle ¢,, is 0. For a true elastic continuum {such as a
magnetostrictive metal shell in a fluid medium)} the number of frequencies of mechanical
resonance is indefinitely layge. To determine the first few of these conveniently, it is
useful to superimpose plots of X, and X versus frequency on a single coordinate plane,
and visually note points where X, + X, falls to 0.

The caleulation of X, is performed as follows: The ring shell is driven in forced
vibiration in the presence of a load, At a given frequency of forced drive, the resultant
shall velocities store kinetic energy, and shell deformations store strain energy. The dif-
ference between these two energies multiplied by «w and divided by a velocity notmall-
zalion factor is X,. The method of calculation of these quantities and the normaliza-
tion factor follows in Section 5.3,

The calculation of Xj is performed in accordance with the formulas found in
Section 9 of Part 1 [1].

When X, and X; are available, it is convenient to plot the negative of X, and
overlay it with a plot of X;. A typiecal overlay of -X,, and Xj is shown in Fig. 31.

28




NRL REPORT. 7964

ﬂmis-p

XL

MECHANICAL
IMPEDANCE

- o
0 W wywy G W, g Wy W o T
Fig. 31 — Plot of X,,, plus XT,

This plot, as can be seen from Eq. 5.9, may also be used to identify sign changes in the
phase ¢, under the assumption that R,, + R is positive. The significance of the -X,,
and Xj curves, and the selected frequencies wy to wqy, are as follows:

¢ The -X,, curve begins with a maximum (say Xp,,) at w = 0, and shows a di-
minishing trend as w is increased, except for recurrent peaks -X,, -Xiny, - - - . Bach
maximum corresponds to a different spatial pattern of displacement of the shell (indepen-
dent of amplitude).

¢ The X; curve begins at X; = 0 at w = 0 and shows thereafter a succession of
peak and valleys as w increases. When X; > X,,, we say the shell is load (cavity)
controlled.

® In the region w < wq it is seen that -X,,, > X;. This condition indicates that
stiffnesses reactance in radial displacement dominates the reactance of the system of shell
and fluid. Since stiffness reactance is negative (in this report) ¢,, is positive.

¢ At w = w, the sum X,, + Xy is 0. The reactance X, is predominantly stiffness
in uniform radial motion, and the load reactance X 1 is predommantly inertial. Since the
phase ¢,, approaching w, is positive, we identify w; as a frequency of mechanical reso-
narice controlled by the water load, in nearly uniform radial motion.

® At w = wy the transducer is water-load (cavity) controlled and the phase m
is negative,
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* At = wy the sum X, + X; is again O and the phase ¢, approaching wg is
negative. Hence w, is a frequency of small motion in the uniform radial pattern of
displacement,

e At w = w, the phase ¢, is again positive and motion with the spatial displacement
of the pattern of peak X, is increasing in amplitude. The transducer is stiffness controlled.

s At w = wy there is a frequency of mechanical resonance with an associated spatial
pattern of displacement which is different from that at «w = wy.

® Between wg and wg the transducer is water-load or inertia controlled, The
phase here is negative. Between wg and wq the transducer is stiffness controlled again
and the phase is positive,

® At wq the phase ¢, switches back to negative and remains negative through-
out wg, wyg, and wyg. Between wg and wg the shell reactance is predominantly inertial
whereas between wg and wyg it becomes a stiffness reactance once more with an assoct-
ated shell motion of a second mode (peak at sz).

® At w;g the sum X, + X; is small but not 0. The phase §,, remains negative
between wg and GI1g» although it rapidly changes in magnitude. We call wyq a nonresonant
water-controtled mode.

5.3 Strain and Kinetic Energy Formulas

As noted in Section 5.2.2, the calculation of both X, and X require special meth-
ods in the case of a magnetostrictive shell. These are discussed now. The mathematical
model of EIGSHIP is based on the assumption of axisymmetric motion. In determining
strain energy {U)} and kinetic energy (T} of the shell, and from them the mechanical re-
actance X,,,, we use the formulas of Sharma [6] for the special case of axisymmetric
motion. Thus the relevant EIGSHIP formulas (using symbols given in Table 1) are

2
strain energy: U = Yu_ksz)abZﬂ v i’;‘(f“}i)* + wuw* + v du w* | dx
(1-42) Y gx\ dx a? @ 9x

L2
+ ———bz f a2 __a2w(__32w) ) + -LELU* -2a du ELZE} " dx
122 . dx2 X axl a2 3x \ 222

and

ki2 2 2
kinetic energy: T = 2mpab [ [(%) + ( Z—fw) -l dx.

v Xz
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The symbols u and w represent displacement in the axial and radial directions re-
spectively. The factor (1 - k2 Xg) is due to constant-current drive. It is not present for
constant-voltage drive. Also rms values are assumed in these formulas, which cause them
to differ from those in Sharma by a factor of 2. From U and T the inertial and stiffness
reactances are obtained as follows:

“medium inertial reactance ZKN = Jew TIVNM
and
Shell Stiffness Reactance ZST = jwo U/VNM,

where VNM is a velocity normalization factor. EIGSHIP (described in Section 7) obtains
integrals for U and T using an expansion of u and w [1, pp. 19ff] in terms of modal
shapes and integrating the modal shapes analytically. VINM itself is calculated using band
velocities:

VNM = z vi”;‘* Al [4ma(l+b)],

alt blan ds

where v; represents the numerical value of normal velocity on the ith band as calculated
by EIGSHIP and A; represents the area of the ith band.

6. AN ELECTRIC-IMPEDANCE ANALYSIS OF THE
ACOUSTIC PERFORMANCE OF RING C

The methods of X-vs-R plots, and X, -plus-X; plots described in Section 5 can be
applied to each of the Figs. 2 through 28 to obtain an interpretation of the theoretical
and experimental data of our models. We will illustrate the use of these methods by
making a complete electromechanical analysis of ring C. This particular ring is selected

because it shows a wealth of elastic and piezomagnetic responses over the frequency range
1 to 20 kHaz.

The physical dimensions of ring C together with its elastic and electromagnetic prop-
erties are given in Table 1. The electroacoustic performance of this underwater sound

transducer as predicted by theory, and as measured by experiment, are found in the fol-
lowing plots and graphs:

® Predicted total electric impedance in water, Fig. 32;
® Measured total electric impedance in water, Fig. 33;

® Predicted and measured constant-current transmitting response, Fig. 22;
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¢ Predicted and measured far-field radiation patterns at 4.0, 8.0, 12, 14, and 15.8
kHz, Fig. 25;

e Predicted total electrical reactance and resistance in water, Fig. 7b;
¢ Predicted radiation loading, Fig. 13a;

o Predicted relative pressure magnitude distributions on the transducer surface,
Fig. 26;

e Predicted total electrical reactance and resistance in air, Fig. 4b;

e Predicted motional electric impedance in water, Fig. 34, Each motional value
has been rotated (as described in Section 5.1.3) by the angle 28 (twice the value of the
hysteresis and eddy-current angle at the appropriate frequency);

® Predicted mechanical reactance in water, Fig. 10;

® Predicted surface velocity in air and water, Figs. 27 and 29.

o rvn-nnvn] thanwratinal hacic far nradio 1 g tha narfAavman ‘F ving V ic
A€ gernerar LeoretiCan 0asis 10T preGicil 1 Wit perisd mance o1 21llg o1

detalled in Part 1 [1], a more explicit elucidation of the partlcu.lar results of computa-
tion contained in the plots and graphs just listed is needed because of the complexity of
the predictions, This follows. To assure better understanding we will adhere to the def-
initions and concepts of analysis developed in Section 5.

6.1 EIGSHIP Prediction of Surface Velocity

The interpretation of the electroacoustic performance of ring C requires a graphical
display of the absolute magnitude of the (spatially averaged) radial and axial surface ve-
locities versus frequency both in air and in water as predicted by EIGSHIP. These are
found in Figs. 27 and 28 along with the radial surface velocities predicted by the Butter-
worth and Smith model. An additional graph, which displays the predicted acoustic power
radiated versus frequency for both the EIGSHIP model and the Butterworth and Smith
model, is shown in Fig. 16. These graphs will be used in the following discussions.

6.2 Computer Determination of Resonant Frequencies in Air
and Calculation of EIGSHIP Input Data

We consider first the predicted total electrical reactance and resistance of ring C in
air, Fig. 4b. For the condition of free vibration our elastic resonances are prediced by
EIGSHIP in the frequency range 0 to 40 kHz. These are listed here accompanied by
sketches of their predominant elastic shapes (center to one end in the length direction):
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Fig. 34 - Theoretical motional electric impedance of ring € in water (Zpmonph
adjusted by multiplying Z 55, by &
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As noted in Section 3, the measured total reactance and total resistance in air are
used to obtain needed values of parameters to serve as input to EIGSHIP. In particular,
by drawing the lower frequency slope to the reactance curve, one obtains the magnetic
permeability g. In addition, by constructing the electrical motional impedance diagram
in air, one obtains a value for the hysteresis and eddy-current dip angle 28 and obtains
the mechanical § at constant current. These values serve as EIGSHIP input data.

The displacement curves of ring C in water are shown in Fig. 35. They were ob-
tained by EIGSHIP, from reference surface velocities in water as calculated from EIGSHIP
with constant-current drive, by first dividing the velocity magnitude by the appropriate
frequencies to obtain displacement. The angle variation was accounted for by arbitrarily
setting the phase of the displacement at the first band (near the center of the shell) to 0
50 that the magnitude represented the actual displacement, and adjusting displacements on
the other eight bands accordingly. The phase difference between those bands that have
positive displacements and those bands that have negative displacements is nearly 180°
except possibly for displacements of relatively small magnitude, so that the positions of
the modes illustrated in curves for 9340 Hz and 7960 Hz vary little over one cycle of
motion and the displacement at the end of the shell effectively represents the maximum
displacement of the end over the cycle of motion.

2900 Hz
ar ) 1
3t i
@ 2 - 0.02
2 o
I+ 4 2 oo
= o 18,800 Hz  (d) = : W
[
t"lj.l I L \ ] =z | L s
8T 1 g8 ot
O
< _ | 7 cEnTER OF 7 4 _ooil L_CENTER OF
z SHELL 1 = : SHELL
8 -2f . g: -o02f
-3 . -003
-4— i
_5_ i
_6- A
-7

Fig. 36 — Radial displacement as predicted by EIGSHIP of the reference surface of ring C in water
plotted along the length of the shell from the middle to the end for four diserete frequencies
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6.3 Predicted Total Flectrical Impedance and
Its Theoretical Significance

The predicted total electrical impedance Z;,, = R,,, + jX,,; in water is shown in
Fig. 32. This is a plot of X, vs Ry, with frequency as parameter. It shows several fre-
quency ranges where the motion of the ring in water noticeably alters the electricat im-
pedance of the simple coil wound on a nickel core. These ranges are 3500 to 4500 Hz,
7500 to 8600 Hz, 8800 to 10,000 Hz, and 13,000 to 18,000 Hz. These are the ranges
of immediate interest, and we shall analyze them in accordance with the definitions and
concepts of Section 5. To this end we use the X + X; diagram (Fig. 10}, the electri-
cal motional impedance diagram (Fig. 84), the radiation load diagram {¥Fig. 13a), and
various far-field pressure patterns (Fig. 25).

6.3.1 Electrical Impedance Disturbance in the
Vicinity of 4 kHz

In Fig. 34 the predicted motional impedance vector increases fo a peak magnitude
of t Z_ . | =~ 7 electrical ohms at a frequency of ~ 3900 Hz. The motional resistance
is almost a maximum as well, thus leading to the conclusion that the frequency in the
vicinity of 3900 Hz is a point of {local) maximum (effective) axial and radial surface ve-
locities, as well as maximum transmitting response, The curve of radial displacement
(Fig. 3B} is similar to the deformation shape of the first air radial mode {skeiched in
Section 6.2). It exhibits bending but has no nodes. The point of zero motional phase
angle {Fig. 34) is approximately 4180 Hz. In the range 4180 to 4600 Hz the motional
phase angle is negative {Fig. 10), indicating inerfial conirol of the motion. At 5060 Hz
the {effective) surface velocities (axial and radial) are small because of the high impedance
of the transducer-medium systern. At 5400 Hz the radiation reactance drops to zero gnd
then become negative, remaining so until 7600 Hz,

We interpret the impedance disturbance near 4000 Hz as follows: The elastic
cylinder-water complex is a combination of an elastic ring which views an unbounded
medium on three sides {outside surface and two-ends}; swrrounding—within itself a cyl.
indrical red of water which views the medium at its two water ends. The elastic ring
acting as a dynamic radiator of sound develops an inertial reactance of the medium to
its own motion. Its self-reactance is that of a stiffness (-X,, curve in Fig. 10), The cyl-
indrical rod of water when vibrating generates a self-impedance which is the sum of a
stiffness of the fluid acting as a rod and an inertial reactance of the radiation mass ac-
companying the squirting of fluid from the ends. In accordance with numerical ealeula-
tion it can be shown that a eylindrical rod of water for the dimengions of ring € and
the ring wall impedance actually present is in “longitudinal half-wave resonance™ at a
frequency near 4200 Hz {7]. In this resonant state the longitudinal stiffness cancels the
inertial radiation mass of the water rod,; leaving only the inertial reactance of the medi-
um on the exterior surfaces of the ying and the stiffness reactance of the ring itself. Fig-
ure 10 shows that the two latter reactances cancel at approximately 4100 Hz, From this
we conclude that near 4 kIz the ring radial veloeity will be a maximum, the transmitfing
response {Fig. 22) in the radial plane will peak due to the momentary existence of a
maximum in radial motfion and in electrical resistance (Fig. 34), and the transmitting
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response in the axial direction (Fig. 22) will peak due to the relatively large axial motion
of the ends of the interior water rod vibrating in longitudinal motion.

As the frequency increases beyond 4.6 kHz, the medium reactance drops. This is
interpreted as due to the accession of cavity stiffness in the radial direction (Fig. 10)
and the detuning of the longitudinal mode of rod vibration. Both effects sharply reduce
the system motion., At 5.4 kHz the radial stiffness of the water in the cavity begins to
dominate the reactance (Fig. 10). This condition of negative reactance continues with
increasing frequency unt11 it 1tself begins to be canceled by the inception of a new mode |
of motion of the ring as the frequency of 7 kHz is approached. As described in the next
subsection this new deformation shape couples with the medium to generate an inertial
reactance of the medium which soon dominates the radial stiffness of the fluid cylinder,
producing an inertial reactance of the system beginning at 7 kHz.

6.3.2 Electrical Impedance Disturbance in the
Vicinity of 8 kHz

In the vicinity 7960 Hz the motional impedance rises to a peak magnitude of
Zot | = V(186)2 + (7.2)2 = 14.5 electrical ohms at positive phase of approximately
30° (Fig. 34). Since this maximization occurs in the vicinity of a (local) maximum val-
ue of motional resistance, the freauencv 7980 Hz iz a ﬂnm]\ noint of maximum f(effac.
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tive) transducer velocity (Fig. 28). The curve of rad1al dlsplacement (Fig. 35) shows
that there are two nodes at symmetrical positions approximately 0.2% from the center,
with the radial displacement at the ends of the cylinder having about twice the magni.
tude of the center displacement. The point of zero motional phase is at f3 =~ 8040 Hz
(Fig. 34}, with an associated magnitude of motional impedance of 11.4 ohms. In the
frequency range 8200 to 9300 Hz the net mechanical reactance is small, the motional
phase angle is negative, and the magnitude of motional impedance varies from 6 to 8
ohms (Fig. 34).

We interpret the impedance disturbance near 8000 Hz as follows: From Fig. 10 it
is noted that the radiation reactance reaches an (inertial) maximum at 8000 Hz, then
drops to near 0 at 9000 Hz. The radiation resistance (Fig. 13a) is small at 8000 Hz,

and rises to a maximum at 9000 Hz. We say that this reactance sequence follows the
reactance-resistance seauence at 4000 Hz and hence that tha ecavity veactance sonin hao
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comes small at 8000 Hz. The remaining external inertial reactance of the ring cancels
the stiffness of the ring, thus generating the large motional impedance effect noted.
This cancellation is effectively present over the (wide) band of frequencies from 8000
to 8800 Hz.

An important feature of the dynamical motion near 8000 Hz is the marked increage
in stiffness (decrease in stiffness) during a frequency sweep when the radial deformation
involving the two nodes (7960-Hz curve in Fig. 35) supercedes the nonmodal radial de-
formation associated with 4 Hz (3900-Hz curve in Fig. 35). This increase in stiffness is
seen in Fig. 10 as a vertical perturbation of the -X,, curve for the ring at 8000 Hz. It
is also seen in Fig. 34 in the region between 6000 and 7700 Hz, where the motional im-
pedance curve reverses its curvature. The sudden increase in stiffness of a new modal

37




HANISH, KING, BAIER, AND BEOGERS

shape causes the surface pressure distribution to radically change, as shown in Fig. 26,
from a maximum at the center at 7800 Hz to a minimum at the center at 8000 Hz, with

the result that there is a transient uiup in radiation to the far !..llf.].u, apped.rmg in ine pre-
dicted transmitting response as a 3-dB dip between 7600 and 7800 Hz (Fig. 22). The
higher frequency side of this dip is very closely followed by a rise in motional impedance
as the high-@ two-node modal motion takes over that peaks at =~ 7960 Hz (Fig. 34). The
large radial transmitting response {(Fig. 22) at 8000 Hz is attributable to the coincidence
of the cancellation of stiffness of the ring and inertia of the medium plus the pronounced
reduction in cavity reactance.

In the vicinity of 9200 Hz the radiation resigtance peaks, attributable to a cavity-

+urna lanaitindinsl mnrl.a Mhic noaling ]aorlq ‘f‘n f-kn rn-arhnfﬂnrl +h-:1" +ha avial +rq“nmtff Tyt
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response will also rise (Fig. 22).

The maximization at 7980 has just heen noted to correspond ic a (radial} deforma-
tion curve featuring a pair of symmetrical nodes located 0.2% from the center. Starting
at 8600 Hz (Fig. 34) the deformation shape begins to change, and at $340 Hz the pair
of displacement nodes is symmetrically located approximately 0.1 from the center (Fig.
35), making the ring more stiff. This increased stiffness makes -X,,, less negative {less in-
ertial}. The motional effect therefore rises again (Fig. 34), reaching a maximum at 9340

Hz. where the motiona! imnadanes has 2 maonitude of G clactrical ohms, Sinee the mo-
OiZ, Wilre Wi moutna nuy\,uuuuu 0 a magnit no me

chanical @ of this mode exceeds 80, we predict a rapid perturbation of the planar trans-
mitting response, in which the magnitude of perturbation is small because the motion of
the ring is controlled by residual reactance {Fig. 10), rather than by resistance,

6.3.3 Electrical Impedance Disturbance Above

14 kHz
Tin e A 4+hn manfinnal tmnadonens gontaw ot 14 B e anroenvimataly 1 7 ahma
111 Lls- I uULT IIIUD.I.UI 4L LIl Cumu,c PEL VLAY 4y LTE fnlidr 1o uy}_} AL LLLCA LY J-u\l UI.I.IAID l.ll
magnitude at an angle of approximately -72° with a motional registance component of

0.2 etectrical ohm. The motion of the ring is small, and the associaied reactance is
highly inertial. As the frequency is increased, the radiation reactance drops to 0 at 15.5
kHz (Fig. 10) and then becomes negative, that is, changes from inertial to stiffness re-
actance. At f = 15.7 kHz the motional phase angle is 0. Between 15,7 and 16.5 kHz
the elastic ring exhibils inertial reactance while the medium exhibits stiffness, with stiff-
ness predominating (Fig. 10). Hence the motional phase angle is positive in this range.
At 16.5 kHz (Fig. 1G) the ring inertia overcomes the cavity stifff}ess and the phase angle
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a maximum magnifude of about 3.7 electrical ohms (Fig. 34). At 18 kHz the ring iner-
tia still predominates over the cavity stiffness, and the total reactance is large (Fig. 10}
This indicates little motion of the radiating surfaces. At the frequency of maximum elee-
trical motional impedance (16.8 kHz) the shape of radial deformation is similar to the
shape at 4 kHz (Fig. 35}

We interpret the electrical impedance digturbance in the range 14 to 18 kHe as fol-
lows: From Fig. 13a the reactance-resistance peaking sequence is similar to the same se-
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strongly related to the effects of the water in the cavity. Between 10 and 14 kHz the
ring-medium system is highly reactive because the medium and the elastic ring are both
inertial in behavior (Fig. 10). This accounts for the steep decline of the ring transmitting
response in both the radial and axial directions (Fig. 22). In addition, at a frequency of
13, 742 Hz the radiation to the far field exhibits a minimum in the radial direction, as
will be explained in the next subsection. Thus the rediated power in the axial direction
(the real power delivered by the transducer to the far field) is at a minimum in the vi-
cinity of 14 kHz. We conclude that both near-field effects (as exhibited by the small
surface velocity) and far-field effects (as exhibited by the near-zero radial radiation) con-
trol the decline in the radial transmitting response in this region. Between 15 and 16
kHz however the medium reactance plunges from a highly inertial to a highly stiffness
controlled reactance (Fig. 10). This switch in reactance is due to the onset of radial
stiffness of the water in the cavity. At 15.7 kHz this radial stiffness cancels the ring
(elastic) inertia, thereby setting the ring free to begin its motion. Between 15.7 and 16.5
kHz the motion rises rapidly, bringing the motional phase to 0 at ~ 16.6 kHz (Fig. 34).
At 16.8 kHz the electrical motional impedance vector reaches a maximum magnitude. At
this frequency both the radial and axial transmitting responses are at their maximum val-
ues. The interior fluid of the cavity is in a form of radial resonance corresponding to
low-impedance boundary walls (Section 6.3.5). At 19 kHz the ring (elastic) inertia and
the medium load inertia are both again combining to impose a reactive load on the trans-
ducer and a corresponding negative electrical motional phase angle, resulting in a great

diminution of its vibratory motion and near-vanishing electrical resistance,

6.4 Far-Field Radiation Predictions in Simple-Model Cases
6.4.1 Zeros of Far-Field Radiation in the Radial Direction

The far-field radiation predictions of EIGSHIP are based on the analysis of Part 1
[1]. Simpler models can be used in most cases to good approximation, and discussion
of them will illuminate the radiation of sound by a free flooded ring.

One technique is to model the elastic-ring shell as a circular ring of radiating dipoles,

since at specific frequencies the magnetostrictive shell has the characteristics of such a

ring. We will explore the zeros of this model. The directivity function of a distribution
of sources d@{x) located on a circle of radius ¢ is known to be [8]

s autc

_5(9) = 71 g/kp sing cosp dQ
w J

Letting d@ = @ya dy and setting @ = 2ra@y, one sees that

D (8) = Jy (ka sin v)

in which ¢ is the angle between the normal to the plane of the circle and radius vector
to the observation point, The far-field pressure P is then given by

39



HANISH, KING, BAIER, AND ROGERS
P =PFyD,
in which ?;) is the maximum far-field pressure. When the sources are dipoles with a mo-
ment arm Ag units long, the farfield pressure is modeled as

. -k
p =8, elkr (i——;ri) gJG(im sin ) - Jy [k(a + Aa) sin s}% \

in which S, is the monopole source strength. For small Aka sin ¢ we expand
Jolk{e + Ag) sin 8] in a Taylor series:

Jolk{atAa) sin 8] = Jy(ka sin ¢ ) - J;(ka sin §)Aka sin 6 + . ...

To first order in Aka sin 0,

ek .
p =~ D, singj . k2pc Jyika sin 6),

'~z D233 2

where D, = 8, Ag is the dipole source sirength. In this approximation the far field is
always 0 on the axis of the ring and is 0 for any angle # where

J,(ka sin 8) = 0.

The first root of Jy(r} = 0 is r = 3.83. Hence the far-fleld pressure is 0 in those directions
for which

/

(

o o0 QD Q0. 0
- (3 S 23] 2 A3 Traid
sin § = = =

ka wda 2

2o

Tt |

“).

At 8 = 90° the first zero occurs at frequency fy, where

383/ ¢
ho= 2n (a )
= GN°y coineide

Higher order zeros of far-field radiation in the radial direction {mainly ¢ = 90"} coinci
with the zeros of J;(r)=0. This simple model therefore accounts for the quasi-periodic
appearance of radiation nulls in the radial direction. Its validity however is limited, as
can be seen by its dependence on a single coordinate {(namely r) in a vibration pattern
which is two dimensional (axial and radial). For these more complicated two-dimensional
deformation patterns the full power of EIGSHIP must be used.
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6.4.2 Confined-Fluid-Cylinder Modes

A second technique is to model the elastic-ring shell as a fluid-filled cylinder in which
progressive waves are propagating. This model illuminates the theory of radiation from a
free flooded shell in those cases in which the length of the shell is equal to or greater than
the wavelength of sound in the fluid. Since this model deals only with the elasticity of
the fluid but not of the shell, its validity is also limited. It does however provide insight
into the conditions of fluid motion in the cavity. A brief account of the relevant theory
is presented in this section.

A confined fluid cylinder of circular shape, radius a, can propagate acoustic waves
in the axial () direction, in which the wave motion can be described by the displacement
potential ¢ (dimensions: m2), at harmonic time e /%!, The acoustic pressure satisfies the
equation of state p = —p32¢/0£2. Let u, (= 8¢/9,), uy (= 0¢/rdd), and u, (= 3¢/d2), be
the radial, tangential and axial wave digplacements, and let ¢; be the speed of sound of
the unconﬁ'ned medium. I K; is the transverse spatial wavenumber, and w /¢, is the tem-

noral pronagation constant, then for axisymmetrical wave motion the wave eqguation for
poral propagaton constant, ihen ior axisymmetrical wave motion e wave egquaiion 1or

the potential can be factored into a product of radial waves and axial waves with separa-
tion constants K7 and (w/cg)? - K = k2 respectively. The classical solution is

b = Ady(Ky,) eikZ et

The wave numbers K, are determined by the boundary conditions. For zero pressure at
the boundary, Kd satisfies the equation Jo(Kga) = 0, or K{M) = o, fa, where o, are the

[y fonh — Plugd dhann galizae ~Ff w{m
roots of "0\"‘) = (. The first three values of Ry"7 are

K =2.40/0, k(P = 5.52/a, and K = 8.65/a.

The phase velocity is

cfgm) =wfky = w/ [(wzfcg) - Kém):z:l 12

When K(d’" 2 2(w feg)2, that is, when w < Kjcg, there is no propagation of the mth mode
(it is evanescent). Thus there is no axial propagation in a pressure release waveguide at
frequencies

w(l) < 2.40/a ¢z, ©(2) < 5.52/a ¢y, w3) < 8.65/a ¢y, .

In the case of a rigid waveguide, K, satisfies the equation J;(Kga) = 0. The cases of no
axial propagation then occur at frequencies

w0 <0, wl) < 3.83/acy, 0@ < T01l/acy,...,

where «(9) is the plane-wave mode, which is seen to propagate at all frequencies. In the
case of a free flooded magnetostrictive shell the interior cavity undergoes transverse
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resonant motion at specific frequencies. Thus the cavity exhibits alternate stiffness and
inertial reactance at successive frequencies, resulting in alternate peaks and valleys in ra-
dial radiation. These changes of reactance appear as a succession of loops on a plet of
electrical reactance versus resistance in which frequency is a parameter.

6.5 Measurement of Experimental Curves of
Total Impedance in Water

The total electrical impedance is the sum of the blocked impedance and the motional
impedance. When the magnitude of these quantities is of the order of a few eleetrical
ohms, their measurement in the NRL Accustic Test Tank becomes difficult, A significant
parameter in the capability of mmaking the measurement is the ratio of the motional to
the blocked impedance. Experience has shown that measurement of ratios of less than
160 percent are subject to errors. We will note a few such ratios as determined from
EIGS8HIP, choosing ring C as an example.

The magnitudes of blocked impedances [Z, | can be roughly estimated from the
total electrical impedance of ring C in water given by Fig. 33, and the magnitudes of mo-

+innal imnads ha nwardintod fram tha ntinnal 3 adnman nortewhationng ao nalore,
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lated from EIGSHIP and shown in Fig. 34. These calculated impedance magnitudes and
their ratios are listed in Table 2. The resulis in Figs. 33 and 34 permit the prediction

that there will be at least two measurable loops on the experimental total impedance

plot, namely, in the neighborhood of 4000 and 8000 Hz. Since in these regions the motional
effect equals or exceeds 25 percent of the blocked effect, available instrumentation at
the NRL Acoustic Test Tank is capable of recording these electrical impedanees, In ad-
dition these predicted motional impedances pass through zerc phase angles, thus guaran-
teeing the existence of a loop on the total impedance plot. In contrast the predicted mo-
tional irnpedance in the vicinity of 9304 Hz does not pass through zZero phase. Thus it

is predicted that it will not per se exhibit the presence of a loop on the total impedance
curve but rather a perturbation (discussed in Section 5.1.4). Also, at 9300 Hz the motional
impedance is less than 10 percent of the blocked value, and a perturbation due to it
will result only in a local deformation of the impedance curve. In the vicinity of 17,000
Hz the motional impedance plot (Fig. 34) passes through zero phase. Hence a loop is
predicted at this frequency. However the motional effect is less than 4 percent of the
blocked value. The predicted loop will be small. In actual experiments the instrumenta-
tion at the NRL Acoustic Test Tank was incapable of resolving this small loop.

6.6 Transmitiing Responses Predicted by EIGSHIP

g a simnle linear function of

Thao transmittinge eurrent response of a Y"!f\ﬂ vana i
1ise anstu 18 2 simpig {INSgr fQniéuon

y
EET Wi 33 LIl Lo UL AL 4l Liix uL

the surface velocity. This velocity may be mduceé by an applied current at the electri-
cal terminals of the transducer [1, Eq. 5.23), Tt is also induced by an applied mechanicat
force of the medium at the mechanical terminals [1, Egs. 5.1 and 5.2]. When both me-
chanical and electrical applied drives act simulfaneously, the resultant surface velocity
distribution exhibits more complex modal shapes than when either drive acts separately
{Fig. 38). A direct measure of the mechanical motion in any meode is the electrical mo-
tional impedance measured at the electric terminals (Figs. 5, 6,7, and 34}. This quantity
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Table 2 — Calculated Magnitudes of Blocked Im-

pedances and Motional Impedances of Ring C in

Water and the Ratios of These Magnitudes at Par-
ticular Frequencies

Frequency 1Z, | | Z ot | Zmotw/Zp |
(kHz) (ohms) (ohms) (%)
4 22 6.5 30
8 42 10.5 25
9.3 44 4 9
17 17 3 3.9

is known to be proportional to the square of the transduction (or force) factor and the
mechanical admittance [5, Eq. 4.3, and 1, Eq. 5.5]. In a ring transducer the force factor
is proportional to the preduct xh {Appendix E, Section E3). Below mechanical resonance
(in any mode) the mechanical admittance is small; hence the mechanical motion is small
in the conventional range of linear force motion and the electrical impedance is predom-
inantly that of an electric coil. The radiation field is controlled by the modal stiffness
of the elastic structure. At frequencies of maximum transmitting response the motion is
a maximum for the particular mode. The magnitude of motion is then determined by
the mechanical resistance (predominantly of the water load) and by the magnitude of the
product xk2h2. Thus the prediction of frequencies of maximum transmitting response of
EIGSHIP depends on the prediction of two quantities: the mechanical resistance and the
magnitude of the product k2h2 (Appendix E, end of Section E3).

6.6.1 Dependence on Mechanical Resistance

it i
ical re31stance is a sum of (a) the coupled hysteresis and eddy current losses in the mag-
netic circuit specified by the complex transduction factor, (b) the purely elastic losses
specified by the complex Young’s modulus, and (c) the acoustic radiation resistance. It
is assumed that terms (a) and (b) are accounted for with sufficient accuracy in the
EIGSHIP prediction of radial transmitting response. Term (c) is discussed in Section
6.6.4.

6.6.2 Dependence on the Product x2h2

The reversible magnetic susceptibility that appears in the product xh is related to
the reversible permeability p by the formula k = g - uo (Appendix E, Section E1). The
quantity u is measured directly from alow frequency 1mpedance measurement on the

mechanically free {nonstremcu, rng.

It is assumed that this quantity is known with suf-
ficient accuracy. We are thus left with the determination of the magnitude of the pie-
zomagnetic constant h, This constant is in general a tensor quantity, the number of
whose components depend on geometric and electric coil configurations. By definition
h is the ratio of applied mechanical stress to magnetic flux density. In the lowest air
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mode of a magnetostrictive ring the applied stress is tangential: 7 = Tpp. Hence at any one
instant in dynamic motion the ring is assumed either in uniform elastic tension or in com-
pression, and the induced magnetization is uniform on the cross-sectional area of the ring.
Thus the predicted & is assumed to be hgy. This constant is measured from dynamic re-
sponses of the ring in air, that is, under conditions of no load at the mechanical terminals,
Thus measured, the magnitude hgg can be used to predict the relation of stress to flux
density in all situations where the stress in the ring sheil consists of one component

(= Tag ) which is uniform acress the shell thicknass.

When the rings are driven in water at their resonant frequencies, they exhibit modal
shapes corresponding to bending (Fig. 35). This bending is due to load-induced forces ap-
plied at the mechanical terminals, which in air were effectively open circuited. In bending,
the magnetic flux due to the positive stress of tension is partially canceled by the oppo-
sitely directed flux due to the negative stress of compression and is nonuniformly distrib-
uted in the axial direction. Thus, while the electrical terminals supply a steady curreat fo
produc—e a uniform magnetic field in the '1‘11‘1’;_:;' the forces at the mechanical terminals in-
duce magnetic fluxes oppositely directed across the thickness and nonuniformilty distrib-
uted along the length. The ratio of stress to flux deunsity is thus no longer gy, as mea-
sured in air, bul a necessarily smaller number due to partial cancellation and nonuniform
distribution. In effect the medium adds a pair of mechanical terminals not present in
air. The coefficient hgg (originally determined from air data) is thus effectively multi-
plied by an additional fraction accounting for flow of (coupled) energy through the me-
chanical terminals of flexure, In water therefore, the transducer is operating with several
mechanical ferminals (including flexure), rather than two (1ﬁng'tudina% and raéia}} as in
air. The eqliiir‘aléﬁu circuit of the i‘if‘ig may be generalized to show this g!:;g, aU,I, In air
the piezoconstant hgy directs the flow of energy through the path ¢ * ¢q, — radial. In
water a smaller piezoconstant 2 directs the flow of energy through the path ¢4 = ¢3¢

dga — “radial.”

The experimental results in water substantiate this reduction of hyy under loaded con-
ditions. We first choose ring C and examine Figs. 7a, 7b, and 35, At 0.8 kHz {Figs. Tb
and 35¢) the prediction of EIGSHIP shows g barrel mode., This is based on the value of
hgg measured in air. In actual experiment (Fig 7a) no motjonal effect appears; that is,
the fiow of energy through the flexure terminals is too small to be measured. Again, the
reactive motional impedance of the “first radial mode” at 8 kHz predicted by EIGSHIP
(Figs. 7b and Fig. 35b) is larger than that actually measured {Fig. 7a). Here again the
value of u2h2 is too high, since it was based on air data, obtained when only two mechan-
ical terminals are present. From this discussion on ring C it will be seen that the current
transmitting responses predicted by EIGSHIP over the frequency ranges at which the flex-
ure modes occur will exhibit peaks {Fig. 22} of higher magnitude than measured, indica-
ting greater motion than actually occurs. This conclusion is also evident in the responses
of ring B, as predicied and is measured (Figs. 6 and 21).

6.6,.3 Effect of Cavity-Mode Radiation

Although ring flexure accounts in the main for the differences between meagured
and predicted responses, another response requires discussion. This is the “cavity mode™
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Fig. 36 — Equivalent circuit of a ring

occurring at 4 kHz in ring C under loaded conditions. To obtain the acoustic predictions,
this mode is modeled by EIGSHIP as a symmetrical distribution of dipoles, with dipole
strength proportional to the gredient of the fluid forces exerted by the medium on the
ring. Such gradients of forces correspond to differences in gradients of surface velocity,
hence correspond to the maghitude of differences between plus and minus surface veloc-
ities as estimated over short distances. The estimation of these small differences between
essentially equal magnitudes of velocity makes prediction difficult. Experiment shows
that the predicted transmitting response (hence dipole strength) is larger than measured
(Fig. 7a). Thus larger mechanical motion is predicted by EIGSHIP than is actually the
case, One factor which explains this is the difficulty of predicting more accurately the
dipole strength of the cavity mode radiation.

6.6.4 Effect of Interior Support Structure

A further factor which strongly affects the transmitting responses of ring C is the
accuracy of prediction of acoustic radiation resistance when the interior of the ring is
partially blocked by a mechanical support structure (Fig. 1). This structure has two ef-
fects on the radiation properties of the ring: it partially detunes the cavity at those fre-
quencies at which cavity-type modes are prominent, and it reduces the predicted radial
velocity of the shell. Both effects are difficult to model because of the complicated na-
ture of the support system. Thus EIGSHIP does not contain a specific detuning factor
due to the presence of the support structure. However an approximate detuning factor
can be inserted into EIGSHIP whenever needed by altering the real part of the reference
surface radiation Green’s function g [1, Eq. 3.14]. It has been found for example, that
increasing the real part of g by about 66 percent lowers the predicted transmitting re-
sponses (both radial and axial) at 4 kHz by about 5.5 dB. Altering the imaginary part
of changes the frequency at which “cavity resonance” occurs. Cavity detuning due to
blocking support structures is particularly noticeable in the axial transmitting response of
cavity-type modes. Axial response is discussed next.

45



HANISH, KING, BAIER, AND ROGERS

6.7 Axial Constant-Current Transmitting-
Response Curves

6.7.1 Comparison of Theoretical and
Measured Responses

Tiguree 20 21 and 99 chnw snmnarears af thansatinal and maociivad fronomitting
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eurrent responses of rings A, B, and C respectively {Table 1}). We will discuss here the
axial response curves, Cenvenient bases for comparison of two curves of theoreticad and
experimental response are general frends, critical maxima and minima, and magnitude {or
level}.

The general trends of the two curves for rings A, B, and C agree with each other;
that is, the curves rise and fall in rough umnison. The theoretical curves of rings A and C

show more local maxima and minima than experiment, but they tend to seek the trends
af the experimental response uneon recovervy

the experimental response upon recovery,
In ring A (Fig. 20) the maxima of the two curves occur near to each other in fre-
gquency (approximately 7.8 kHz). The minima of the curves are widely separated, the
interval being estimated at 1 kHz. In ring B the first maximum in both curves oceurs at
aoout the same frequency {5.8 kHz), at which the 3-dB bandwidth is about 1 kHz in
both cases. The theoretical curve shows a sharp maximum at 13.8 kHz, and the experi-
mental curves show poorly defined maxima at 13.5 kHz and 12.8 kHz. In ring C the

first maximum in both curves occurs at approximately the same frequency {4 kHz), hut
the 3-dBR bandwidth of the exnerimental curve is 0.8 kﬂ? it contrast to the thooreiical.

RMALURARLYY LA iy 02 2T TAPTRLIARRLuERS LRAVER A WL D SLL, LRL LRLALAASE WU WIS WITTAT LR

curve bandwidth of 0.6 kHz. A second maximum- mmlmum is thewretically predieted
over a narrow frequency range of about 100 Hz centered at 7.8 Hz, The expevitnentat
curve shows no evidence of this prediction. Beyond 14 kHz both curves show sharp min-
ima, the theoretical curve predicting one at 14.8 kHz, but the experimental curve dispiay-
ing one at 15,7 kHz.

Levels of transmitting responses are best compared at frequencies at which peaks oc-

cur, In ring A the theoretical curve is 4 dB higher than the experimental curve as mea-
sured near the neaking frequency of 7.8 kHz, In ring B the thooretien! neglk lovel at B 8

SLUITAS LILGL WA pPUGSLIIy ATy wTALY o Fmald, Alz Riiig MUY WILTIT ML A UGl dTV TR e

kHz i apprommately 9 dB higher than that actually measured. In ring € the theoretical
vaiue is again higher by 9 dB than the experimental curve at the peaking frequency of
3.8 kHz,

6.7.2 Effects of Alterations in the Internal Support
Structure and Coil Windings

This sharmn dlanﬂr\ﬂ‘hr'v hotween e ‘pppmuﬁi' al and nredintad launls af the firet {‘ﬂ‘tlf‘?
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mode in rings A B, and C was initially attributable to three factors: the uncertain pre-
diction of ring surface velocities, insufficient accuracy in the electroacoustic conversion
parameters, and the deleterious effects of the ring internal support in hindering the mo-
tion of the contained fluid. Since the third cause could be mathematicaily investigated
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by the use of EIGSHIP, an analysis was performed and reproduced here as Appendix F.
There it is shown that the shell annulus surface pressure is the dominant factor in axial
radiation.

Since the effect of shell annulus surface pressure on axial response was the most sus-
ceptible to experimental check, we choose a convenient ring (ring B) for experimental
trial. In rng B we repxaceu the internal bupporb structure b 0y ai exterior uempcrary sup-
port consisting of an acoustically transparent net of nylon string. In addition we reduced
the number of coil windings to 48 turns (simultaneously increasing the bias current to
maintain the same ampere-tumn excitation as before). With these alterations in support
structure and coil winding in place we made standard transmitting response curves and

far-field radiation patterns for comparison with earlier tests on ring B.

We consider the axial transmitting current response first (Fig. 37). The test result
for the nylon-string-supported ring B (called NS ring B for convenience) showed dramatic

improvement over the old ring B {Fig. 21) in the frequency range between 4 kHz and 13

kHz. It is seen (Fig. 37) that NS ring B and the EIGSHIP prediction agree well both in
slope and peak magnitude from 4 kHz to 6.5 kHz. Between 6.5 kHz and 9 kHz EIGSHIP
predicts a lower response than shown by experiment. However at 9.5 kHz the agreement
becomes good again and continues good to 13 kHz. At 14 kHz a second dramatic change
occurs, Here the experimentally observed null of ring B (Fig. 21) has vanished in the re-
sponse of NS ring B, only to reappear at 17 kHz, Thus replacement of the internal sup-
port by an external support and redesign of the coil structure shifts the axial transmitting
null from 14 kHz to 17 kHz. However further experiments involving the addition of 96

turns of wire arranged arbitrarily around NS ring B resulted in the elimination of the null

[ sl et aal Siinligtia Aravanadaay @atliiiata Lilim ER o2 R R Rty maa® TALZZRANIRNASMIL oA aaT atdaa

at 17 kHz. We thus are led to consider the occurrence of a null at precisely 17 kHz in
the NS ring B as a fortuitous result, unpredictably dependent on coil arrangement, acous-
tic wavelength, and dynamic damping of the shell.
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Fig. 37 — Transmitting current response at 1 meter in
the plane of the ring and on the axis of the ring when
driven at 1 ampere for ring B without the internal sup-
port structure (replaced by a nylon-string support) and
with fewer coil windings, for comparison with the results
in Fig. 21.
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The axial {ransmitting response of NS ring B tends to hear out the main conelusion
of Appendix F, which is that axial response is mainly affected by the shell annulus sur-
face pressure. It is apparent that this buildup of acoustic pressure is a low-level phenom-
enon and is therefore highly sensitive to neighboring obstacles, support structures, coil
windings, efe., as is demonsirated by the preceding experiment. Cancellation of the raci-
ation from the annulus, hence the appearance of an axial transmitiing null, will conse-
quently be highly sensitive to the presence of neighboring obstacles, transducers, ete. Cancel-
lation will also depend strongly on the precise distribution of radial shell veloeity on the
inside and outside lateral surfaces of the shell, since these velocities {and their phases}
likewise determine the annulus surface pressure buildup.

We next consider the NS ring B radial transmitting response as shown in Fig. 37. By
comparigson with the radial response of ring B {Fig. 21) it is seen that the alteration of
support structure and coil winding arrangement has had little effect on the radial response
in the frequency range from 4 kHz to 20 kHz. The only noticeable change ocours in the
depth of the experimenial null which cccurs at 14 kHz, the NS ring B showing a depth
of 21 dB below radial peak response as compared with 34 dB shown by ring B. This dif-
ference in the depth of the null is considered unimpeortant. Additional experiments have
shown that the depth of the null depends on several arbitrary test conditions such as mis-
alignment of source and receiver axes and lack of symmetry in the physical construction
of the ring-coil assembly.

We conclude from the comparison of NS ring B and EIGSHIP that predictions of
FIICEHIP gwn 1+ greel AE daa A £fh Ao
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ments are of minor importance and are traceable to unmodelatte elements in the ving
structure such as ring supports and coil windings.

7. THE COMPUTER PROGRAM EIGSHIP

The computer program EIGSHIP (listed in Appendix A) numericaily catculates the
acoustic performance characteristics of a free-flocded magnetostrictive ring shell whose
mathematical modeling is described in Part 1 [1}. It is written in CDC 3600 Forfran for
the CDC 3800 computer at the Naval Research Laboratory. Data input to program
EIGSHIP (in the form of punched input cards} includes ring shell dimensions and magnet-
ostrictive properties, electric-coil-winding dirmensions, and external fiuid medium properties.
The output of EIGSHIP for each frequency input consists of ring shell normat surface
velocities and electrical and mechanical impedances in both air and water. In addition
computer output of performance of the submerged ring includes surface acoustic pressures,
transmitting responses, and, if desired, a radiation directivity pattern. A complete set of
numertcal output data for air and underwater acoustic performance can he ohtained in
less than 15 seconds for one frequency.

The computer program EIGSHIP consists of a main program {called EIGSHIPY and
several subroutines. The program ﬁﬁnsxsts of two distinet sections: input and introductory

nal Hatinna T bhaat 1
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7.1 Input and Introductory Calculations

The function of the input and introductory-calculation section is to read in all data
cards necessary to describe the ring shell and to obtain thickness correction factors, modal
frequencies, and modal shape factors needed for the basic calculations performed in the
second of the two program sections.

7.1.1 Data Cards

A diagram of the arrangement of data cards for EIGSHIP is shown in Fig. 38. A de-
tailed description of each data card follows.

ONE GARD FOR
EAGH FREQUENGY DESIRED

=

IDRIVING FREQUENCY GARD
ONE GARD P
FOR EAGH MODEN (rRralENGY INTERVAL GARD FOR EIGENS

MCDE NUMBER GARD FOR EIGFNS

FREQUENCY INTERVAL CARD FOR THFREQ J-I

QUALITY FAGTOR GARD JU

EXTERNAL FLUID MEDIUM PROPERTIES GARD

GOIL WINDING DIMENSIONS GARD ’-

gﬁggLL TAPE DIMENSIONS AND MATERIAL PROPERTY

GYLINDRICAE. SHELL DIMENSIONS AND MATERIAL
PROPERTY CARD

SHELL BANDS GARD J

ELECTRIGAL DRIVE GARD {CURRENT OR VOLTAGE)

Fig. 38 — Data cards for the computer program EIGSHIP
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Electrical Drive Card

Variables Format Column Description

ICRT 1 1 O if constant-voltage drive;
1 if constant-current drive.

DRIVE C(E9.5,E10.5) 2-20 Complex value of electric drive;
it is a value of voltage if ICRT =0
or a value of current if ICRT = 1.
Shell Bands Card

Variables Format Column Description

JMAXH I5 1-5 Cne-half the number of sidebands
into which the shell is divided. The
maximum value altowed is 10.

IMAX 15 6-10 Number of endbands describing top
{and bottom) of the shell. The
maximum value allowed is 10,

Cormments: The shell is divided into 2 X JMAXH bands of egqual area on the inside sur-
face, 2 X JMAXH bands of equal area on the outside surface, and IMAX bands of egual
thickness {radial dimension) on the top and bottom and labeled as shown in Fig. 39 for
the specific case of JMAXH = 4 and IMAX = 3. Only the top half of the shell need be
modeled due to geometrical and input electrical drive symmetry. The labeling in Pig. 39
follows that of the computer program SHIP [9], which is the main subroutine in the sec-
ond of the two sections of the program EIGSHIP,

AN
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&
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~
—
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axis of shell

Fig. 39 — Numbering of the bands on a eylindrical shell for eight sidebands
and three top (and hottom) endbands
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Cylindrical Shell Dimensions and Material Property Card

Variables Format Column Description

RMEAN E10.5 1-10 Mean radius of shell, a.

THK E10.5 11-20 Radial dimension (thickness) of
shell, b.

LTH E10.5 21-30 ' Axial dimension (length) of shell, €.

RHO E10.5 31-40 Material density, p.

NU E10.5 41-560 Poisson’s ratio of material, ».

Y E10.5 51-60 Young’s modulus at constant mag-

netic induction, Y.

Scroll Tape Dimensions and Material Property Card

Variables Format Column Description

THST E10.5 1-10 Scroll lamination thickness, t.

RES E10.5 11-20 Resistivity, g,.

URS E10.5 21-30 Relative magnetic permeability at
constant strain, uf*S = ;S /0.

HTT E10.5 31-40 Piezomagnetic stress constant,
hgg = hag.

DIp E10.5 41-50 Either -2g if IHYS =0

¥
or - if IHYS = 1.

IHYS I1 51 Oorl.

Comments: Two methods of describing hysteresis losses are avaijlable, corresponding to
IHYS = 0 and 1. If IHYS = 0, then DIP is interpreted as -28, the negative angle measured
as the total dip angle from the constant-current motional impedance circle in air (Fig. 40).
If IHYS = 1, then DIP is interpreted as 7, the negative angle which describes the lag be-
tween magnetic flux and magnetic intensity [1, Section 7].
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Fig. 40 — Motional impedance ¢ircle

Coil Winding Dimensions Card

Variables Format Column Description

NTREN I10 1-10 Number of turns of wire wound to-
roidatly around fhe ring.

THC E10.5 11-20 Radial dimension of the coit {Fig. 41}

LC E105 21-30 Axial dimension of the coil (Fig. 41).

REL E10.5 31-40 Copper loss in the coil, R¥.

«—T THC

:
|

G ! G

0 I el .

R : R

E l E

k |
T [
AXIS OF SHELL GORE SURRQUNDING
RING SHELL

Fig. 41 — Definition of THC and LC
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External Fluid Medium Properties Card

Variables Format Column Description

RHOF E10.5 1-10 Density of the external fluid.

CF E10.5 11-20 Speed of sound in the external
fluid.

Quality Factor Card
Variables Format Column Description

Q E10.5 1-10 Quality factor for the lowest mode,
either for constant current if ICRT

= 1 or for constant voltage if ICRT
= 0.
Frequency Interval Card for THFREQ

Variables Format Column Description

FR(1) F10.5 1-10 Lower limit of the frequency in-
terval. '

FR(2) F10.5 11-20 Upper limit of the frequency in-
terval.

Comments: An explanation of this input card appears in Section 7.1.3.

Mode Number Card for EIGFNS
Variables Format Column Description
NBRFNS I1 1 Number of modes to be used in the
modal expansion of g;. The max-
imum value allowed is 9. Also

JMAXH must be greater than or
equal to NBRFNS (shell bands card).

Frequency Interval Card for EIGFNS

Variables Format Column Description

FR(1) F10.5 1-10 Lower limit of the frequency interval.
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Variables Format Column Description

FR(2) F10.5 11-20 Upper limit of the frequency in-
terval.

IMG i1 25 1 if the imaginary part of the de-

terminant {discussed in Section
7.1.2} 1s used blank otherwise.

Comments: An explanation of this input appears in Section 7.1.2.

Driving Frequency Card

Variables Format Column Description

FREQ F10.5 1-1Q Frequency for which performance
characteristics are desired.

IAIR i5 11-15 0 if air and water catculations are
desired or 1 if only air calculations
are desired.

IFD i5 16-20 integer number indicating the num-

ber of equally spaced points along a

90° arc from 0° (in the radial direc-

tion) ta 90° {on axis) at which nor-

malized far-field pressures in deeibels
are caiculated (Fig. 42). H IFD = 0,
no far-field points are caiculated.

Comments: The first driving-frequency input should be close to the constant-current reso-
nance frequency corresponding to the lowest radial mode (ring mode) in air, because the
resistance R’ (w1) in this program is calculated according to Egs. 8.21 or 6.22 of Part 1
{1} with Qr"m = @ or Qf = @ and remains fixed thereafter for all driving frequencies. For
most cases, if this resonance frequency is not obtained by experiment, an approximate value
for this frequency f; can be obtained by using the equation

fi = Vv (1-k2) Fy {7.1)

where k iz the low-frequency material coupling coefficient and F; is the “frequency” cor-
responding to the lowest radial mode of free {(elastic) vibration. F; appears as an output
of subroutine EIGFNS. Subsequent construction of a motional impedance circle in air en-
ables f; to be obtained more accurately. Another reason for cheosing the first driving
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T / 90°
—

Fig. 42 — Definition of the angle used in
describing the far field

frequency to be f; is that the hysteresis factor is calculated from a knowledge of the total
dip angle occurring in the air motional impedance circle for constant-current drive.

7.1.2 Modal Calculations

Frequencies and accompanying modes of free vibration of a dissipationless shell are
required [1, Section 3}. Specifically modal displacement shapes for radial and axial dis-
placement (but not for tangential displacement, because the input drive is considered uni-
form in the circumferential direction) are obtained in subroutine EIGFNS. The calcula-
tion follows the analysis developed in Part 1 [1, Egs. 4,36ff] with appropriate reduction
to two unknown directions.

The method of interval halving is used to converge to the nontrivial solution of the
homogeneous houndary-condition matrix equation appearing in the analysis (Appendix C).
Thus for each modal frequency a frequency interval is required which (a) contains the de-
sired modal frequency and (b) is such that the boundary condition matrix determinant
passes through 0 exactly once in the interval. For numerical application, requirement (b)
is replaced by the following requirement: A frequency interval is required which is such
that the real part or imaginary part of the boundary-condition-matrix determinant changes
sign exactly once in the interval, with the sign change being due to a passage through 0.
Such an interval will be called a valid interval.

Valid intervals are obtained in two steps. The first step is to examine the determi-
nant of the matrix formed in EIGFNS as a function of frequency. Computer program
DTRMNT (Appendix B) along with its one required subroutine CUBIC performs the nec-
essary examination. This program is simply an abbreviated version of subroutine EIGFNS
which calculates and prints the determinant of the boundary-condition matrix as a func-
tion of frequency. Two types of input cards are required for computer program DTRMNT.
The first input card is the cylindrical shell dimensions and material property card. Follow-
ing this card are any number of input cards corresponding to the input statement
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READ 9,K; K, Kq

9 FORMAT (315).

DO 666 IFR = K1, K2, K3

FREQ = IFR

appearing in DTRMNT indicate that the determinant is calculated for frequencies in the
interval from K1 Hz to K2 Hz in steps of K3 Hz. (The statement FREQ = IFR can be
replaced with the statement FREQ = IFR*C, where C is a constant. This circumvents
limits on integer nurmbers allowed in DO statements.) From the resuitant printout one
can defermine potentially valid intervals by examining sigh changes in the real or imagin-
ary part of the determinant ag a function of frequency.

The second step for obtaining valid intervals consists of checking all potentially valid
intervals by employing calculations performed in subroutine EIGFNS. This is accomplished
by converting subroutine EIGFNS to an independent program which can then be run ex-
termally to program EIGSHIP. Appendix € describes the method of conversion. The new
deck may now be called program EJGENS and iz run with its one required subroutine
CUBIC as a complete program. The input to the program congists of a cylindrical shell
dimensions and material property card, a mode number card which defines NBRFNS, and
the appropriate number of frequency interval cards (NBRFNS frequency intervai cards with
the digit 1 placed in column 25 if the imaginary part of the boundary-condition determi-
nant is to be used for frequency locations or with column 25 left blank if the real part of
the determinant is used.)

The nufnni" of EIGFNS i ugad to determine valid interyals and identify the mods

The of EIGEFNS is used to determine valid infervals and identif v th d
shapes. If the sign change of the boundary-condltmn determinant (specifically the sign
change of the real or imaginary part) is due to a passing through 0, then the frequency in-
terval is valid. This will be reflected by the outpui variables RT1 and RT2 having nearly
the same value say to several significant digits and also by the value of the determinant at
the resonant frequency being approximately nine orders of magnitude lesg than the larger
of the determinants evaluated at the interval frequencies (Appendix C}. However, if the
determinant passes through infinity when changing sign, then RT1 will not equal RT2 and
the determinant at the “supposed’ resonant frequency will not be smaller than the deter-
minants evaluated at the inderval fregquencies. Thirty interval halvings are used, which pro-
vides sufficient convergence for valid intervals.

The relative magnitudes of axial dispiacement shapes and radial displacement shapes
{scaled, not absolute values) determine whether the motion is predominantly axial or
radial. Examination of the predominant motion as a function of axial position reveals the
shape of the predominant motion: first radial mode {no nodes), second radial mode {two
symmetric nodes}, ete.
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Figure 43 shows various mode shapes as calculated for a particular set of shell param-
eters for free-free end boundary conditions. Only the shape of the predominant motion is
depicted and labeled, although both axial and radial displacements occur at every frequency.
Symmetric or even mode shapes are calculated. The displacement of half the shell is shown.
These curves describe the motion of the reference surface of the shell (Fig. 44 shows the
labeling of the reference surface bands).

i RADIAL 1 axIAL
AMPLITUDE Axl
OF MoTIoN
IN RADIAL
2™ RaplAL DIRECTION \ 27 AxIAL
AMPLITUDE A
OF AOTION . yd 0 DIREGTIGN ALONG AXIS m
D z
DIRECTION / T
4™ RapiaL

DIRECTIGN ALONG AXIS

-~-REFERENCE SURFACE

Fig. 43 — Even mode shapes for free-free end boundary conditions

Frequencies of several modes of the elastic vibration of cylindrical shells for six cyl-
inder dimensions are presented in Table 3. Each frequency is labeled according to the
dominant motion occurring. For a given thickness the number of modes occurring below
100 kHz increases as the length increases. Also, for a given length the spread between ra-
dial modes increases when the thickness is doubled.

Examination of mode shapes predicted for a set of shell parameters is necessary to en-
sure that all modes within an interval have been located. For example suppose the use of
DTRMNT followed by EIGFNS yields four resonant frequencies, f;, f3, f3, and f; where
fi < fa < f3 < fy, with corresponding mode shapes first radial, third radial, first axial, and
fourth' radial respectively. One should suspect that the frequency corresponding to the mode
shape second radial has been overlooked. A more careful scan of frequencies between f;
and f3 with DTRMNT and EIGFNS is required.

57



HANISH, KING, BAIER, AND ROGERS
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I
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Pig. 44 — Labeling of reference surface bands

Table & — Freguencies of Mode Shapes as a Function of Length and Thickness {for fixed
material parameters p = 8400 kg/m®, Y = 2.02 X 1011 N/m2, » = 0.3, and o = 6.5725 cm)

Thick- Frequencies of Resonant Modes {Hz)

ness Length | 1st Radial | 2nd Radial | 3rd Radial | 4th Radial | 1st Axiall 2nd Axial

{mm) | (mm})

6.4 194 11876 90679 - — — —

38.8 11863 25381 - — 66308 —
77.6 11807 13096 32534 75889 33349 | 99370

12.8 194 11890 — — — - —
38.8 11878 46284 - — 66499 -
7.6 11821 16245 61850 — 33279 1 99529

Program EIGFNS prints out the normalized inner products of mode shapes as a nu-
merical check of othogonality of modes after all desired mode shapes have been obtained.

7.1.3 Thickness Correction Factors

Thickness correction factors f{A} and f{B) [1, Eus. 9.2{f} are obtained in subroutine
THFREQ. This subroutine is used to obtain scaled radial displacements of the ring along
its thickness, that is, displacements as a function of radial distance from the irwer radius
to the outer radius. The displacements are obtained at the frequency corresponding to the
ring mode (radial mode shape with no nodes). The frequency interval used as input (fre-
quency interval card for THFREQ) may be identical with the frequeney interval used in
EIGFNS for this mode shape, since both subroutines are attempting to obtain the same
frequency.
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The correct resonant frequency is obtained as the frequency which minimizes a par-
ticular determinant [1, Egs, 9.2ff1, The method of interval halving is again used, A
check on the validity of the resonant frequency obtained can be made by examining out-
put of THFREQ (Appendix D). At the correct resonant frequency the value of the de-
terminant will be about eight orders of magnitude less than the larger of the two determi-
nants corresponding to the initial frequency interval. Also the values of R1 and B2 (de-
fined in Appendix D) will agree to several digits.

The frequency obtained from subroutine THFREQ should be close to the ring mode
frequency cbtained from program EIGFNS.

7.2 Basic Performance Characteristics Calculation and Output

The second of the two distinet sections of computer program EIGSHIP contains the
numerical calculation of various performance characteristics of the magnetostrictive ring
shell and the output of the program. The calculations are based on equations derived in
Part 1 {1]. In what follows the quantities being described are presented in the order in
which they appear in the output format listed as Qutput Data (Appendix D).

7.2.1 First Page of Output: Radial Velocity and
B and S Model
Radial Velocity

Radial velocity (VELBS) as calculated from a Butterworth and Smith analysis is pre-
sented first in the output. For constant-current drive

Rm"
VE = i 2 i(k2x, —
LBS = ¢I /%prb Yo T L@ [=Xp + jReXxp -1)] + T}, (7.2)
where T = 0 in air and
J J
1
T = -J—zd Z: Jeo r(_j (m,n) in water, (7.3)
m n

in which (§ (m,n) is given by Eq. 9.1 of Part 1 [1], and where

2n a2
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as gi‘ifen }_’_}JV E[{' .5_9 Qf Pﬁr‘t 1 'T"ht‘} 1‘91‘4?5}1 1?91:3{!!'1‘1? IH?T HQ !Q ‘Fn]insunrt on the f}£ﬁ+ F"*gg kif
the output by NRL EIGSHIP velocities (VEL(k)) For constant-current drive

JoJri P
VEL{k} + E E ngmS(st)g (&) VEL(r) = ¢{ E EmalkLl, (74
¢ r g
with (g = 0 in air i.a_, E!—i 5. 2] Here anct in B oG, 7 2, it = 1 when & refers to an endbang

and m = 3 when k& refers to a sideband. In these equations J is the number of sidebands
ant hatf the ring shell. J corresponds to the input quantity JMAXH. The labeling of
bands is depicted in Fig. 44,

For constant-voltage drive

:

m

=i’ﬁ/§ 3 YB 2y wick2
VELBS = 3~/ fiwsb + B + 500+ I Xp D]

, Yy¥2nal +TE (1.5)
b

where T is defined as before, and, in accordance with Eq. 5.6 of Pari 1,

J J+1

VEL(k) +22 i3k} § (2,7 VEL(r)
T s

J+1

J
y? B wE .
+ Em3z[R1] AVEL(r) = jwg,s(k.L), (7.6)
b b
g

where q; is the area of the jth band. The velocities VEL{R} refer to bands on the reference
stirface of the shell.
QOutput of Butterworth and Smith Model

Various characteristics ag calculated using a Butierworth and Smith analysis are now
obtained. For constant-current drive
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electrical power = PIN = |I 2 ZEE, : (7.7)
J J
. 2nal .
radiation impedance = ZRAD = 7 z g (#,2), (7.8)
i R
power conversion efficiency = ETA = Re (ZRAD) |ZEM |2/,Re (ZEL+ZC)
|ZM+ZL 2
+ [Re2(ZEM) - Im?(ZEM)] Re(ZM+ZL) + 2Re(ZEM) Im(ZEM)} . (7.9)
motional impedance in air = ZMOTA = (ZEM)2/ZM (7.10)

(given in Part 1 as Eg. 7.12),

electrical impedance in air = ZEA = ZB + ZMOTA, (7.11)

motional impedance in water = ZMOTW = (ZEM)2/(ZM + ZRAD), (7.12)
and

electrical impedance in water = ZEE = ZB + ZMOTW. (7.13)

For constant-voltage drive

electrical power = PIN = [E|12 YEE, (7.14)
radiation impedance = ZRAD = same as Eq. 7.8
power conversion efficiency = ETA = same as Eq. 7.9

motional admittance in air = YMOTA = -(YB-ZEM)2/(ZM + ZEM? YB), (7.15)

electrical admittance in air = YEA = YB + YMOTA, (7.16)
motional admittance in water = YMOTW = -(YB + ZEM)2/ (ZM + ZEM?

YB + ZRAD), (7.17)
electrical admittance in water = YEE = YB + YMOTW. (7.18)

Variables (in addition to ZRAD and ETA) common to both constant-current drive and
constant-voltage drive are
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jwNZuS ybs

core impedance = ZC =
Zwa

{7.19)

(Fiven in Part T ag Eao. 7.2)
ety il L as L. (.2},

Talv &

copper loss leakage impedance = ZEL = REL + %%jfﬂ (Aeoi = Aggre)  (1.20)

{given in Part 1 as Eq. B.5),

oo bANIS X
transduction coefficient = ZEM = 2naly = ——'"—a“"-—' {1.21)
(given in Part 1 as Eg. 7.11),
I .
g lu” 1
electrochemical coupling coefficient = K = —y {7.22}
. _ . ZnbiK2Yx ooy
electromechanical impedance = ZMP = 0 {7.23}
and
2 ~ZrblY
mechanical impedance = ZMPP = RMPP + ;:(2""“ pbes Z’Tacf ) ) (7.24)
For constant-current drive [1, Eq. 6.211
wy My
RMPP = —~> - Re §ZMP(w1)§ , {7.25)
51
and for constant-voltage drive [1, Eq. 6.22]
1M 2
RMPP = ° e | GELYZEMZY (6.22) (7.268)
er’ { {ZCV(Zh) 5

The factor CHI (x) is defined as follows {1, equation following 7.81:
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( leuh'ntz )
tanh
(7.27)

le.uhmz
2p,

eddy-current factor = CHI = x =

in which g, is the complex hysteresis term, assumed to be independent of frequency. If
the hysteresis angle is known, it may be used directly as input to program EIGSHIP. Other-
wise input to EIGSHIP calls for the total dip angle as measured from the constant-current
motional impedance circle in air (Fig. 40)., With this angle denoted by 23 the factor repre-
senting both hysteresis and eddy-current losses, 7 , is defined as

T = 7l e728 = ySe-iny = T (7.28)
The hysteresis factor u, is assumed to have known magnitude x> but unknown angle n. The
angle n is obtained by solving
= = (7.29)
‘\/(u. \I
AlMR )

[1, Egs. 7.6 and 7.7} for the complex number 4. Finally x is redefined so that it contains
all angle infoermation:

X = x&/" = Re(x) - jIm(x). (7.30)

The final Butterworth and Smith type quantity is, for constant-current drive,

il

total open-circuit mechanical impedance = ZMOC = ZM = ZMP + ZMPP (7.31)

or, for constant-voltage drive,

total short-circuit mechanical impedance = ZMSC = ZM + (ZEM)2/ZB (7.32)

7.2.2 Second Page of Output: EIGSHIP MODEL

Thickness correction factors are used to obtain shell surface velocities from the reference
surface velocities found from Eq. 7.4 or 7.6. Surface pressures are then calculated using the
NRL computer program SHIP [1, Section 9]. The numbering of bands is shown in Fig. 39.
Normal surface velocities and acoustic pressures for the “upper” half of the shell surface are

displayed on the second page of the output.

Modal contributions to air and water impedances displayed next represent the expansion
of motional impedance in terms of the modal shape functions used in the analysis.
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Displayed next in the output are

electrical power = PIN = [ 1?2 ZEE (constant current) {7.33}
= |E|2 YEE (constant voltage) (7.34})
and
ait
bands
acoustic power = P4 = E p; vf?" A, {7.35)

i
4

where the asterisk means complex conjugate, p; and ¥ are the shell surface (not reference
surface) pressure and surface velocity on the ,rth band, and 4; is the area of the jth band.
This equation differs from Eg. 5.27 of Part 1 in that rms values are assumed in EIGSHIP.
Also presented in the output is

power conversion efficiency = EFF = Re{PA)/Re{PIN}. (7.36)
Fo r c*ns ant-current drive the electrical motional impedance in air is, in accordance
with Part 1 (Egs. 5.24, 6.25, 6.32, and 6.64),
NBRFNS [
. Q 2
ZmoTa =22ty ” z LT (7.37)
pb Nylw],
i
where NBRFNS is the number of mode shapes used in the calculation. The total electricat
impedance is
ZEA = ZB + ZMOTA (7.38)
In water these quantities become
J
2
ZMOTW = Zna i{zb{VEL(jﬂ)} +— ? VEL(:‘)‘( {7.39}
1 1S o e 4
i
{1, Egs. 5.24 and 6.42] and
ZEE = ZB + ZMOTW (7.40)

Also, as given in Part 1 in the line following Eg. 6.42,

lectrical impedance = ZB = ZEL + ZC,
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For constant-voltage drive the electrical motional admittance in air is [1, Eqgs. 5.26
and 6.23]

NBRFNS
yMora = 1@2ratd? z I (7.42)
(ZBRpb . Ny(21n
The total electrical admittance is
YEA = YB + YMOTA. (7.43)
In water, these quantities become
J
YMOTW = 532:5 <2b*VEL(J+1)+ 5— z VEL(i)) (7.44)
i
(1, Eq. 5.261,
YEE = YB + YMOTW, (7.45)
and
YB = 1/ZB. (7.46)

The two variables HI, and ZL are common to constant-current drive and constant-
voltage drive:

radiation impedance = ZL = PA|VNM (7.47)

in which the VNM is the normalizing factor defined in Section 5.3, and [1, Eq. 6.51]

hag bNuSx
transduction coefficient = HL = = —— - (7.48)
2na

For constant-current drive the three quantities HR, TRP, and TRA take on the values

magnetic field in coil = HR = NI/2na, (7.49)
transmitting response in plane = TRP = 20 log (FF0/II1), (7.50)
and
transmitting response on axis = TRA = 20 log (FF90/II1), (7.51)
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where FFQ and FF0 are the far-field source level (referred to 1 meter} in the plane of
the ring and in the axial direction respectively. The transmitting current response is ex-
pressed in dB relative to 1 N/m?2 at 1 meter per ampere,

For constant-voltage drive

HR = E(YEE)N|2nra, {7.52)

TRP = 20 log (FFOJIEl) {7.53})
and

TRA = 20 log (FFO0/IE{). {7.04)

The quantities FFQ and FF90 are obtained from subroutine FARFLD, which caleu-
lates the far-field source level from the surface velocities and pressures. If the standard
asymptotic form of the Green’s function is used and the pressuve and velocity are as-
sumed constant over each band, the required integrations can be formed analytically.

The two quantities UH and UHE have the meanings

permeability due to hysteresis = UH = (7.55)
(Egs. 7.28ff) and

total permeahility = UHE = p = px{u,) {7.56)
11, Egs. 7.1ff1.

The medium inertial reactance and shell stiffness reactance in air and water, ZKNA,
ZS8TA, ZKN, and Z8T, are obtained from formulas discussed in Section 5.3.

If far-field beam patterns are required, an additional call to FARFLD
CALL FARFLD (IFD), IFD > 1

calculates and prints the far-field beam pattern at IFD + 1 points equally gpaced between
0° and 90°. The resuits are given in dB referred f{o the value at 0°.
8  CONCLUSION TO PART 2

The computer program EIGSHIP has been used to generate the complete prediction
of the electroacoustic response of three free-flooded magnetostrictive rings differing from
each other principally in axial length. Physical models of these vings were construeied
and were subjected to both in-gir and in-water tests at NRL test facilities. Tast data were

compared with theoretical predictions on the several important performance parameters.
it was found that EIGSHIP successfully predicts electroacoustic performance to within
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reasonable tolerances. In addition to demonstrating the validity of the EIGSHIP model,
this report also includes a detailed analysis of the test data using special analytic and
graphical tools developed for this purpose. These tools are considered an important by-
product of the research on the subject of magnetostrictive rings.
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Appendix A

COMPUTER LISTING OF EIGSHIP

PREGRIM EIGSHIP

TYPE COMPLEX CFM,CHI CHIE CURCURE/DNM/DRIVE ;€ +G,GS 0L s8R K50, 0L,
TOMA , OMER T, PALPING, PINF LML s 5, 5P STHR,UP  URE JUREF , VA, ¥ESrv oS A %8 &+
EVELS VR WHp v ING VI vK YL Y B YEA L YEAF  YEE ,YEEF ,YMOTA, YMITAF,
SYMOTW, YMOTWE 2, 7B FC s 2F A ZEAF , ZEE s 2EEF  JEL s JEM ZHNZRNA L ZL /M 7HA,
ZMOC IMOT s 2H0T A, ZPOTAF JIMOTH,, ZMBTUF , ZMP , ZHPE , 2MST , TMw, 2HAD , 2570,
SIST,ISTA,LTRM,2Z

TYPE REAL LC,;LTH,METAT ;A NR, U

DIMENSION AXEDGE(,CFM{LL ), 0NN EOREGA(T],FR{21,FRII{D),

PG (30,3063 (11,110, MUL (O], OMBRKTIG)(RO(F, 10, ROIN{(S, 10) T (9]),
EVIUTL 18T hvREE T 117 WL (21, 2NRE9),2M0 (9]}

DIMERNSION OMY(d200),0UN{3A00),REST(ST04)

CHMMANZYNM 2V HM

COMMANAS /YT VK, S, STR, YA, VG, REST

COMABN/GADUM, GoDMY

COMMON/INT/CFM,UXZ2],UZT W2, UXR] JWXX2L UM WXA]
COMMUMAYELD/VELS/AFF/LICOR,NPTS JLC/LUMAX L CHMAXH FAFUDAFL,FY
COMMON/RADZRIN, ROUT /BLK Y /H, RMEAN, FRLPI/PIT/IMAX JMAXR, THAX

COMMON SYMOD/Y pNUGHHO NYS/PASPA,RABCA/DISTADIST

COMMAN /RRUC/RRCC/FFPR/FFO,FFYD/ANS/SPAFRK/FR
COMUABN/MADES/FROLRO,HDIN MBRFNG, THR , RTEM, AXEDGE ,RINT

FI 5 3,1415%592-54
U = Plxd BT

HEAD IN PARAMEFTERS.

KEAD ol ,I1CHT,.0RIVE

FARMAT (I1,0(E9,5%:E1¢0.%2))

HEAD 62,JMaxH, IMaAY

FHRMAT (2181

READ 63, RMEAN, THK L TH, HAT, N, Y
FORMAT (6E1GLYSY

HEAD sU, THST ,RES ,URS,HTT,DIFP,IHYS
FORMAT (SF16.5,113)

READ AQ NTRM, THC LT ,REL

FORMAT (116,3E10.%)

HEAL Ab,RHYF ,CF

FOERMAT (2E10,5)

READ AT,4

FORMAT (F1g,51

CALCULATE AUxILTARY PARAMETERS,

ANEAR =2 Z.*kPIwHBEANSL TH
HDEM o IMAYH

HEZE = 2&lbad+d

RECC PHOFx(F

Y]

UiRrRk = GIRPPL/%60,
IF (InYS.Eu, 1) H8Taén = DIP
Att 2 THKxLTH

]
L}
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ACOLIL = THC=LC

NG = NTRN*NTRN

Us = URS*UO

UHE = US*CMPLX(COSFI(DIPR),SINF(DIPR})

H = LTH/2,
ROUT = RMEAN+THK/Z,
RIN = RMEAN=THK/Z2.

MSTAT = 2, *PI*xRMEANXTHRxLTH*RHO
ROM = ROUT/RMEAN

RIM = RIN/RMEAN

LCMAXH = JMAXH+JMAXH+IMAX

LCML = LCMAXH + 1

MXSIZE = JMAXH

MX1 = MXSIZE + 1

MXE = JMAXH + IMAX

MX2 = Mx1 + |

FC = 2.*RES/{PI&THSTATHST)
C
C READ IN FREQGUENCY INTERVAL FHOR SUBROUTINE THFRE®Q,
C

REAC 45,FR(1).FR(ZJ

45 FORMAT (2F10.,5)

T1 = TIMELEFT{X)
c
C OBTAIN THICKNESS CORRECTION FACTORS FI ANDC FO FROM SyUCRUyYTINE THFREG,
C .

CALL THFREU
T2 = TIMELEFT(K)
™ = T1 = T2
PRINT S000,Th
8000 FORMAT (/1X*xTIME F0OR THFREQ IS*x F1(,3/)
Tl = TEMELEFT(K)
FI = FO = |,

UHTAIN ELASTIC RESOUNANCE FREGUENCIES FRG(), MBOE SHAFES KD () &lD
AXEDGE (), AND INTEGRALS OF MODE SHAPES RDIN{,) AND RINT(,) FRAM
SUBROUTINE EIGFNS,

OoOO0O0O0

CALL EIGFMS
Té = TIMELEFT(K)
™ = 71 = T2
FRINT 5001,T#
5001 FORMAT (/1X*TIME FOR EIGFNS IS%x Fl0.35/)
DA 22 I = 1,NBRFNS
22 EOMEGA(I) = 2,xPI*FRG(I)

PRINT INPUT PARAMETERS,

Yy O O

PRINT 1000
1000 FORMAT (1H1%58X *INPUT PARAMETERS*//35X #THIN WALLED ELASTIC CYLI
FNDRICAL TUBE MAGNETOSTRICTIVE MATERIAL*/52X
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$  *ALL UNITS ARE IN MKS SYSTEM®)
IF (ICRT.EQ.0) GO T6 1914

CUR = DRIVE

PRINT 1004,CUR

1004 FORMAT (/u43XI9nCURRENT ORIVE CUR = C{El4.0,bi8.861)1)

Go To 14gl13

1014 E = DRIVE

[ =)

(]

P
L=l ]

1
i
i

PRINT 160%.E

S OFARMAT {(/4Z¥17HVALTAGE DRIVE E =C{El4 6.E1d 6]
3 PRINT 1006, JMALH, IMAX
B FORMAT (//751XZBRNUMBER #F SIpE BANDS JriaxH =13/51x

$2BHNUMBER OF EnbD BANDS IMax =I3%)
PHINT L1001 RMEAN, THR  LTH RHO U, Y

1001 FRAMAT (//50% *CYLINDER OIMENSIONS AND PRUPERTIES®//32XIi1HMEAN RA

$32K16HRADTAL THICKNESS3SKOHTHR =Etd.6/

FI2X12HANIAL LENGTHIOXSHLTH = £14,6/

BIPATHOENSITYLUXOHMRNE SELY,0/

TI2RLA4HPATSEANE RATIGARXUAHNL b 14,46/

FILKLGHYBUNGS MEDULUS AT CONSTANT MAGMETIC INDUCTION BYEMY 2ELd,R]
PRINT 1008, THST,RES,URE,U0,US,HTT

1062 FORMAT €//68% #SCHOLL TAPE DIMENSTONS AMD FROPERTIESH//32%

FYHTHICKNESSGt XoHTHET TE14,0/32X 1 IHRESISTIVITYLOXSHRES =E14,6/
$32XUGHRELATIVE MAGNETIC FEHMEAHILITY AT CONSTANT STRAINZXBHUKE =
SEtl,b/32X26HPERMPEABILITY &8F FHEE SPALE 26XdhUp zEld,e/
$TPXAOHMAGNETIC PERMEABILITY AT CONSTANT STRAIN fZ2XumUS =t1d,6/
FI2KP9HPICZOMAGNETIC STRESS CONSTANT 22X5nuTl =fld,.s)

IF (IHYS,EQ,t) GO T9 2e

PRINT 57,DIP

57 FORMAT (32X19HTHTAL DIF ANGLE 36XSHDIP =bt4,67)

G To S8

98 PRINT 59,H5TAN
59 FARMAT [32x1endYSTEFESLS ANGLE 33XKTHHITAN ftid,el
58 PRILGT 1003, MTRN, 180 ,LC, HEL

1003 FORMAT (//98% *COIL wINDING DIMENSIONS«//32x15HNLUMBER OF TuRHSSLx

LEHNTRN zI16/32%toMRADIAL THICKNFSSESXGHTHE =E14,6/
$324120AXTAL LENGTHUUXUHLE =Fta,6/

332N 19HCAPPER LLASS I COIL 32x5HREL =El14,8]

PRINT T00TF,R08F,CF

1007 FARMAT (//50% *xEXTERMAL FLUID MEDIUM PROPERTLIES*//32XTHUEMS LT Y45

FoHAMOF =Eta,0/32X14H5PEED BF SOUNDIBXGHCE =Eid,6)
NCX = 0

DEFINE MUDAL MASSES ™oL,

08 11t I = I.NBRFNS

1010 MOLII) = MSTAT

49 NDx = NDX + 1

READ IN DRIVING FREQUENCY, AIR/WATER FLAG, At FAK FIELD KEUUEST.
NOTE THAT FIRST FREGQUENCY REaU 1IN MUST BE CONSTANT CURKREST RESBLAS(E

72



e Ral ekl

59

Se

41

53

L31

NRL REPORT 7964

FREWUENCY FOR FIRST RADIAL MGBDE,

READ SO,FREGDOR,IAIR,IFD
FORMAT (F10,5.,215)

IF (EOF,60) S1,52

OMEGA = 2,%PI*xFREGDR

FK = OMEGA/CF

gMA = CMPLX(U,,OMEGA)
IF (NDX,6T,1) G5 TO 43

BRTAIN RMPP ANG QFE GR GI FOR USE AT ALL DRIVING FREGUENCIES. THIS

CALCULATIOGN 1S PERFURMED ONLY ONCE,

UH = y$§

IF (IHYS,EQ,1) GO Ta 53

be Bl 1 = 1,106

7 = CSORT(FREWOR®UH/FC*{04,1.3])

21 = CEXP(2.%2) .

CHI = (22=1.)/{(2Z+1,)*2Z

CHA = CANG(CHI)

HTRA = DIPR = (CHA

Ur = USkCHMPLX(COSEF(HTIRA),SINF(HTKA))
GO TO 5S4

HTRA = HSTANXPI/I&0,

UH = USACMPLX(COSF{HMTRA},SINF(HTRA))
l = CSORT(FREUDR®UH/FCx(0.,1.))

27 = CExP{2.*Z)

CHI = (ZI=1.}/¢(Zi+1,)*Z)

LHIE = CHI

UHE = CHI=*UH

UG = CANG(UH)

CHI = CHIACHMPLX(CUSF{UG),,SINF (UG))

CHIR = REALI(CHI)

CHII = =AIMAGICHI)

BKSQ = HTT*HTTACARS(UHI/Y
$SRTH = SURTF{BKSGE)

Z = CSURT(FRO(1II*Jh/FLx(d,,1,))

22 = CEXP(2,.*23

UHEE = (2Z=1,)/70022+1,)*Z)*UH

XeL = EOMEGA(1)ANSWUO/ (2. xPI*RMEANTI* (ACOTL-AN)

ZEL CMPLX(REL s XEL)

ZC EOMEGA (] ) *NSUAUHEE *AM/ (2 %P T RMFEAN])*(0.r1.)

26 ZEL + 7€

ZEM = HTT*AMAMTRN/RMEAN®UHEE

ZT1RH = ZEL*ZEM**2/(20%78)

IF (ICRT,EQ,0) 0O Tn 3}

GI =

RMPP = AMEGAXMSTAT/GI = EOMEGA{ i )%*2aMSTATARKSL LI /HPEGA
Ut = EOMEGA{1)xMSTAT/ (KMPP = KEAL(ZTRH))

GO T9 32

e = 9
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RMPP = EQMEGA(1¥*MSTAT/UE + REAL{ZTIRM])
QI = OMEGA*HSTAT/{RMPPHEOMEGA( L) xR 2 aMSTAT«HKSU*CHTI/AMNEGA]

C
< PRINT YALUES dF QE aND ul,
C

32 PRINT 1U60.UE,Wl

1060 FORMAT (//60X15H0UALTITY FACTOHHS//32XIAHCANSTANT VAL TAGE 36 X4HQE =
BE14,6/32X16MOCUNSTANT CURRENTIOXUHGT =E14,6)}

GO TH ds
C
c BHTAIN VARIOUS BUTTERWBRTH AND BNITH GUANTITIES,
£
43 7 = CSURTIFRENUR®UNAFEX{D s 1,131}
IZ = CEXPL2,.*{)
CHI = {(FZ=1.)}AC822+1,.3%2)
CHIE = CHI
UHE = CHI*UH
Ut = CANGIUH}
CHI = CHI*CMPLX(CHSF{UG] ,SINFLIUGY}
CHIR = REALICHI)
CHIT = =ATMAG(CHIJ
46 HL 2 ATTxaTHKANTRN/ {2, «PI*RMEANR*2 Y &k UHT
XEL = GMEGA®NSN*UU/ (2, xPI*RMEAN)I K {ACOIL =&}
ZTL = CMPLX({HEL.%EL) |
IC = GMEGAANSUAUMHE*AM/ (2  *PIARMEANI®(G.v1,)}
B = TEL ¢ ZIC
t8 5 1./28
ZEM 5 HTTwAMKkNTHRN/RMEANRUHE
REM = REALLZEM)
XEM = AIMAGL{ZEM]}
IMP =z 2 APIwtHManKSUxY /(PMEANKTHEGAJ*CHPLX(CHILCHIRY
AMPP = 2, «PIxUMEGAXKHOIXAMRRMEAN=2 *P T AAM2Y / (RAEANXUMEGA )
HMP = REAL(ZNMP)
Z4PP = CMPLX{WHPP, XNPR)
BRIl = RUPP/(Z, %P I ARMEANRLTH ]
4 = IMP + IMPP
IMBC = Zm
IMGE = IM + ZEMRIEM/STH
ZmftTa = ZErxJEM/ZM
FEA = B + FMpTA
FHATA = = (YBRZEMI*a2/ (ZA+LEM2IEMAY)
YEA = Y8 + ¥YMOTA
c
C OBTAIN INFLUENCE COEFFICIENTS vt (,} FBE CHNMGTANT DURRENT 'CASE,
<

ZTRM = RMPP = HiLaHL#2CL#AREA=*2/(Z20428)
& = (0.0,
00 23 1 = I yNBRFNS
GMBKT (1) = EOMEGA[IJA*xg = OMEGAX*2 + OMAXTTRM/MDL(L)
23 5 =2 5 + 2, +PI*RNEANSRINT (1) (2 *RINT ()42 *THK®AXEDGE (1137 {LTH/Z
FOMBKT(IN)
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KS5Q = OMA*H|_ *HL *S/{(CHI*ZC*RHO*THK)
ne 24 I = 1,NBRFNS

24 DNMEI) = LTH/Z2,#RHOxTHK*(1, “KSQACHI*ZC/ZA3) *#OMBKT (1)
DE 55 1 = 1,MXS1ZE
D8 S5 J = 1,MXSIZE
VLCIed) = (0.,0.)
PO 55 K = 1,NBRFNS
%5 VL{EeJd) = VL(I,J) + RO(K,I)*RDINCK,J)/DNM(K)20MA
DO 44 J = 1,MXSIZE

VL{MX1,J) = (0,,0.)
D3 44 K = 1,NBRFNS

44 vL(MX1,J) = VL(MX1,J) + AXEDGE(K)*RDIN({K,J}/DONM(K)I*GMA
IF (ICRT,EQ.1) GO T8 400

CALCULATE INFLUENCE MATRIX NEEDED FOR CANSTANT vULTAGE CASE AND PLACE
IN ARRAY VL(,),

bR 4u4 I = 1,Mx1
DO 404 J = 1.MXSIZE
404 VR(I,J)} = vi(l,Jd)
DA W03 I = 1,MX1
D0 U40T J = 1,MX)
VJC(LsJ) = (0.,0,)
DO 403 K = 1,MXSIZE
403 VI(I+J) = vJ(IeJd) 4+ VL{I#X)
DO 408 ] = t,+mXx1
U 4uB J = 1,MXSTZE
408 VJ(1,J) = RLa*2%AREA/JMAXH/AZB*YI (], d)
DO 409 I = 1.,Mx]
G409 VI(I,MX1) 5 hHLx*2*8  *FI*RMEANKTHRK/ZHxVI (I, MXx1)
DO au7 I = 1,Mx1
407 VJ(T,1) = vJC(I,1) + (1..0,)
CALL CINV(VJeMX1,11)
B 412 I = 1,mx1
DO 412 J = 1.MXSIZE
VL(IfJd) = (Ua,0.)
D 412 K = 1,MxX}
412 VL(1+Jd) = YL(I,J) + VJI(T,RKI*AVK(K,J}

guyAaIn HORMAL yELOCITIES vE

() IN AIR 8N REFEREWC

T
o

400 DN 4 1 = 1,.mxl

VH(IY = (0,.0,)
vy a4 J = 1,MXSIZE

4 VH(I) = VH(I) 4 vi(I,J)
IF (ICRT,EJQ.1) GO TA 11t
Do 12 1 = 1,mMX]

12 vH(I) = VH(I)*HLxE/ZB
G8 fO 13

11 D8 14 1 = 1,4%1

14 VH(L) = VR(I)*CUR*HL
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00 73 [ = t.Mx1
VELILI) = vH(I)

HBTAIN COEFFICIENTS 8F VELOCITY EXPANSION IN MBUE SHARES CFM{) FROM
SUBRBUTINE MDS.

Catl MDS(VA;3TR,RD,NBRFNS,YEL,CFM)

USE COEFFICIENTS T3 OBTAIN MODAL CONTRIBUTIONS T80 MHTISNAL IWPEDANCE 3R
ADMITTANCE ZMAC(), SUM CONTRIBUTIOMS T8 ABTAIN TATAL MOTISNAL TMPEDANCE
ZMOTAF OR aDMITTANCE YMOTAF,

ZMBY = (0. rUL2

oo 36 I = 1,NBRFNS

IMACTY = CRMOTdwy *PTxRMEANRIRINT(T J+THK*AXEDGE{LI]]
ZmMiT = ZIMET + IMA(L]

IF (ICRT,EQG,1) & Ta 37
YMOTAF = =Hi /(Z8*E)*ZMBT
YEAF = YMATAF + YiE

8 33 I = 1 ,HBHFNS

ZMAELTY = ZMA(LJ*HL/A{ZBXE}
G808 T8 38

IMUTAY = HL/CURAZMBT

ZEAF = JH &« IMBTAR

00 39 I = {,MBRFNS

ZMACLY = ZMA(I)I*HL /CUR

CALCULATE BUTTERWORTH aAND SMITH yELGCITY IN ALR yh3a,

£58 = rxTHR/(OMEGAXRMEAN®2Z)

Z8BC = 70Hx(HKSUACHIT + (0,210« (B8R38*xCHIR=},1)

¥RS84 = (ICRTxHL&«CUR + (1«ICRT)I&HLAE/ZHY/(OMNEGA*HHT* THE =
FlOU,el,) + HZM + ZSBE + (i=1CRTIaRL*HL %2 #PIaRMEAN®LTHAIRY
VM = CABS(VESA)

vBA = CANGIVESA)*xtau,/P1

IF (ICHT,EQ,0) G TA 1018

PEINT AL AIW wELBLITIES,

PRINT [a20,0UR,FREQDR

FORMAT (4H1UdOXISHOURKENT DRIVE zC(Eld,6,E1d,61,15XIIRFREQUENRTY
FEY4,6)

Go TH fo}¢

BRINT 1021,E,FREQDR

FORMAT (IHI4AaX1SHYBLTAGE ORIVE
SEfd.n]

PRINT fola

FARMAT (/61X1IHBUTPUT DATA)
FRINT jo2e

FOEMAT (//49XASHREFERENCE SURFACE VELRCITIES IN AIRZFgodaniRipal
FTXGHIMAGINARY TXOHMAGNTTUDESXJ4HANGLE (BEGRFES) /)

]
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PRINT 1023,VvBSA,VBM,VBA

FORMAT (1X21HBUTTERWERTH AND SMITHIIXSHVELBSIX1IH=C(E1d4,6,E1d.6),
FE15,6,7TXF9,3/)

I =1

VELMG = CABS(VEL(I))

VELAN = CANG(VEL(I})*{80./P1I

PRINT 1011,1,VELCI),VELMG,VELAN

FARMAT (1X11HNRL EIGSHIP2iX4HVEL(IZ2,3H) =C(E1d.6,E14,6),EiS.b,
$IXFY,3)

Dg 87 I = 2,mMx1

VELMG = CABS(YELC(I))

VELAN = CANGIVELC(E})*160,/P]

PRINT 34, T1,VEL{I),VELMG,VELAN

FARMAT (33XUHVEL(E2,3H) =C(k14,.6,E14,6),E15.0,7XF9,3)

BRTALIN INTEGRALS NECESSARY FUR CALCULATING SHELL STIFFNESS REACTANCE

AND MEDIUM INERTIAL REACTANCE IM AIR FROM ENTRY POINT IMrPD OF SUBROUTINE

EIGFNS,

Do 7R 1 = 1,NHBRFNS
CFM(I) = CFM(]}/0Ma
Cail IMPD

CALCULATE SHEEL STIFFNESS REACTANCE ZSTA AND MEDIUM INERTIAL RE&CTANCE
ZKNA [N AIR,

YNM 5 2 %CABS(VEL(MX1))a*x2xRMEANXTHK

DR BBL I = 1,JmMAXH

VMM = VM ¢ (RYUT*FO + RINKFI)XCABS(VEL(I))#*x2*xLTH/JMAXH

YNM = WNM/ (2, «RMEAN® (LTH+THK) )

ZSTA = 2, %PIxYARMEAMKTHK/ (1 ,=NU*NUI*(UX2T+w2l+UXWI)

5+ PI/6 % (THK/KMEANI 2 k2% Y« RMEANXTHE/ (1, =NUXNUI* (WX X2 +w 2l =UXnXX1)
I5Th = 2, %7STA*xOMA/YNMX (], =~kKSU*CHIR)

ZKMA = UMEGAxx2*METAT/LTH*2 «(UZ2I+WEZT*RMEANKAZ)/VNMAOMA

IF (1AIR,EQ G3 To HE

1 i)
i Nelbwel)

IF OUNLY AIR KESyULTS ARE DESIRED THEN PRINT ALL ASuTPUl WusNTITIES,

PRINT 102%

IF (ICRT,.EQ,U) GO TO 7a

PRINT 1101,4000A,ZEA

FURMAT (29X 2SHMGTLUNAL IMPEDANCE 1IN AIR Y8X7HZMUTA =C(Eld.b,Eld.6)/
$29X2THELECTRICAL IMPEDANCE IN A1R TAXSHIES =CiEid.o,Bld,0))

G& T8 79

PRINT 1102,YMHTA,YEA

FERMAT (29X 2oHMATIONAL ADMITTANCE IN AIR 17X7HYMOTA =C(Eld.n,E14,6)

5/29%X28HELECTRICAL ADMITTANCE IN AIR 17XSHYEA SC(E14.6:E1d.8))

PRINT 1027,ZC, 2L, ZEM, SRTB, I8P (ZNPP,CHIE
IF CICRT.EW,U) GO TR #2

PRINT 10350,2ZMm0¢

PRINT to012
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PRINT 1103,ZMUTAF,2EAF,ZD
1103 FORMAT (29X25HMOTIONAL IMPEDANCE IN AIR (8X7HIMNBTA =
3C(Etd,6,E18,6)/
BEINZTHELECTRICAL IMPEDANCE IN AIR 18XSHZES =C{E14,0,E14,81/7
$29x28HBLBCKED ELECTRICAL IMPEDANCE 18X4miB =Cifi4.6/E14,0))}
Go T¢ 8%
B2 PRINT 1040,ZMSC
PRINT 1412
FRINT L104,YMOTAF  YEAF,¥B
PIO4 FOAMAT (20X2pHMUETIONAL AUMITTANCE IN AIR 17XTHYMUTA =
SC(EI8,6,E148,0)/
$29x2BHELECTRICAL ADMITTANCE IN AIR 17XSHYEA =C{El4,b,Elid.n]s
T29X29HBLOCKED ELECTRICAL ADMITTANCE 7X4HY8 =C{Eig.6.E14,6))
86 PRINT 1i05,HL UH, UHE+ZKNA,25TA
1105 FORMAT(29XZ4HTRANSDUCTION C?EFFifiENT 22XGHHL SCERIS, 6,614,604
FROAIQHPERMEABILITY DUE TO HYSTERESTS 16XdHUH =C{EL14,86,E 18,637
FZ29XIBHTATAL PERMEABILITYZ2TXOHUHE =C{E14,.6,E10.6)/
FSOX2THMEDIUM INFRTIAL REACTANCE AIR {SXeHInwA =C{El4.6,E34.6)/
FAIK2IHSHELL STIFFNESS REACTANCE ALIR 19XeHISTA =C(E14d,.58,FE14,61))
TH = TIMELEFTIK)
PRINT §8,1M
98 FORMAT (IX4HTIME FH,2J

Y BACK T READ aNOTHER URIVING FREQUENCY,

LA 1O 49

CHNTINGE CALCULATIONS FOR wATER By OBTAINING [RyE SURFACE Ra&DIa&tTIonm
GREENS FUNCTION G(,3 FROM SURROUTINE SRIC anD THEN CalCul aTING ReFERENCE
SURFACE GREENS FUNCTION GS(,].

88 Call SwiP
D 71 1 = 1.mx%512t
08 71 J = 1,MXx3IZE

Tl 65C(Fed) = (GE1,J)#RIMaG(LCMI=T, JIAROMIAFL + {GILCMI=TI, LOMEmJ)Akan

Fola (T, LOM1=J) AR [MIAF D
on 75 1 1 yMXSTZE
GELIeMXE] = (0.svu,}
DB 75 J = Mx1,MXE
TS5 GS{I«MXT) = 6S{1,MX1) + GELCMI=1,J)*xREM = GUT,J1xRI™

o8 74 1 1+M%1
e 74 J 1.MX1
VG102 (Uaslial

na THo oo
[E2V A

Td viGLisgdl

1 MY Sl T
FI R R

¥(Led) + YL LI KI*G5(K,J)

LEI U T TR L IR PR 1}

by 72 1 PaMxd

Te wG{I. 1} ¥EEIel) + (taris)
DA J94 T 2 {,MX1
DO 196 J = 1,Mx1

198 va{l,J3 = ¥G{L«JJ
ba 199 1 = 1,.Mx]
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VA(I,MX2) = =VH({I1)

SOLVE SIMULTANEDUS EQUATIONS FOR NORMAL VELOCITIES VELTY Iiv waTER O
REFERENCE SURKFACE BANDS.

CALL SIMCXx(vA,11,STRsMX1,VEL)

CALCULATE MBDAL COEFFIENTS CF™(), MUDAL CONTRIDBUTIONS 16 waTER AQTICMAL
IMPEDANCE OR ADMITTANCE ZMwW, AND TOTAL MOTIGNAL IMPEDANCE ZMOTwF OR
ADMITTANCE YMOTWF, ALSO 08TAIN MAGNETIC FIELD IN C3It HR AND ELECTRICAL
PBAER PINF,

CALL MDS(va,5TR,RD,NBRFNS,VEL,CFM)
IrBT 2 (0.,0.)

PRINT 1G24

1024 FORMAY (//49X3THREFERENCE SURFACE VELUOCITIES IN WATER//48X4HREAL

FIXOHIMAGIMARY 7XOHMAGNITUDESX JUHANGLE (DEGREES) /)
PRINT 1023,VHES ,vBM,VBA

I =1
VELMG = CABS(VEL(1))
VELAN = CANG(VEL{I))*180,/P1

PRINT 1031,I,VFLCL),YELMG, VELAN
pe 77 L = 2,0X1

VELMGL = CABS(VELC(I))

VELAN = CANG(VEL(E))*i&0,/P1
PRINT 34, I, VEL{II VELMG, VELAN
gn 81 I = 1,JmAXH

VELS(I) =FT*VvEL(L)
VELS(LC™i=]) = FOxVEL(I)
O 83 I = Xl mXE
VELS{I) = VEL{MX1)

BETAIN THyYE SyukFAaCE PRESSURES ON BANES SP() FROM ExNyRy PEInT FIELD BF
SUBROUTIME SHIP,

CaLl FIELDC(G?

TE SWLtI RSTTCOFRESS LELACTASCE r
T SO0k SFjar v NTES N0 Aw | RmaacD 4
I

ol A
U
WATER, ALSO Cal CULATE RADTATION

Al
B
L

)

08 879 I = 1,NBRFHS

CEM{I) = CFr(1}/0MA

CalLlL IMPD

ZL = PA/VYNM

IST = 2 *PT&YARMEANKTHK/ (] ,mNUANUI A (UX2] +W2]4+UXW])

$+ PL/6.x[(THK/RMEAN) *#2kYRRMEANKTHK/ (1, ~nUanNU) 2 (WXX2]+ndI~UxwXX]])
IS8T & 2, %ISTHUMA/VYNMK(] ,=BKSA*CHIK)

ZEN = OMEGA*R*2AMSTAT/LTH*2 ,# (U2I+w2l«RMEANARS ) /VIbA(IMA

[

AL
AL LVLRS

ANTTITIE X
i

1 [
oo WoSMITH HUANT LT it

ATE AND PRIWT vARIS)S BUTTERWARTH Anb SMITH u
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RML = REAL{ZM+ZRAD)
AIML = AIWMAGIZM+ZRAD}
ETA = HEAL{ZRAD)*»(REM*REM + XFM*XEM)/({REL + REAL{ZCI)=ERplarnml +
FAIMURATIMLY + (REMREM = XEMANXEMI*EML + Z AREMeXEMxATML)
PRINT 1425
1025 FORMAT (//S7X21HBUTTERWARTH AND SMITH//BSX4HREALFXYHIMAGINARY Y
IF L[ICRT,EW,O) G 7O 1Uis
IMBTW = ZEMRIEMSIIMEZRAD]
ZEE = ZB + IM8Tw
PINE = CABS{CUR]*s2xZ2EE
PRINT 1026,PINB,ZRAD,ETA,ZMOTA, ZEA,ZMOTHW, ZEE
1026 FHRMAT (ZYXieHELECTRICAL POWER 29XSHPIN =C(zld,b.bBld,nl/
FEIXIOHKADIATION IMPEDANCE 25X6HIRAD cCEEld.b,bid4.8)4
$29X27HPARER COKVERSION EFFICTENCY IBXSHETA SEl4.6/
F29K2HHMATIONAL IMPEDANCE IN ATR 18BX7HINGTA =C(Fi4,n,Eld.8)/7
FEFASTHELECTIRICAL TMPEDANCE In AIR {8XASHZIbA =C{t14,6,E'8,0)/
FZYK2THMAT TURAL IMPEDANCE IN wWATER 1b6XTHZMITW =CClEld,b.Eld,0}/
GRGX29RELECTRICAL IMPEOANCE IN WATER t&ESHIEE zC{Ei4,6.E14,811
G T8 tat7
1016 YMATw = = (YB*IEM]I*xRS/{ZM+7EMKIEMAYB+IRAL)
YEE = YB + ¥¥OTw
FINH = CABS(EjxxZ2xYEE
PRINT 1086,PINB,ZRAD,,ETH,YMOTA,YEA, YMUTH, YEE
{036 FORMAT (29%X1&HELECTRICAL POWER 29XSHPIN =[(E14,0,E1d,63/¢
F2OXIGHKARTATIAN ITHMPLOANCE 29%X6HZRAD =C{Ela,.h, 10,60/
F2GXZTHPAWER {ANVERSION EFFICIENCY 1HXHHETA ZEld,b/s
29X 2aMMATINNAL AUMEITTANCE IN ALIR (T7XTHYMATA zCiEld4,h,bld,a]/
$29X28RELECTRICAL AUMITTANCE IN AIR 17X9HYrh =C{Eld,.b,bld.6)¢
F29X2EHMBTIMNIAL ADMITTANCE IN WATER IGXTHYSNATWY =C(Eld,8,E18,671/
$2AKBULELECTHICAL AUMITTANCE Ii wATER 1H5AGHYLEE =LtEla ., 6,014,011
LGLT PRINT 1027020, LBL,2EM, SRTBIMP  InPP,CH]E
1027 FHRYAT (29x14FCHRE IMPEDANCE 3224070 z{{E1d,.6,E1u,61s
F29X50HEBRPER L858, LEAKAGE [HPEDANCE 19X9HZEL =Citlu,o.fte,6)/
3296 24nTRANSDUCT ION COEFFICIENT 21XBRIEM 2( Lk ld, b,Eld,0l/
S29USEHELECTROMECHANTICAL COUPLING CORFFICIENT 9X3MK =El4,0/
FEGR2THELECTROMELHANICAL IMPEDARCE 18XSHIMP 2C(E14,6.814d,0)7
F29XZOUMECHANTCAL IMPEOANCE 2aXaNIMPF =C(bt4.6,818,.02/
29X 1FHEDD Y CUHHENT FALUTOR 25XonlHIE =sC(Eld,o.,btd,b1)
IF OCICKRT,EG,u) o T8 (028
PRIMNT (030, 7MAC0
1030 FORMAT (Z2Y9a40HTATAL MEUMANICAL IMPEDANCE  HFEY CIRUUIT dx
FOHINAGC =C{ElL,e,E1d,6))
PRINT 120, CUR,FREIDR
GBOTA 1039
1988 PRIKT todu 550
1040 FHRMAT (Z29xaiHTATAL MECHANICAL IMPLDANCE  SHART CIKCUIT 4x
poHZIMSC sC(EId,6,E14,6))
PHINT 1UZ1l.EsFREGUR
1039 PRINT i1ptg
PRINT tute
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1012 FORMAT (/61X11HNRL EIGSHIP/)

PRINT TRUE SURFACE PRESSURES AND VELACITIES ON SURFACE 5ANDS.

oao

PRINT 1041l

1044 FOERMAT {//H1n12HRING SURFACE//2BX17HSURFACE PRESSURES 47
$1BHSURFACE VELGBCITIES /1X4HBANDIXUHWREALTXFHIMAGINARYTX
$9HMAGNITUDE3X 1 4HANGLE(DEGREES) 1 L X4HREALTXOHIMAGINARY TX
$9HMAGNITUDEZIX 1 4HANGLE (UEGREES) /)
pe 78 I = 1,LCMAXH

5PM = CABS(SP(I))

§PA = CANG(SP(I))*180,/PI
VLM = CABS(VELS(I))

VL& = CANG(VELS(I))*180./P1

78 PRINT 1042,1,5P(1),5PM,SPA,VELS(1} VLM, VLA
1042 FORMAT (2X12,4XC(E14,6,E14.6),E15,6,2XF9.3,102C(E18,6,E14,6),
$E15.0,2%XF9,3)

c PRINT MBDAL CONTRIBUTIONS TO MOTIONAL IMPEDANCE OR ADMITTANCE,

IF CICRYLEQ,u) GEB 196 1053
P8 1032 F = 1,NBRFNS
1032 ZHW(I) = ZMW(I)*HL/CUR ]
PRINT 1031,(2ZMA(I)ZMwEl),121,NBRFNG)
1031 FORMAT (/27X«HODAL CONTRIBUTIANS TO AIR IMFEDANCE*SXaxMUDAL CONTRIB
JUTIONS TO WwATER IMPEDANCE*/(31XC(Eld,a,Eid,6),189%XC(E14.6.,F14,R)))
GO T 1654
10593 DO 1052 1 = 1,NERFNS
1052 ZMw(I) = ZMu(R)*Hi/ (ZBxE)
PRINT 1051, (ZMA(L) ZMW (T}, =1 NERFMS)
1051 FORMAT (/27x%M0DAL CONTRIBUTIONS TO oIR AUMITTANCE*SX*MBOAL CONTRI
IUTIANS 70 WATER AOMITTAMCE®/(3IXC(Ei4,6,E14,6),15XC(E1d,0,E14,6)))
C
C CALCULATE AND PHRINT yvAREOyYS EIGSHIP oyTPuUT QUaNTITIES.
C
1954 EFF = REAL(PAI/REAL (PINF)
PRINT 1044,PINF,PA,EFF
1044 FORMAT (//729X16HELECTRICAL POwER 29XS5HFIN =C(E1d4,6,E14d,8)/
PEIXIUHACHUSTIC PORER 32X4HPA =C(Fl1d,0,E148,0)/
B2AA2THPOWER CHONVERSION EFFICIENCY |8XSAEFF SEj4,b)
CALL FARFLO{1)
IF (ICRT,EG,0) GO T9 1048
PRIMT 104%,2M0TAF , ZEAF ,ZMOTWF , 2EEF .26
1045 FERMAT (29X25HMOTIONAL IMFEDANCE IN AIR 18XTHIMOTA =
C(ElG,6,ElU,6)/
$29x27THELECTRICAL TMPEDANCE IN AIR {BXSHZEA =C(E1d,0,Et8.6)/
F29A2THMETIONAL TMPEDANCE IN WATER 16XTHZMHTw 2C(E1d,.6,Eld,6)/
B2FA2IHELECTRICAL IMPEDANCE IN WATER 16XSHMZEE =C(E1d.b,Eld,0)/
$29X28-BLOCKED ELECTRICAL THPEUANCE [8X4HZB SC(Eld,osrbBld,b))
CHA = CABS(CUK]
TRP = 20.*%ALAGLUCFFO/CHA)
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TRa = 20,*ALOGIOCFFI0/CHA)
GO TG 1049

1048 PRINT 10SS,YMOTAF YEAF y YMOTWF, YEEF . ¥ H
1055 FORMAT (29X2&6HMOTIONAL ADMITTANCE IN AIR [7XKTHYMOTA =

SCIE14,6,E14,0)/

$29%2BHELECTRICAL ADMITYIANCE IN ALIR 17XSHYEA =CUEI4.b,E14,.6)/
B2IA2BHMATIGNAL ADMITTANCE IM WATER 1SXTHYMETW =CCELALG,E16G,b0)/7
$2IXZQHELECTRICAL ADMITTANCE IN WATER 1SXSHYEE =C(E16,.6,E34,8)/
$29X29HBLOCKED ELECTHICAL ADMITTANCE 17X4HYB =C{E14,6,E18,8))
vTa = CaBS(E)

TR = 20,*ALQCGLO(FFG/VTA]

TRA = 20,%ALBGLIO{FFO0/VTA)

1049 PRINT 1047,2L HL oHRyTRP TRA,UR,UHE , ZKNA,ZSTA, KN, Z5T

1047

51

FARMAT (29XI9HRADIATIOR IMPEDANCE 27X4RZIL =C(Eie.6,E14,6)/
F2IX24HTRAMNSDUCTION COEFFICIENT 22X4HHL =C(E14,6.E1U,6])/
S29XK2ZHMAGNETIC FIELD IN COIL 24X4HHR =C{E14,6,F14,51/
F2OXESRTAAMSMITTING RESPONSE IN PLANE (DBYL1OXSHTRP =E14,6/
F2OUZZHTRANSMITTIING RESPONSE AXIAL (DR} 13XSHTRA =Eid,&/
S29XNFYHPERMEABILITY {UE Th HYSTERESIS {(6X4RHUR =C{EY8.6,E1u, 8]/
R29XIBHTOTAL PERMEABILITY2YNSHUKE zC(E1d,8,Fid,a}/
$29%2QHMEDIUM INERTIAL REACTANCE AIR ISX6HZIWNA =CLEi14.6,E14,817
F29429H5HELL STYIFFNESE BEACTANCE AIR (8XO6HZ3TA =C(Et4.6,Ei14.61)5
$29XZ5HMEDIUM INERTIAL REACTANCE 20XSHIKN =C(E14,6,F14,.817
529X 25H5HELL STIFFNESS HEACTANCE Z0XSHZST =ClEL4,04E€18,0})

CALCyLATE AKNL PRINT RADIATION DIRECTIvITY PATIERN AT IFD+l EWIALLY SPACED
ANGLLES FREM SUBRAUTINE FARFLE.

IF (IFD,NE,0) CALL FARFLDC(IFD)
Th = TIMELEFT(K)
BRINT 98,11

G BACK TO READ ANATHER DFIVING FREGGERNTY.

G8 10 49
5tuP

Ea
=yl
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SUBROUTINE BESL(X,uJd,BJ1,Y0,Y1)

IF(Xx.T,3.,3G0 Ta 1

XT = (X*xX)/9,

BJO=(1, + XT*(=2,2499997 + XT+{1.2656208 + XT*x( =,31638b60 +

1 XTx(, 0444479 + XTx(= 0039444 + xT=,06G02100))13))) .
BJlzs x*x(,5 +XT&x{= 56249985 + XT*(,21093573 + XTx(-,0395UL289 +

1 XT=(_ 00843319 + XTa(=,00031761 + XT%,00001109)1})13))1}

RETURN

1 XT = 3,/X%

FO) = ,79T78B8UdSo +XT*x(=,00000077 4 XT*x(=.00592740 + XT*(=,5000951¢
1+ XT«(,00137237 + XTx(=,00072805 + XT*,00014476)))1))

Ft = 79788456 +xT«{ . 00u00196 + XTx{,0l&65%96b67 + ATx(,GU0LTIUS +
1 XTw(= 002495911 + XTx(,00113%653 = ,00020053%xT7))11)

TO = X=,78949816 + XT*x(=,04166397 + XTx(=,000039%4 + XT*(,002625/3
1+ XTx(=_0005d125 + XT4(=,00029333 + ,0Q001355%E%XT)))))

Ti= X = 2,3561944% + XTx(,12499612 + XT+(,0000%65%0 +ATx(=,00637879
XTo(, 00074348 + XTx(,00079824d =,000291b66xXT)1)))

5x SGRYTX)

5X 14/75%

BJO = SXxFgxLAS(TH)

BJ} = S¥xF1*=CH5(T1)

RETURN

EniD

1

N+

SUBROUTINE BESI(X,HJ1)
IF(X,5T,3,)G0 T0 1
XT = (X*X)/9,
BJ1s X%{ .5 #+XTx(=_56249985 + XTAx(,21093573 + XTx(~,03954269 +
1 XTx(, 004843319 + XTx(=,0003L761 + XT4,00001109))))))
RETURN
1 XT = 3,/%
F1 =  ,7978484d5%6 +XT#x{,0000015%6 + XTA(,.016%9067 + XTx{, 00017105 +
f 0 XT*(= ,00249511 + XT*(, 00113653 = ,00020033%xXT)2)))
Tls X = 2,35619449 + XT*(,12499012 + XTx(,000u%650 +XT*{=~,yuei7879
XT*(, 00074348 + XT*(,000796824 =,00029166%xXT)3)))
-3 4 SORT{X)
5x 1a/75X
BJ1 = SX*F1xCOS(T1)
RETURN
ENTRY BESO
IF(X,6T7,3.,) G T3 &
XT = (X%X}/9,
B8J1s(1, + XT*(=2,2499997 + xTx{1,2656206 + XTa( «,3]16488b t
1 XT* (0444479 + XTx(= ,00394d4 + XT*,0002106)3)2))
RETURN
5 xT = 3,/X%
FOo = ,797HBUSE +XTa(=, 00000077 + XT*([w,00552740 + XTa(=,000095]2
1 4 XT*(, 00137237 # xT*(=,00072805% + XT+,00014474)))))
TO = X=, 78539816 + XT*(=,0d166397 + XTa(=,00003954 + aTx(,uude2573
T+ XTwi=, 00054125 + XTa{=_00029333 + ,000135558%x1))31)

it H o+

Sx = SURT{x)

Sx = |,/8%

BJ1 = SY*FO0«L05(T0)
RETURN

END
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SUBROUTINE CALBES

DIMENSION PZ{20)},PLZ(2U0]),PR{20),PLRIZ2UI,XICS2)snF(32)

OIMENSION BIG{10,5323,BE2(10,32),610(10,%2),6T1014,32]

DIMENSIOEN CSO0(10,321 .63 010,321,8530010,32),658010,%2)
COMMON/BLKA/PR,PLR,PZ,PLZI/RIT/IMAN ,IMAXH,, IMAX/ROC/JTHP

COMMON/S/RTAI10, 10,32 8T 0 10,323, 82832,10),5106MAL32,REST(12H]
COMMOBN/G/BTOLLI0,10,32),6T1011,10,32),RUSTL(2880) '

COMMON/TAY /HNOD1,NQD2, NGO /BOLD/GS0,GS1/RLNI/H A FK FPI/ELRZ/X],WF
COMMON/BLKIR/HTIO, BT 1 FHBEALD/GI0.GL1/TIUY/AFAST A HLKEAHEG B0
COMMON/RAD/RIN,ROUT/EEMSLGEME

DIMENSTON GGMS(1U,32)

NohbiDl

FKFK = FE#AFK pOUIBteU
FRKFAST = 2,%FAST*FK

OO 9 L=t

SIGMA(L) = XI(L) + 0,5 * FK

GZLLrs1Y} = FAST % (XI(L) & XTI(LY} = FK}

g = SlGWALLY + SIGumA{L}

3 = SIRT(FKFK = @O) Gquutstue
Gousit.Ll = D

F=p*REUT § TI = D*RIN

CALL BESL{T,BSJU,BSJL,YO,YU] Qouledly
CALL BESLITI,BIJU.B8TIJ1,Y0,YU)

BIG{i, L) = BIJo & BII(L,L] = HIJI & D
BEUCL,LY = B3J¢ pUGIeLoe
BEELL,L) = BSJL %

0
BT181s1 L) = BIJE & RIN & WF(L) /7 U
BTI(IMAXY + 1.0.,L) = B85J1 = RAuUT & WE{L) / D
CUNTInUE .
Da1S ICE=2,J18P
DH1e Mt N
GZ{MsICEY = LI{M, ICE = 1) + FKFASY
RHg QZ{M,ICE]
GUR RAG xR H{ ooul7iou
GHS SURT(ANR + FKFK) vuuiteiy
GEMS{ICE, M) = (M3
TH = MS*HOUT 3 §H = RHB«RIUT
Tiw = GMS*RIN § SIM = KEIARIK
CALL BESL{SM,BSTU,LSTL, vt,¥2) yuu 7700
CALL BESLCIM,BETO,BST1.¥2,Y4d} WAL Eel
CaLL BESLISIM,GITO,5IT1,YL,Y08)
Call RESL(TIM,mITULRITI,YX,Y0O?
BIGLICE, ™) BITe § BIICICE,H] = sIT1 & GM3 § GIotICE,») = GlTy

o oa

GILLICE,M™) = 61T}

HSOCICE,H) = HSTQ Uguisagl
BSI(ICE,M) = B5T1 * GhMy

GSOLICE ;MY = GSTU gugiaSou
GS1{ICE,M) = G5T1 gHeiBRe0N

BTLCL,ICE,M] = RIN » RBITY *» aF{%} / GG
BTEELIMAY + 1, ICE M) = RBUT = BRT1 x= wk{M} # GM§
GTT1{L,1CE,™M) = RINM x §1T1 % wF{M) / HHO
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GTI(IMAX + 1,iCE,M) = HOUT » GST1 % WF(M) / KhE
canTINUE

CONTINUE

DDELR = (ROUT =~ RIN)/IMAX

DELR = _S*0LELK

RL = «#In = [DDELR

DA S IMP=],IMAX
RL = RL + DOELR
D L L=irhk

0 = GGMS{L.L)

T= D*PR{IMP)

Ti= Dx(PRUIMP) = DELR)

CaLl BESO(T,BTULIMP,L1,L))

IFCIMP,FQR,1) GO Fo 1

CALL RESIC(TL1,BTI(IMP,1,L))

BTICIMP,1,L) = BTI(IMP,1,LL) * RL = WF(L) / D

CONTINUE 00016600
bg 5 ICE=2,JTAF 0001a700
DR b M=1,N

RHY = QZ(M,ICE)

GMS = GGMS(ICE M)

SM = BHOEAPR{IMP) & SM] T RHOX(PR{IMP) = DELR)

TM = GMS*PR(IMP) § TM1 = GMS*(PR(IMP) = CUELR}

CALL BESO(TM,bTG(IMP,ICE,M})

CALL BESOQ(SM,GTU(IMP,ICE,M))

IF(IMPLEQ.1) GO TO &

CaLl BESHI(TMLI,BT1I(IMP,ICE,M))

BT1(IMP,ICE,™M) = BTI(IMP,ICE,™) * RL * WF (M) / GHMS
CALL BES1(SM1,GTLI{IMP,ICEsM))

GT1(IMP,ICE,™) = GTL(IMF,ICE,M) * RL * wfF () / RH}

CANTINUE VOD1BTO0
CONTINUE 00G1E8UY
Le 2u IcE = 1, JTOP

Ny 21 ¥ = 1, N

DEg 22 IMP = 1, IMAX

HTI(I#P,ICE, M) = BTL(IMP+1,1CF, M) = HI1C(IMP,ICE M)
IF(ICE .EQ, 1) Go 1A 22

GTIC(I™P,ICE,M) = GVL{IMP+1,ICE,#) = GTI(I®P,ICE, M)
COMTINUE

ConTINUE

CANTINUE

EETURN uculagoo
N[
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BUBROUTINE CALTRIG

COMMANSBLKZ/ XL WF/BLEL/H)RyFK,P1/STORSCTB/THSINGTHCAS, THEXP
COMMON/TOY/NODL,ISYM, ICOR/TIDY/AFASYT

DIMENSION THSIN(3I2),T8CAS(32), THEXP(32,10),X1(32),4F (32}
EQUIVALENCE (THCOS(L),TBEXP(1J}

COMMBN/FS/FRFL , FKFAST, TFK
COMMBN/PIT/IMAX, JMAXH, IMAX/UEL/DELR,DELZ
COMMBN/STORSCST/STRINI3IZ,21),3T003{32,213

DIMENSION STEMP{32)},LTEMP{32),ETEMP(32,10)

COMMON/S/BTOCI0, 10,320, BTL (81,100,323, 02¢32,10),SLGMA032),REST(1B1]
COMMON/S/GTOLIU,10,32),STEXP(32,80,10])
EQUIVALENCE(STSINIL Y« TSSINELYY, {8TCASCL),TSCUS(1))
EUUIVSLENCE {(STEXP(I},TSEXPiL}]

DIMERSION TESIME32,21),75C05032,21),T15EKP132,20.10])
ERFY = FK & FE & TFR = U.25 *= FK § FXFAST = 2,0 = F&ED # Fk

THKk = 0,25 * FKFAST

RTPKSI = 1,0 7 (TPK * TPk}
Moz ROD1

A = H + H

D% dup L 2 L, b

B = & = SIGMA{L)

TEBSIN(L) = SIn{H) * TFk
THCAS(L) = CHS(B) » TFK
CHNT IMUE
A = =4,0
B = FK «
TBRULT =
DAL TV S
B o= & % JiGema{mw}

THEXP({M,2) = E¥XFP{H) * T1PK

ot 362 ICE = 354 10

TREXP (M, ICE) = TBEXF{M,ITE~1} » THHULI

CUNTINUE

CHNTINUE

RETORM

ENTRY B5TTRIG

HI = 0,5 % GELZ

Ue 350 L = . R

A = HZ » SIGHA(LY

STSINEL,L) = SIn(A)

STCASIL,1) = CUS (A2

FROD = STSIN(LY) * STCUB{L.L)

STEMP L] = PROD + PRyd

PRAD = STCOS(L,1) * STCHS(L,1)

CTEMP({L} = FHHED #+ PHAD = 1,0

STSINCL,1) = 5T3infL,1T * TFK

STCBStL,1) = STCOSLL,1) » TEK

D 3951 IR = &¢ JMEX

STSIN(L,IR) = STSIM{L,Ik=11 * CTEMPCL} + STLAZLL,I¥=1) * STEMF(L]
STCOSC(L,IRY = STCHS(L,IR=13 + CTEWMP(LY = ST3Iwlteln=t}) * STEMP(L]
CHNTINYE

T S

88



350

5354
353
352

37
371
374

401
40¢

404
403
402

NRL REPORT 7964

CONTINUE

HZ = =HZ

STMULT = EXP(HZ * FKFAST)

DY 352 M = 1, N

STEXP(M,1,1) = EXP(HZ * G2(M,1)) * TPX

Do 353 ICE = 2, 10

STEXP(M,1,ICE) = STEXP(M,1,ICE=1]} * STMULT

ETEMP(M,ICE) = STEXP(M,1,ICE} * STEXP{#,1,1CE) » RTPKSH

DO 454 1R = 2, JMAX

STEXP{M,IK,ICE) = STEXP(M,IR=1,ICE) * ETEMP(M,ICE)

CONT INUE

CONTINUE

CONTINUE

RETURN

ENTRY SSTRIG

DU 370 L = 1s N

DG 371 J = 2, JMAx

STSINCL,J=1) = (STSIN(L,J=1)}=STSIMIL,J)} *x wFI(L) 7/ SIGMa(L)
STCAS(L,J=1) = (STCOS(L,d=1)=8FCcOSCL,J)}) * WF(L) / SIGMA(L)
D& 372 ICt = 2, 10

STEXP(L,J=1,1CE) = (STEXP{L,J=1,ICE)=STEXP(L,J,ICE}) * wF(L} /
$ QZ(L,ICE)

CONTINUE

CONTINUE

CANTINUE

RETURN

ENTRY TSTRIG

JMAXP = JMAX ¢+ 1

DB 400 L = 1, N

TSSINC(L,1) = 0,0

TSCHS{L,1) = TFK & WFLL) / SIGhA{L)

DG 4ul J = 2, JHAXP

TSSIN(L,J) = TSSIN(L,Jd=1) & CTEMP(LY + T3C03(L,J=1) * STEMP (L)
TSCOS(L,J) = TSCAS(LeJ~1) &% CTEMP(L) = TISSIN(L,J=1) % STEMP(L)
TESSINCL ,Jm1) = TSSIN{L,Jd=1) = TSSIN(L,J)

TSCIS(L,J=t} = TSCOS(LsJ=t]) = TSCAS(LJ)

CANTINUE

CONTINUE

Ly g2 B o= 1, N

Db 493 ICE = 2, 10

TSEXP (M, 1,ICE)] = WF(M} * ([,0 ~ ETEMP(M,JCE}]]) * THA / L2 (M, ICE)
DO 404 J = 2, JMAK

TSEXP (M, J,ICE) = TSEXP(1,J=1,ICE) * ETEMP(M,ICE)

CANTINUE

CONTINUE

CONTINUE

RETURN

END
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SUBROUTINE CFINTIA,B,0,%,AN5)

COMPLEX  aRGL,

ARG3, Fi, F3

COMMON/ICE/ICE (NOEXI/JBE/JTOPL/SAVE/ISAVE (EXMIR, EXMIL
r FF3(2), SAVER(2)

DIMENSIfN ALRG(

EQUIVALENCE {ARGL AIRG),

OATA ¢PIT =
IFCICE LT,
FACT = 1,
IFLAG = @
NFLAG = @
Gg Ta i
ENTRY LFOwNE
1Ffice ,L7T. JT8
FacCT = t, /4 %
IFLAG 1

WFLAG [y

G 10 1

EMTRY CEZERDT
IFLlcs (LT, JTa
[FLAG =7 ]

HFLAG =t
CANTINUL

Fm = PII 7/ SURT
AtRGLL) AokoX
AIRG(2] - ("
AARG(1) AiRG(
BAHG 2] - R
IF(IFLAG LEQ, 1t
CaLlL EXI{ARGL,F
WEAVE

Chy L

Gal
J18

Hnao H

CaLL EXI{ARBL,F
G Ta 3

CALL EXIZ2(APGS,
{SAVE = NLAVE 3§
CAaLL EX12(4RG1,
CONTINUE
FFINFLAG
1P ENFLAS
AhS =

RFETURN
AnS =

KETURN
Ery

i1

[

SughRBuTint £l
THIS SUHROUTI
WHICH INVERTS
T¥RE COHMPLEX
DIMENSION B
D8 1 = 1an5
o1 1 = 1,88
1 BOI#NS*{J=11})
CaLl ®INC{h,N

ISAVE & BAVERC1) =

. LD
RAUEEE D
ANg * FaACT

2), AZRG(2)s FFI1C(2)
59154943039
£1) 68 7O 48¢

PL) GO TH doGU

F1)y 68 o

(B % £}

- ) * X

b}

£+ L] * X

} 60 T8 2

i

EXMIR §
3}

F3)
ExriR =
1)

SAVERTLY ¥

P

A

Mo
]
=z
*

5
5

SV B NS DD

mE
MATRIX B{,).

Wl

MDA3 L0300 #0186}

= BUI+nNpall=111]
SN0, L,L M)

DR 2 JJ = 1,NS
J = Ng+i=Jl
D2 I1 = 1,N8
1 = HS+1=11
e BUI+ND#(J=13]) = B(I+NS+(J=1)}
RETuHAN
Etfy

(ARG3,A3RG),

SAVER(Z] =

EXmZII =

PREPARES INPUT T8 aND SuUTPU;
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SUBROUTINE CGMPBES

THIS SUBROUTINE CALCULATES COMPLEX BESSEL FUNCTIONS FOR ORDER ¢ AND 1 OF
THE FIRST KIND AND SECOND KIND FOR COMPLEX ARGUMENT X,Y,., SUBREUTINE
COMPBES REQUIRES THE FIVE SUBROUTINES MLT, DVD, SRT, PSUBV.: AND WSUBVY,
TYPE REAL JOR,JUI,J1IR,J11,JORPR,JOIPR,JIRPR,J1IPR

CAMMEBN /BLK/ XKeYeJUORSJOIZJIR(JILI,YORAYOL, Y1k, Y1]
XK121,4142135623873

EULER=0,5772159664901

P1=3.14d15926530

TOL=5,0E~10

IF{ABS{X},6E,9,0,UR,ABS{Y}.GE.9.0)GG 7§ i00

RHAZSJRTEXAX+Y*Y)

Rov=RHO/2,0

IF(RHO.NE.0,0)08 T8 1

JOR=1,0
JUOI=JIR=J1I=¥0I=Y11=20,0
YUR=Y1R==1,0E507

RETURM

SERIES

JC1=JC2=JC3=JCU=F [JU=SFXA=FXk=(),0(
FRJIUSXKKSFACTOR=1,0
COSPHI=X/RHD
L
IF(COSPHI ,LT.~t,v)COSPHI==1,0
SINPHI=ZY/RHD
PHIZACOS(CUSPHID
IF(Y. LT, 0, UIPHI=PI+PI=FH]
AHGULEZXKK &FHI*2 .0
CHS2KP=CUS (ANGLE)
SINCKH=SIM(ANGLE)
FACTORz=FACTORRRIV*REV/ (XKKAXKK)
ASFACTORACOS2KP
B=FACTORXS [NZKP
JURSFRJIO+A
IF(JOR,EG 0,0, 0RABS(A/JUR), LT . TAL)JE =1
JUI=F1J0+6
IF(JOT L EQ,0,0,0R,AB8(B/J0L), LT, TOL)JCa=1
XAZFXA+XKK2A/RYY
IF (XA EG,0,0,0R ABS{(Xa=FXA)/XA),LT,TALYIJCS=]
KBZFXO+XKE *E/RAY
IF(XBLEG, UL, 00, ARS((XH=FXR) /X)), LT ,TOL)JCA=1
IF(IC1 FEU. 1. AND JC2ER 1 AND,JC3,EQ, Y AND  JCHEQ.LIGU To 2
XKKSXKK+] .0
JC1=JCe=JLs=JCa=y
FRJuU=JOR
FIJo=Jul
Frazxa
FXR=XA
Ga T 3
JIR==SIMPH] % 23=C3SPHI*xX4A
JII=SINPH] *#XA=COSPH &XxH
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AKK=1 0
JES=JChF R I=F Xu=0
LLRZ2ZLAGF (ROYV)
AMEP2=1, 0
RTK=0,.0

7 ANGLESXKX«PHI*2, g
COSY=CBS{ANGLED
SINYSSIN(ANGLE )
XMKP =Y MKF*RHIKHHAZ (&, O XKKXXKK)
RTEERTK+ (1, U/ XKk}
XI=RTKeRXMKPRIOSY+F X7
IF (X2 EQ.0,0.0R, ABSCIXZ=FXZI/XL),LT. . TOLIJCO=0
L= MKPxRTK*SINY+FAQ
IF(XU,EQ, 0,0 0R,ABSI(XU=FXUI A9}, LT, TuLYJCo=E
IFEJCY BG. 1AL JE EG,1)568 TO 4
YKKSXKK+1 .0
JCS=JdLe=l
FXZ2=X2
FXu=xd
Ge 78 7

G YOR=(2,0/P1)*{JURX(EULER+XLR2}=PHI*J0I+XI)
YOIZ(2, /P 1*(JOTR(FULER+XLR2I+PHIXIOR+XQ)
JU?=JCA=8KF =G
XKK=1,0
FKFsSROY
FXNZRAVACOSPHI
FRPzAAY#SIHOHE

9 ANGLES(XKK$EXKK+1,074PH]T
COSYZSCASIARGLED
SINY2=SIM{ANGLE D)
FRFxaFKFaHHURHHG / L, GaXMKR{XKA+1, U}
SKF=SKF+1,u/%KK
SMRK=(2,0%8KF+1 0/ {XKK+1 . 0)Y)*FKF
KNSSHK*COSY24F XN
IF (AN, EG, 0,0 0R  ABF({XN=FXR) XN}, LT TRLJICTSL
AP =SMH xSINF 2+F XP
IF (AP EQ, 0, 0,88 2HS((XP=FXPY /4Py LT, TAL)IJCER]
IF(JCT7,vQ,1 .68, JOB,EU, 368 TO 5
AKKSXKK+L. 0
JC7=JCEB=u
FauzXy
FRXPsXR
66 T8 9

5 YiRS{ 2,0 IR*{EULER Y| B2 ~PRI*JII=CASPHI/ARHGI=XN]I/P]T
Yi1=(2, 0% {JIIR(EULERFXLRZIFPHIXIIR+SIHPHI/RRA)-XP )P
RETURH
ASYMPTOTIC EBEAPANSION

190 IF (Y, GT 0 0, 8RR, (Y, EQ,0,0,AND,X,G6T 6,8)260 70 1u]

Ks=X
Yomy
JEX=1
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G TO 102

JEX=0

SDaXkX+YxY

RHUZ2=SART(5Q)

SIN2=Y/KHR2
IF(SINC.LT,0.9999)53IN2=0,0
TMAL=2,0/(PI*5Q)

TMARSTMA] »X

TMAIZTMATI®(=Y)

CALL SRT(TMAR,TMAI ,AAR,AA]I)
EY=EXP(Y)

EMYZEXP(=Y)

CUSHI=SINHI=EY /2,0
COSHIPHRSEMY /2,0

SINHIPR==COSHIER

SIHNR=SINCX)

COSRECUS(x)

SCADSCUSR+SINK

BER=COSHIXSCAD /XK1
BBRPR=COSHIPR*SCAL/XK]
BBI=SINHI*(CUSR=SINR) /XK1

KR IPR=SINHIPR* (COSR-SIMR) /XK1
CCR=COSHI#{SINR=CB5R)/XR1
CCRPR=CASHIPR®= (SIMR=COSRI/XK]
CCI=SINHL*S5CAD/XK]
CCIPR=SINHIPRASCAL/ XK}

CALL PSUBV(D,u,¥,Y,DDR,0DE)

CALL PSUBV(1,0,X,Y,FFR,FF1)

CaLl 9SUBV(0,0,.X,Y,EER,EEI)

CALL JSUBY(1.0,X,Y,6L61,G01)

CALL MLT(8BR,BBI,DDR,DDI,FRR,FRI)
CALL MLT(BERPR,BBIPR,DDR,ODI,FHRRPR,FRIER)
CALL SLT(CCK,CCI,EER,EEY,SER,SET)
CALL MLY(CCRPR,CCIPR,JEER,)ELTI,SERPR,SEIPR)
THR=FRR=8ER

THISFRI=SE]

THRPR=FRRPR=5ERPR
THIPRZFR][PR=S5E[PR

CALL MLT(AAR,AAL,THR,THI,JUR,JGUI)
CALL MLY(AAR,AA],THRPK,THIPR,JORPR,JOIPR)
JURSJUR+JORPH=STHZ2* JORPR
JUI=J9I+JOIPR=-SINZ®JOIPR

CAaLL MLT(CCR,CCI,FFR,FFI,FRR,FRI)
CALL MLT(CCRPR,CCIPR,FFR,FFI,FREPR,FRIFFK)
Cal MLT(BBR,BRI,GOR,GLI,5ER,53E]1)
CALL MLT(HERPR,BBIPR,GGR,GGI,SERPR,SEIVR)
THR=FRR+5EK

THI=FRI+SE!I

THRPR=FRRPR+&ERFK
THIPR=FRIFR+SEIPR

Catl MLT(RALR,AAL,THR,THI,J1R,JI1I)
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CALL MLT{AAR,AAL,THRPR, THIPK,JIRPR,JIIPR]
JIRSJIIR#JIRPR=SINZ*JIRPR

J1I=J1I4J1 IPR=-SINsJ1IF]

CalLl. MLTC(CCR,CCI,DDR,DOI,FRR,FHI

CALL MUT{CCRFR,CCIPR,CORDDIFRRPR,FRIPR}
CALL MLT(BBR,BBI,EER,EEL,SER,SEI]

CaLt MLTIRBRPR,BBIPR,EER,EE],SERPR,GEIPH)
THR=FRR+5ER

THI=zFRE+SE]

THRFHE=ZF RRFR¢IERPR

THIPR=FRIFR+SEIPR

CapLy MLTCRAR AALI, THR,TRI,,¥YOR,Y¥0I}

CALL MLT(AAR,AAI, THRPH, THIPR, YORPR,YUIPR)
YURZVOR+YURPR&SINZXYURMR
YUIzynleYUIPR+SINZ*YUIPR

CALL MLT(CCR,LCI,GBR,GGI,FRRE,FRI]

CALL MLT{CCRPHR,CCIPR,GGR,GGI,FRRPR,FKIPR)
CALL MLT(RBP,dBI,FFR,FFI,3ER,S5EL]

CALL HMLT{DBRPF,BBIPR,FFR,FFI,SEHPA,SE [FR]
THR=FRE=3FK

THI=FRI=5F7T

THRPR=FHRPR=-JLRPR

THIPR=FRIPR~SF IFR

CALL MLTO(MAR, AR, THR, IHI,YIR, YLD}

CALL MULT{A&H, AT, THRPR, THIPR,YIRPR,Y1IPR}
YIRZYIR+YIRPR+SINZXYLIRPR

Wi Tomwvt Tawt PO 2wt vOy
TALEY LLTV LA TOLINERT LR

IFCJEX EQ,Q)RETURN
Jiz=Jt
YOR=ZYOR=JOT=Jul
YHIZYOLE+JOREJOR
YIRZeYIR=J1I=d1l]
Yil=s=Y1l+JIR$JIR
EMD

92




NRL REPORT 7964

SUBROUTINE CS5M

COMMOWNATCEAICE»NGEXE

DIMENSISN SIV(10,203,I1Iv(10,20),58v(10,20),15v(10,20)
DIMENSION SIMCIUaEOJ:IIM(10,20);SSM(10:20J.ISM(]O.EOJ
TYPE COMPLEX S$SV.SIv,ISV,I1V,S5M,SIM,I8M, 1IN
DIMENSION PZ{20},PLZ(20),PR(20),PLR(20)

TYPE REAL ILIV,IIRV,ISIV,ISRV,I88,I1lb,IIT,I8T,111,1IR,IS1,ISF

DIMENSION S5H(30),1IB(10),SIB(10),I8B(10Q)

DIMENSION GSO(10,32),651(10,32}),XI1{(32),wWwF(32),5UnT(10)
DIMENSION BSO(10,32),851(10,32)

DIMENSION 610C10,32),611010,323,6I0010,322,011(10C,32)

TYPE COMPLEX SS,JI,YAKC,UMIL,UNMES,UNIS

DIMENSE®N SSTU10),11TC10),SITCI0),ISTCLIN) ,GEMS{1U,32)
DIMENSION BUNT(10),0UNMTCI0},EXFF1(32)

COMMON/EPS/EPS
CAMMON/RAG/RIN,ROUT,TEY/NODL ,NGD2, NULE/JOE/JTOP/BOLD /650,651
CHUMMON/P I T/JMAX , JMAXH, IMAX/BLKA/PR,PLR,PZ,PLZ
COMMON/SSY/SSV/LIV/TIV/SIV/SIV/ISV/ISV/GGMS/GLMS
COMMOBN/BLKB/SSM/SIM/SIM/IIM/TIM/ISM/ISM/FS/FKFKFKFAST, TFK
COMMON/BLKL /H, A, FKyPI/BLK2/X]  WF/BLK3/B850,BS1/TIDY/FAST
COMMON/BROLD/GIC,GI1/BLK3B/BI0,Bl11/0EL/DELR,DELZ

COMMON/S/BTO(1G,10,32),8T1(11,10,32),0Z(32,10),5I6MA(32), RtST(lean

CAMMUN/6/GTUCIC, 10,323 ,8SEXP(32,20,10)
CUMMON/STHRSCST/SSSIN(32,21),55C05(32,¢21)

N = KODIY
ARGP = ,S%DELZ
ZERO = v,0

TPK = ,25%«FKF4ST

20 = H= ,S5xDELZ
S51=8SR=ITI=IIH=S81I=5JR=]8I=I5R=0,
UMIT = UMIS = UMSS = (0,0,0.0)
Ci 1 L =1.N

SIGMAP = ARGP*SIGMACL)
EXPFL(L) = FXPF(=QZ(L,s1)*ARGP)
TRIGFF = 2. %COAS(SIGMAP) « 2,
TRIGFI = 2,*x35In(SIGMARP)

YAR = TFRawF{L)/SIGMALL)

YAKR ==YAKXTRIGFR

YAKE = YAK*TRIGFI

YAKC CMPLX(YAKK, ~YAK])

SSI = 55 + BSOU(CLl,L)Y=BS1(1,L)*xYAK]
S8R = 5SR + 850{1,L)*BS1(1,L}*YAKR
IIR = JTIR = BIg(1,L)«BIE{!, L)xYAKR
II11 = II1 = RIGCL,L)*BILCL,L)*xYAKR]
SII = SII ~ BSa(1,L)xB11(L,Li*YAK]
SIR = SIR = B30(1,L)»Bli{1,L)*YAKR
ISI = ISI + BIu(l,L)+851(1,L)*xYAK]
ISR = ISR + BIu(il,L)%xBS)(1,L)xYAKR

UTT = UMI] + YAKC*RIO(L.LY*RIOC1,.0)

UMIS = UMIS + YAKC*BIO(1,L)*BSu(l,L)

93

ouou94ace



HANISH, KING, BAIER, AND ROGERS

UMSS = UMSS + YAKCHBSG(I,L)*KS50(1,L)
1 COANTINUE 0OLLAIG
SUMT{1) = REAL{UMSS] § BUMT(1) = REAL{UMII} & DUMT(1) = KEALCUMIS)
SSTCL] = 55R $ ITT¢1)= 1IR & SIT(L) = SIR % IST(1)}s ISW

EXFACY = EXPF(=FKFASTxARGP)

be 501 ICE = 2, 19
SUMBS=SUMII=8UNS] = SUMIS .

SUMMIT = SUMMITH = SUMMITD = 0.

08 375 MEi.N utrizi 1 400
EXPF1(M) s EXPFL{M)xEXFACT

EXPF2 = 2,%(EXPFI(M) = {,]

YAK = =TRKERF (M)

YaRH = ~EXPF2avYAK

YAKRG = YAKR / QZ(M,ICE}

YAK = YAK + YaK

SUMES = SUMSS 4 BSOCICE.M] * BSICICE,™) * YAKKG
SUMSS = SUMSS = GSU{ICE,MI*GS1(ICE,MI*YAKR
SUMIL = SUMIL = BIGCICE,M) * BIL(ICE,n) * YaKRG
SUMIL = SUMIL + GIOCICE,M3IaGI1(ICE,")xYAKA
SUMSI = SUMSL = BSO{iCE,M) * BIT(ICE,M) * YAKRG
SUMST = SUMSL + GSOCICE,MIXGI1(ICE, M)a¥aK

SUMIS = SUMIS + BIDCICE,M) *» BS1(ICE,M) ~ YaK«G
SUMIS = SUMIS « GLO(ICE,MIXGS1(ICE,N)*YAK

BSBS = BSCCICE,M)#BSULICE,M)

BIBS = BIO(ICE,MI*BSYCICE,M)

BIBL = 8T10({ICE,MI*BIU(ICE,M)

SUMHIT = SUMMIT + B3HS & YAKRE
SUMMITE = SUMMITE + BIBI ~ YAKHG
SUMMITO = SUMMITD 4+ BIBS & YAKRG
37% CBNTINUE Tugi2avo

SSY(ICE} = SSTLICE=1)¥ + SUMSS
TITCLICEY = TITCICE=1) + SuLMIp
SIFLICEY = SITOICE=L) + BUMS]
ISTUICEY = ISTLICE ~1) & SUMIS
SUMTIICE] SUMTLIEE = 1} 4+ BSUMKIT

SUMTLICE)Y = BUMT(ICE = 1] + SuMMiis
501 DUMT{ICEY = DUMT{ICE=1) + SUMMITD
AL = 4 xROUTxRBUT

P = AWGP gt 3sve
PP = pxp QOul 34ty
DK = a&{PP + &4}

SDK = SART(DK) vt sy

CFe = =P«SDK«ELLIPK(DKI/(PIAAA]

S8Rz REUT*{SST{JTEP) + CF2 &+ CF2]

AA = RINRRIN&M,

DK = &A/(PP + AA)} vhetdisee

SDK = SART{0K]
CF2 = =PxSDKELLIPRIDK)I/(PI*aA) Boulifag

TIRs RIN®{IIT(JTGP) = C£F2 = CF21]
SST = ROUT*55I § [17= RIN*FIT § SIls KIN«SIT 2 I51=ROUT*IST
ICE = ¢
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FL = (JCE=t1)xFKFAST

NOEXT = 0

CALL CFINT(ARGF,ROUT,KIN/FL,CF15)
CALL CFINTCARGP,RIN,REUT(FL.CFP) % CF51= «CFP
SIT(ICE) = SIT(ICE) + CFSI + CFSI
ISTCICE} = ISTCICE) + CFIS + CFIS

SIR = RINASIT(ICE) & ISR = ROUT*IST{ICE)
ISR = ISH = 1.0

JM o= 9

FLAM = FKFAST=®JM

CalLL CFZERBC(AHRGP,RUUT,ROUT,FLAM,CP)
CALL CFZERO(ZERU,ROUT,ROUT,FLAM,CM)

CF1 = 2x(CP=Cmn)

CALL CFZERU(ARGP,RIN,RIN,FLAM,CP)

CALL CFZERO(ZERG,RIN,HIN,FLAM,CM)

CF2 = 2« (CP=CM)

CALL CFZERO(ARGP,ROUT,RIN,FLAM,CF}

CALL CFZERG(ZERG,ROUT,RIN,FLAM,CH)

CF3 = =2x(LP=CM)

ANSR = SUMTC(ICE) + CF)

AMSRE = BUMT(ICE) + CF2

ANSKD = DUMT(ICE) = CF3

(] ==ATMAG( UMII)

IIV(l,1) = RINXCMPLX(ANSKB,A])

Q] ==AIMAG( UMIS)

ISVil,1) = ROUUT*CMPLX{ANSRD,QL)
SIv{l,0) = RINXCMFLX(ANSRD,CI)

@1 ==aAIMAG( UNSS)

S5v{l,1) = ROUTXCHAPLX{ANSR,GL)

TIM(L,1) ==CHMPLXCIIR,TII) + (U0.5,0,0)
55M(1,1) =CHPLX({S5R,S8]1) + (0,5,0,0)
SIM(l1,1) - CMPLX(SIKR,511)

ISMi1,1) =CHPLX(ISKR,ISI)

L 66 Jz2.JHAX

Z = PL2CJ)

ABGP = 20 - 1 = UELZ

AKRGM = Z0 = ¢
55]=58R=[Il=f}k=511=SIR=I8]I=15k=0,
S8IV=S5RV=E]IIveIIRV=STIIv=S rvaIB8IvV=18RvV= v,
oo ol L=1sN

YAKH = =85CA5(L,J~1)
YAK] = SSSIN(L,J=1)

ISR = ISR + BIC(1,LI*BS1C1,L)*YAKR
IST = ISI + BIGCI,LI¥BSI(1,L)*YAK]
SIR = SIR = ES0UCL,L)*211(1,L)#YAKR
SII = SII = bSUC1,L}*BI1(i,L)*YaKI
III = III = BIGCL,L)%B11(1,L)AYAK]
ITR = IIR = BIG(1,L)*RTL(1,L)*YAKR
S8R = S5SK + ES0(1,L)*BS1(1,L)*xYAKR
SSI = SST + bSG(1,L)*8S1(1,L)#74AKI

ITIv = ITIV + BloC1,L) * BIO(1,L) % YaKI
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TIRY = IIWY % HIODLl,LY *» BLOC(L1,LY % YAKR
ISRY = ISRY + HI0(1,L) * BSQ(1,L) % YAKK

ISIVv = I81V + Blull,L) * BB0{l,L) * YAKI

§SRY = SSRY + BSU(I,L} * BRO(I,L) * YaKRr

851V = S8SIV + 850{1,L) * 8350(1,L) * YaKI

SIIY = ISIv & SIRY = L8RV

FACTY = PI % 0.5 / (RILT = HIn]

FACT = 2./ {a=FI#ARGY)

SST(1) = 8§88 % IIT(1)= 11K ¥ SIT(1} = SIR » IST{i)z ISk
SSBLLy® SSRV 3 I1a(13z [IRvy % SIH(1J} = SIRY & ISB{i{} = I5h¥
ICE = 1

ICE = ICE + 1
SUMSSZSUMIT=SUMST = SUMIS = O,

YUM5S = YUMII=VUMSI=vVUMIS = 0,

o0 370 Mzi,N

YAKK = SSEXP(d,J=1,ICEY

YUMSS = VUMSS + BSUCICE,MI®BSG(ICE M) *VAKR
VUMIS YUMIS BIGCICE M)} aRSUCTCE  MI®VAKKR
YUMII VUM BIOCICE,MYABIGCICE ;MY *VAKR
SUMS] SUMS] BSGL{ICE,M) * GIT(ICE,™M) & YaKK
SUMIS SUMI% BIOCICE,™) * BSL1{ICE,M) * VAKK
5UMSS = SUMSS BSO(ICE,MI % BSTLICE M) * VARN
SUMI] SUMT ] BIDCICE M)} % SI1(ICE,M™] % VAKK
¥itmEl = WUMIS

SST(ICE 55T¢ICE=1) + SUMSS

IITUICE} I1T(ICE=1) + SUMLI]

ISTLICED IST(ICE =1} + SUM]S

5ITCICE) SIT{ICE=1) + SUMSI

sseilCE? SSHUICE~1) + vUMSS

IIR{ICE) Ila{iCe=4) & vuAMII

ISw(ICE} ISBLICE =11 + YUMIS

SIBLICE} STB{ICE=1) + VUMSI

FL = (ICE = {)*xFRFAST

FLT = FL + FaD11

T S S B S

LI N 1O T T L 1

L L LI T LI I L]

ERFC =2 (FACT/FL)*(EXPF{=ARGP*FL) = EXPF (= ARGP*FLI}?}
ERFL = ERFC/SIT(ICED
ERFL = AbSE{ERFC)

IF(ERFL ,LELEPDY LO T8 3

IFLICE,GE, B0} G TG 3

G T 2

881 = HJUT#351 5 I11= RIW®JI] & SIT= RIn#*SIl & ISI=ROUTLIS]
NBFY] = {

CALL LFINT (AmGrM, RINy, REUT, FL, CFM)

CaLL CFRINT(AMGP, RIN, KHOUT, Fl, CFPJ

SITLICES = SIFeICEy = {CFR = CFM)

CALL CFRINTCARGF, ®It, HIN, FlL, CFP}

NUEXT = i
CALL CFZERQLARGF . RIN, WIM, FL, (R}
MBEX] = O
CalL CPINT{ARGHM, RIM, RIMy, Fi, £FfM}
NOEXT =
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CalLL CFZERO(ARGM, KIN, RIN, FL, CM)
TITUICE) = IITCICEY = (CFP = CFM)
IIBCICE) = [IBCICE) + (CP = CM)

NOEXI = 0

CALL CFINT{ARGP, ROUT, ROUT, FL, CFP)
NOEXI = 1

CalL CFZERO(AKGF, ROLT, ROLT, FL, CP)
NOEXI = 0

CALL CFINT(ARGM, ROUT, ROUT, kL, CFM)
NEEX] =

1
ERO(ARGM, ROUT, ROUT, FL., CM}

CALL CFZER

SSTOICE) = SST(ICE) + (CFP = CFM)
SSB(ICE) = SSB(ICE) + (CP = (M}
NOEX]I = 0

CALL CFINT(ARGP, ROUT, RIN, FL, CFP)
NBEXI = 1

Call CFZERO(AKRGP, RBUT, RINs FL, CP)
NOEXI = 0

CALL CFINT(ARGM, ROULT, RIN, FL, CFM)
NOEX] = 1

CALL CFZERO(AKGM, RSUT, KIN, FL, CM)
ISTCICE) = IST{ICE) + (CFP = CFH)
1S8(ICE) = ISH(ICE) + (LP = CM)

SIB(ICE) = SIBCICE) + (CP = (M)
S5R = ROUT#SST(ICE) % IIR = RIN®JIT(ICE)
SIR = RIN*SIT(JCE)} § ISK = ROUT*IST(ICE)

SSIV = ROUT*SSIV § TIIV = RIN*ITIV § SIIV = A[N*ST1V
ISIV = ROUT*ISTV

SIRY = RIN*SIB(ICE) 3 ISRV = ROUT*ISE(ICE)

S8RV = ROUTxSSB(ICE) % IIRVFE RINKIIR(ICE)

85§ = CMPLX(SSR,58I) % Il = CMPLX[IIR,II[)
S5M(1,7}1=85

1sM(l, )= CMPLX (ISR, TST)
SIM(1,J)2 CNPLX(SIR,S11)
IIM(1,J)=11

SSv(l,J)= =CMPLX(SSRY, 881V}
1IV(L,J)= =CHMELX(TIRV, I11V)
I3V, J)= =CMPLX (TSRY, ISIV)
SIV(1.d)= ~CMPLX(SIRV,SI1V)

IF(J.GT ,JMAXH) GO TG &b

SSMGJ,1)=8SM01,J) 3 SSV(J, 10258V (1,J0) & ISM(J,1)=15MC1,J)
SIMIJ,1)=SIM1,J) 8 ISV(JL)=ISV{1ad) & TIMQJ D=2 IM(1,0)
FIVIJ,1)=1TVIL.d) B SIVIJ,1)=81v(1.0)

CeNTINUE

Le 12 J=t,Jrax

JILT = JHAX=J+1

DA 11 M=2,JILT

IF(M.GT  JMAXH)Y 3 T6 601

§SM(M,M4eJ=1) = SSM(1,J)
SSVIM,M+J=1) = 5S8v(1.J)
ISM(M,M+J=1) = ISM(1,J)
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ISVIM Med=1) = F&V{tsrd)
TIM(M MeJet) = TIM(f,d)
FiviM M+eJ=1) = TIVILi,.J)
SIMiM,M+]=1] = SIM{t,d)
SIVIM  Med=t] = SIV(I,J]

a1t CONTINUE
IF(Me =1 ,GT,JMAXH}] GO T3 11
SSH{MeIl, M} = SEM(L,J)

S5VEIMeJ=1,M) = 5SVIi1,J)
ISM(MeJ=1, M) = TSM(T,J]
ISvimMeJ=t,M) = I§v{1,0)}
IIM{Med=1,M1 = IIM(1,J)
TIvi{dedmi ) = 1IV(1,J])
SIM{MyI=1,M) = SIM(1,d)
SIvi{mMeJmw] M) = SIV(1,d)

11 CONTINUE
12 CONTINUE
END
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SUBROUTINE CSTH
COMMUN/ICE/ICE,NOEXI

TYPE COMPLEX STV,ITv,S5TM,ITH

COMMBN/EPS/EPS/JOE/JTOP
COMMON/STY/STV/ITV/ITV/PJ/STM/TITM/ETH

COMMAON/RAD/RIN,ROUT

DIMENSION ITM(20,10), ITV(20,10)sSTM(20,10),S5TVI20,10)
COMMON/BLKA/PR, PLRPZ,PLZ/PIT/JHAX, JMAXH, [MaX

DIMENSION PZ(20),PLZ{20),PR(2C),PLR(2D)},GBMS(10,32)
DIMENSIGN BS0(10,32),R51(10,32),B10(10,32),6811(10,32)
DIMENSION XI(32),WF(32),SUMV(10}

DIMENSION GSOCL0,32),6S1(10,32),BUNT(L10)SUMT(LU),BUMYL10Q)
TYPE CUOMPLEX ANS,ANSHB,VNS,VNSR

COMMAN/FS/FKFK,FKFAST, TFK/GGMS/GGMS
COMMON/DEL/DELR,DELZ/BAOLD/GSQ,GS 1 /BLKL/H A, FK,PL/BLK2/X],wF
COMMEN/S/BTOC10,30,32),BTE(L1,10,32),02(32,10),5IGMA(32),REST(128)
COMMON/TOY/H NN, NNN/BLK3B/BI0,B11/BLK3/BS0,BS1/TIUY/FAST
COMMBN/&/GTU(10,10,32),STEXF(32,20,10)
COMMEN/STORSCST/STSINC32,21),8TCO5(32,21)

PIOTWE = 0,5 » P]

R = &

HD = .S*DELFR

DM 1000 JR=1,1M4aX

R2 PR(JK)

RL R2 = HD

KU R2 + HD

D0 1000 IR=1,Jmax

ARGP = M = PZ(IR)

SUMR=SUM]=SUMKRE=S5UMIEB = VUMR=VUMI=VUMRB2VUMIH= 0.

DA 1 L =1,N 00009400
BU = BTICJR,1,L)

VAK = BS0(1,L) % BU

VAKE = BIO(i,L) * BU

YAK = VaK %= SIGMA(L)

H oo

YARE = VAKB x= SIGMA{L)

S5UMR = SUMR = YAK * STCOS(L,IK)
SUMI = SUMI + YAK = STSIN(L,IR)
VUMR = VUMR = VAK % STSIN(L,IR)
VUMI = VUMI + vAK * STCAS{L,IK)
SUMRB = SUMREB « YAKB *x STCOS(L,IR)
SUMIB = SUMIB + YAKHB * STSIN(L,IR)
VUMRB = VUMRE = VAKB * STSIN(L,I#)
VUMIB = VUMIE + VAKB *x STCOS(L,IK}
CONTINUE

R = Hi

IF(R2.,LE.Rt) R = R?

IF(R.FR,0.) R = DELR

FACT = 2,/ (RxPI%ARGP)

RM = R1

IF(R.EG.RL) KM = HZ

FACT] = PIGTWO / AMIN](ROUT = K2, R2 - RIN}
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EFACTT = 1.0 = EXPF{=AHGP » FACT1)

SUMT (1) = = SUMR

BUMT{{} = = guMaEY

SumMvi{iy = VUMR 5 BUMY(1) = VUMRE
FL = .0

ICE = |}
2 ICE = ICE + 1
dyMmIt = yuMalTh Gy
SUMMIT = SUMMLITH 2.
OF 475 Mzl N BRUELL3UY
bU = STEXP(M,IR,ICE) * HTI(JR,ICE,M}
VAKR = 8530(1CE,™m} * By
VAKRE = SIQCICE.M1 « BU
SUMMIT = SUMMIT + VAKR % GZ(M,ICE)
SUMMITE = SUMMITHE + VAKREB * GZ{M,ICE)
VUMMLIT = YUMMIT + VAKR
VUMMITE = VUMMITE + VAKRY
379 CONTINUE

BusMy (ICEY = gUMVY{ICE = 1} + VUMMITE
SUMVIICE] = SUMVIICE = 17 + WUMMET
SUMT{ICE) = SUMT(ICE = 1] 4 SUMMIT
BUMTCICEY = BUMT{ICE = 1} + SuUmMITH

FL = ¥4 + FKFAST
FLT = FL + FACTH
ERFU = ABS(FACT % KM x EFACTL » EXPF{=ARGP = FL)} / C(FL*SUMTIICEIL}
IFCERFCLLTFPS) GB8 T8 3
IF(ICE.GE,JTOGPY GO TO 3
68 T8 2

3 CONTINUE
ANST =m3UM]
ANSR = susT(ICE}
ANSTIH - SUMIA % ANSRB = BUMTLILF)
NBEX] o
CALL CPINTEARGR, RU, HBUT, FiL, CFUL
CFST = RL & CFU
HEEXL = 1
CALL CFANE (ARGP, RHU, RBLRT, FL, CFU)
CFSTY = Ry %= CFy
HOEXL = @
Call CFINT(ARGP, RL, RNUT, F{, LFLY
CFST = CFST = £8L * CLFL)
HaeEx] = |
Catt CFONE{ARGR, RL, FOUT, FL, CFL]
CF8Ty = CESTy =~ tRL * UFL)
NDEXT = 8
CALL CFINT(aWGP, RU, RIN, FL, CFU}
CFIT = HdiU4 » CFuy
NOEX] =
Call CFANE{ARGP, wu, RIM, FL, CFUJ
CFIYTY 2 RU % (FU
NEEXT = 0

nn
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CALL CFINT(AFGP, RL, KIN, FL, CFL)
CFIT = CFIT = (KL = CFL)
NOEX] = 1
CALL CFRNECARGP, KL, RIM, FL, CFL)
CFITY = CFITv « (RL * CFL)
ANSR = ANSR4CFST & AMSKH = ANMSRH + CFIT
STM(IR,JR) = CMPLX{ANSR,ANSI)
ITR(IR,JR) = CMPLX({ANSKB,ANSIE)
SUMY({ICE) = SUrVLICE) + CFSTY
BUMY (ICE) = BUMV{ICE) + CFITV ‘
VNS = CMPLX(=~SUMY(ICE),VUMI) v VNSB = CMPLX(=BUMY({ICE),VUMF[Y)
STV(IR,JR) = ¥NS % ITVIIR,JR} = VNGSH
1000 CONTINUE
END
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SUBRBUTINE CTo#

COMMAN/EPSLI/EPS
COMMON/S/BTO(S0,1€,32),8T1(11,10,32),02(32,10),831GMA(32T,kE5T (124}
COMMBMN/G/GTO{ U, 0,420, 6T1Ci1,16,32),RUSTLE(2880)

COMMON/BLE L /R, A PR, PI/PTIT/IMAY p JHMAXH,, IMAX/TTIV/TTV/TIDY AFAST
COUMMONABLKZ /R WF ATOYANGDY N2, H3/BLKER/BIG,8T1/8LRn3/880,851
COMMON/BLKALER,,PLA,PZ,PLZ/DEL/DELR,DELZ/ZBBLD/GSD,L55/RLLAITHP
COMMON/FS/FKFRK ,FRKFAST,, TFK/ATRY/TBY/UJ/TRAM/GEMS/GIEMS

CIMENSION PZIZUT PLZ{CUI,PRICOI,PLRISOI,TTV {010}, ToB{lu, 10U},
T TBVEIU,10),66M5(10,52)

TYPE COMPLEX TTV,TuM,Tov

DIMENSION XI(32),wF (525,8UnT(10,G80 010,320,651 (1u,32),UnT¢10),
1BUMT{10Y, 850016,523,B81€10,32),BI0{(10,32),68I1(10U,32J
COMMAON/STORSCTIB/TBSIN, TEBCOS, TBEXP

DIMENSION TBSIN(3Z),THOOSI3Z2),THEXP(32,10)

EQUIVALENCE C(TBCOS{1),ToEXR{L)})

TPK = ©,25 * FKFAST

PIGTWE = 0,5 * PI & TaBPl = PI + PI

NaNGD1

HD T ,S5%DELR
ARGP =z H + H
B8 7 JR=t,;IMax
Re = PR{JRJ

HL = k2 = H[}
R = R2 + HD
oA 7 IR=i,.IMax
RHY = RPR{IR)

UMIoSUMRSUMI=SUMRB2SUMIE=0,
D9 1 L =2i,:N
YAu = BTQEIR,t,L) = BTICJR,1,L)

VI = YAK « TBCBS(L)
¥R = YaAK x TRSIMN(L)
SUMIE = SUMIB = ¥i

SUMHE = SUMREL + VR

SUMR = SUMR = ¥I =« SIGMAC(CL]
SUMT = SUMI + vR * sIGMA(L)
UMl = UMl + Y&k

UMT = UMI*TFK

R 5 #H1

IFIRZ,LE,RI) R = RZ

IFCH,EQ 0,1 H = OELR

FACT = 2./7{R4PI*ARGP)

KM = Wl

IF(R,EU,RL) HM = B2

FACTI = Pittiwl 7 ABS{ABRB(NZ=81} = H{]

EFaCT) = t.0 = EXPF{=FACT] * ARDLP)

UMTLLY 5 0. 3 SUMT(L) = =BUMR 3 BUMT(I] = = SUMFR
FL = 0,u

IcE = 1

ICE = ICE + 1

UMMIT = SuMnlT = SUuMmiT8 = U,
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DG 375 M=1,N GaGlL300
YAKR = BTO(IR,ICE+M) x BT1(JR,ICE,M)

VAKR = YAKR = GTU{IR,ICE,M) * GT1(JR,ICE,M)

UMMIT = UMMIT + VakR

ARTISTB = YAWR * THEXP(M,ICE)

ARTIST = ARTISTH * QZ(M,ICE)

SUMMIT = SUMMIT + ARTIST 00012300
SUMMITH = SUMMITB + ARTISTH

SUMTCICE) = SUMTCILE=1) + SUMMIT

BUMT(ICE) = BUMT({ICE=1) + SUMMITH

UMTCICE) = UMT(ICE=1) + TPK * UMMIT

FL = FL + FKFAST

ERFC = ABS(FACT x RM * EXPF (=ARGP * FL) * EFACTL /(FL*SUMT(ICE)}))
TESTER = ABS(1,0 - SUMT(ICE)/SUMT(ICE=1))
IF(TESTER.LT.EPS,AND.ERFC,LT,EPS) G& T 3

IF(ICE.GE,JT3P) GO TO 3

Go TR 2

CONTINUE

ANSR = SUMT(ICE) 5 ANSI = =SiMI

YNSI = =~SUMIgE % YNSR = = BUMTCICE)D

TBM(1R,JR} = CMPLX(ANSK,ANSI) S TEV(IR,JR) = CHMPLXIVNSR,VNS])

DK 2 4,aR1*RU/((RL + RU) * (RI + RU)}

CU = (RI+RU)I*ELLIPE{CK) + (RU=KI1)*ELLIPK(DK)
DK = 4,*RI*RL/((R1 + RL) * (R1 4 RL))

CL = (RI4RLI®ELLIPE(DK) + (RL=RIJIXELLIPK(DK)
CF = (CU = CL) /7 TWOHI

ANSR = = UMT(ICE) =~ CF
TIV(IR,JR} = CMPLX(ANSR,UM])
END
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SUHRBUTINE CTSM

FfR2UAMIESNT 20O LMW T
CUNTHVNF I A v Yo cArd

TYPE COMPLEY TIV,TSVeTIM,TSH,ANS,ANSB, VNG, ¥NSD

DIMENSION TSMO10,20),TIM(10,20),TSVI10,20 ., TIVIIN,20)

DIMENSION PZ2{20),PLZ(20},PR{20),PLRL20)

CAMMANJERS/EPS/JOL/JTEP

COMMEBN/BLR I AM & FRIPL/RAO/RIN, HAUT/FTIT/IMAY ; JMAXH, IMARATIK Do d
COMMAN/TIM/ATIM/BLKDATEM ATIV/TINV TSV /TEV/BLKA/PR,PLR,PZ.#LE
DIMENSION BSGC10,32),B51010,32),EX(32}

DIMENSION BIG(tO,325,011(10,32),610010,32),06111010u,32]

DIMENSTIGN SUBTY CLUT BUMTIV IO XT3 2),nF (323,50 T (162, HurTL1g)
DIMENSION GSO{I0,35323+GS1(10+32):GGMB(1U,32]

COMMBM/S/BRTULLUL 10032, BTI(1L,10,32),024032,10),STGRMACAE],REST(128])
COMMON/E/CTO( 0, LU, 301, TSEXM{22,20,103
CHMMBN/BBOLD/G10,GI1/0EL/DELR,LELZ/RELGS/GED,GE]
CAMMBU/BLKA/ES0 881/ TIUY/AFASTAFS/AFRER, FKEAST, TFK
COMMBN/BLKER/BIO, BILATOY /N, Ny NNN/BLK2/ XL Wk /GGHS/GGMS
COMMEN/STERSCST/TSSINTIA2,21),75E885{3%32,21¢)

TP = 0,25 % FKFAST

PLOTWE = (.5 * FI

EPS1 = 0,00408

Ud 20 I=1,1ma¥

R = PR(TI
iR = ]
U8 2y J= tejhax
= PLZUJ:
H =~ 2 = DELZ

IF{J JEG. 1} AHGP = U,

ARGW = H = 2

SUMR=SUMISSUMRH=SUMIBISUMRYISUNIVSSUVREY 2SUMIaY =y,

DB+ L =1,N 0Hu0gLal
THRIGFR = TSCOS(L,J} * BTO(IR,1,L)

TRIGFT = TSSIM(L.JY * BYIOCIR,1,L)

SUMR = SUMR = TRIGFR * BSI{1,L)

SUMI = SUMT + TRIGFI ~ 881(1,L1}

SUMHE = BUMRE ¢ TRIGFR = BI1(1,L)

SuUMIB = Sumis = TRIGFI * BIl{t L}

STy CrMDYy = TIXTOEDr oz omyE A e Y
DR A Mutisy T o anjuarni F g9V iewd

SUMIY SumIv = TRIGFI * #850(1.L1}
SUMRBY = SUMARBY = TRIGF®R x BIG{l.L)
SuMIgy = SUMIBY = TRIGFT += BIG(1,.L]
CONTINUE

SUMT (1) = Bura § HUMT(1] = SUMRB

SumTv (i) = SUMRY 35 BumMTY{l} = SUMRAV

IFCJLEQ, 1) GO TH Quidi

FACT = 2,/ (#*&PIxaRGP)

ConTINIE

FACTY = PlOTwe 4 AMIHI{ROUT = H, R = HIf}
EFACTE = 1,0 = EXPF{=aRGPF * Fa(T1)

TR AT T X TR A N
GRiD I E = M INRIITIEE
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ANST =
FL = .
ICE = 1
ICE = ICE + 1

SUMMIT=SUMMITRSVUMMITsYUMMITH=U,

DB 375 Mz=1,.N 0911300
GMR = BTO(IR,ICE,M) * TOEXP(M,J,ICE)

ARTIST = BSI1(ICE,M]) * GMR

RAUT*SUMR
0

ARTISTB = 8IV(ICE,M) x GMR
ARTISTV = GMR*BSu(ICE,™)
VRIISTB = GMRxp3IC(ICE,M)

VUMMIT = vUMMIT + ARTISTV

VUMMITB = VUMMITHB + VRTISTH

IF(J,EQ,1) GB TO 93

Ge 16 94

GS = GVTO(IR,ICE,M)*nF (M) *TFK

GSGS = GS*GSI1(ICE,M)

GSGSI = GS*GIL(ICE,™}

ARTIST = ARTIST = (GSGS $ ARTISTB = ARTISTB = GSGSI
SUMMIT = SUMMIT + ARTIST

SUMMITB= SUMMITHEB = ARTISTH

CGNTINUE Coe12400
BUMT(ICE) = BuUMT({ICE~t) + SUMMITB

SUMT(ICE) = SUMT(ICE=1) + SUMMIT

SUMTV{ICE) = SUMTV(ICE=1) + VUMM]T

ABUMTV(ICE) = BUMTV(ICE=1) + VUMMITH

FL = FL + FKFAST

IF(J.,EQ.1) GO T8 95

FLT = FL + FACT1

ERFLC = ABS(FACT % EXPF(=ARGP * FL) « EFACIl / (FL = SUMT(ICE}))
IF(ERFC.LT,EFS) GO T8 38

IFCICE.GE.JTGP) GO TO 8

Go 10 2

ANMSH = ROUT*SUMT(ICE) + .50

ANSRY = RIN*BUMT{ICE)

TESTER = AHS(1,.0 = ANST / ANSR)

TESTERS = APS(1.0 = ANSTB / ANSKBH)
IF(ICE.GE,JTHP) GB T8 100
IF(TESTER,LT, EPSL,AND, TESTERB.LTLEPSL) GO T lud
ANST = ANSR

ANSTB = ANSEE

GO T8 2

CONTINUE

NBEXI = 0 /

CALL CFINTC(ARGM, ROUT, PR(IR), FL, CFH)
SUMT(ICE) = SUMT(ICL) = CFm

MHEXT = |
CALL CFZERI(ARGM, ROUT, PRCIR), FL, LFX)
NGEXT = 0

CAlLL CFZERO(ARGP, RBUT, PR{IR), FL, CF¥F)
SUMTV(ICE) = SUMTV(ICE) + CF@® = CFH
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CALL CFINT(ARGM,; RINs PR{IR], FL, CFHK)
BUMT(ILEY = BUMTLICEY + CFM

NEGEXT = |
CALL CFZEROUARGM, RIN, PR{IR), FL, LFH)
NBEXI = @

CALL CFZERSCARGY, RIN; PR(IR), FL, CFP)
BUMTY(ICE] = B8UMTV(ICEY + CFP = CF#M

68 18 3

NOEXLI = 0

CALL CFINT(ARGP, ROUT, PRUIR). FL, CFP}
SUMTEILEY = SUMT(ICE} + CFP

NOEX1 = |

ChaLl CFZERBIAHGF, HGOGUT, PR{IR}, FL., CFPF}
SUMTVYECICEY = SUMTV{ICE) + CFP

MOEXI = 0

CaLl CFINTL{ARGM, HAUT, PR({IRY, Fi, CF@]
SUMT(ICE) = SUMT{ICEY = CFM

NBEXT = |

Catt CFZEROGCARGH, RBUT, PR{IR)}, FL, CFH]
SUMTY(ICEY = SUMTV(ICE) = CF™

NBEXT = 0

CALL CFINTLARGP, RIn, PR{IR}, FL, CFP)
BUMT{ICE) = BUMTCICEY = CFP

NTJEXLI = 1

CALL CFZEHBIARGP, RIN, PR{]IR}, FL, CFP}
BUMTVYC(ICE)Y = BUMTY(ICE) + CFP

NOEXI = 1

CALy CFINTLARGM, HIN, PR{IE], FL, CEM]
BUMTC(ICEY = BUMT{ICE) + CFh

NBEXT = 1

CALL CFZERGCAKG™, HIN, PR{IR), FL, [FH)
BUMTY(ICE] = AUMTV(ICE) = CFw

CANTINUE

NS = CMPLXLSUMT{ICE)Y,SUMIY

ANSH = CMPLX(RUMTITICE),SUMIB])

VNS SCHPLXI~3URTYLICEI,SUMIY})

VHSH sCHPLX(=BUMTV(ICET,SUMIBY)

TSM{I,Jd) = ANSxROUT § TIMLI,J)} = HINXANSR
TEVCTI,Jd) = VNS*ROUT 3 FIV(I,J) = Rlusvhisg
FRQJLEQ, 1) ToM{IJ) = TEMCI,J) + (.500
CHNTINUE

END
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SUBROUTINE CUBIC(A2,A1,A0,RT}
THIS SUBROUTINE SOLVES THE CUBIC EQUATION Xx*$ + AZkX*x2 + AlW¥X + A0 = 0,
DIMENSIAN RT (&)

TYPE NOUBLE DR,QRIGD, QYRR
RT(2) = RY(A) = RT(&) = 0,

Ah = ,Bpel254037

A2 = A2/35.

@ = A1/3. = A25x4a23

R = (AlxA2=3,%40)}/6, = A25*%x3
QRSO = Qx*3 + R*R

IF (GRSW)3U,51,3¢2

DR = NABLE(R)

QR3U0D = Qx*3 + DR*OR

GRR = DSQRT(QRSAN)

51 = CUBERTF(SNGL (DR+WRRI)

52 = CUHERTF (SNGL(UR=GRR}

RT(l) = S1 + 52 = A2}

RT(3) = RT(H) = =,5%(51+52) = 423
RT(4) = AAX(31=52)

KT(e) = =RT(4)

GA T8 1¢

QR = SGRIF(=GRSU)

PHT = ATANZ(RR,R)/3.

I = CUBERTF(SWRTF (R*xx2=NRSE))
SPS = 2,.%Z*x({85F(PHI)

SME =2 2 wIl*S5[NF{PH]I])

RT{1) = SFS = aAZ23

RT(9) = =.5%5P5 = 423 + AA*3M§
RT(35) = =, ,5&x5PS = A23 =~ AA%SMS
GG TO 1o

IF (R, G, U} 6B To 33

SP5 = 2,%xCUBERTF(R)

RT(1) = SPS = 423

RT(3) = RT(5) = =,5+5P§ = A2}
GO T3 10

RT{1} = RF{3) = RT{3) = -423
RETURN

EHD

SUBROUTINE OVO(XA,YA:XHB,YB,XC,¥YC)
CENOM=XBaxB+YH*YR
KC=(XAXRXB+YAWYR)Y/DENDM
YC={YAXXB=XAXYB)/DENAM

END
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SUBRAUTING EIGFNS

THIS SUBROUTINE CALCULATES ELASTIC RESHNANCE FREGQUENCIES FRU(], FMUAL

SHAPES ADC, ] AND AXEDGE (), ANOD INTEGRALS OF RaDIal MRDAL SHAPES ROIN{,;)

AND RINTEY, IT USES SUBRBUTINE CUBIC,

THE ENTHY POINT IMPO NEAR THE END 8F THIS SUBHOUTIWNE IS USEp 19 ARTaln

VARIOUS IMTEGHALS NEEDED T8 CALCULATE SHELL STIFFNESS REACTANCE AND

MEOIUM INERTIAL REACTANCE.

TYPE COMPLEY AM,,B,BU,BW,CE,02,03,C8,05,C0,07,08,TFm, LU, Cw,D,DN,DH,
LUTD DTRMNT JEE S EMEN EPMEPP G AR, RN, BT, HT L, RT2RTR,SRT, Tl 12,1,
PULUEZ UM UGS UK s U UM U Wy UX ARy Wy W M eSS rn Xl iXid X

DIMENSTON AAC) ;AN{T,10),,AXEDGECTY B{3,33,BU{9,3),94{9¢3), 0111,
ICULT T EWi3Y DETR{AIFENLT} ,FIZ),FR{Z2I,FHUCII Gl sNATYT MR{TT
CRAR(D, 33, HD (T, 10, ROINIT, 10 RINT(SILRT(EF,RIRL{3}.TTLZ)

TYPE REAL LTHsNA/NRoNU

EQUIVALENCE (TT,0H3

COMMON/INTACFM, UXZT,UZT W2, UXKI  WXK2I, UXHRK]

COMMON/BLKL /HO2, RMEAN, FK,PI/YMD/Y  NURRHA,NDE
COMMAN/MODES/FRUOSRORDINNEBRENS THEK  NPTS, AXEDGE ,RINT
~NIT = 30
LTH = Z.%HDZ

k= RMEAN

PRINT 19

19 FORMAT ([({HI4UX*CALCULATION AF MOODAL SHAPE FUNCTIONS®)
PRINT 20,4, THELTH,RHE U, Y
20 FORMAT (//SHX*xINPUT PARAMETERSA/ /29X 1HMEAN RADIUSIEX
FTHRMEAN SRIL.E/
279X 10HRADIAL THICKNESSISXSHTHK =E14,.6/
29X 120AX AL LENGTRIQXSHLTH = E{d,b/
FZARTHUEERSITYHUXOHRNE =L 14,5/
$29X14HPHISSONS RATIGIRXAHNY =Et4.6/
E20X49RYOUNGS HBDULUS AT CHNSTANT MAGNETIC InDULiifn 8X3r¢ zbi&,s)
PRINT B054
S056 FORMAY {//)

(el el el

AEAD TN WRHENS, FREUUENMCY INTERYVALS, anD IMG FLAG,

[ NuNat

HEAD 98 ,NHRFNS
99 FORMAT (11}
O T77 TIXX = 1,NuKFNS
IX = IIXX
IF (I%.GT,1) PrRINT S057
5057 FHRMAT (1H1)
READ 9,FRUL1T,FRIZ2),1IME
Q9 FRAMAT (FFLlo,.5,4X11]

IMx = 1

IT =0

FREQG s FR{L)
PRINT 52

52 FORMAT (SIX«INITIAL FREQUENLY INTERVAL®//)
g2 CONTINUE
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[alaNal

S0

a1

45

auy

CALCULATE BOUNDARY CONDITION MATRIX B(,) AND ITS DETERMINANT DTRMNT,

DELTA = RHOxA*xA%x(1,=NU
BETA = THK&*x2/(12,%A%A
A2 GELTA + 2.%NU

Al (1,=DELTANUXNU}/

CURIC(A2,)A1,AQ,RT
La 1 2 1,3

SKT = CSGRT(KTC(I})
EN(I} = (RT(I}+DELTA)/
D = SRT/’7a

RTR(I) = U

RAR(IX,I) = O

CALL
1
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kxS )*FREQ#*2/Y*4 *xPIP1
)

BETA + 1,

(DELTA=DELTA*%2)/BETA + DELTA

)

(NUXSRT=BETAXSKRT#RT (I}

EFF = CEXP{LTH/Z.%0]

EPM = (1,,0,0/EPP

TM = BETAXEN{I)*RT(I) s A=NU/B*ENTI) + {

B{1rI) = (EPP + EPM)XTM

TH = EN(I)*Ox{+O/a

B(2+1) = (EPP + EPM)%TM

TM = ENCI)*Dx#*3+0%D/A

B(341)1 = (EPP « EPM)#T#

CTRMNT = B{1)AR[5)*B{S) + B(4X*xB(B)*is(3) + B(7)*B{2)*B(H6} =

$8(5)*R(SI2B(T)

UET = REALIDTRMNTI
IF (IMG.E@,1) DET = &1
IF (IMX,LE.&) FRINT Sy

FORMAT (23X*FREQUENCY
APPLY INTERyAL HALYING

IF (INXL.GE.3} Gb 1O 41
DETR{INX) = DET

INY = INX + 1

IF (IWX,GE.3) 66 TA dy
FREB = FR(INX)
Gy T0 d2

IF (IT.GE.NIT)
IT = 7 + 1

IF (DET2DETH(1),GT40G,.1)

G8 TH 4

- Blel»8{8)*E (1)

MAG (DTRMNT)
JFREG,DTRMNT
SxE1B,16,5X*DETERMINANT

3

GO 7O 45

L0.) GO T de

GETR(2) = DET

FR(Z2) = FREUW

Go TO 4u

DETR(1) = BET

FR{(1) = FREQ

IF (DETR{IIXDETR(2).6T
FREW = S*(FR(1)+FR(2))
Go TO A2

OHTATHN

MBTIOH,

109
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e Ty

43

31

215

21d

6 FORMAT (/71T7X*COMVERGENLE CHECK&//5XSRRTY

22

F(i) = a2
Fe2) = at
F{3) = &0

FRG(Ix) = FREW
DN = 2{1)/8(3)

HANISH, KING, BAIER, AND ROGERS

Gri) = Blu)y = OMrd{e)
G(Fi = B(7) =~ UNRHE(F]

DN = 8(2)/B(3)

G(2) = B(%) - ONxB(eal
Si{4)y = B{(8) = DneB(9]

Rt = =6{33/6¢12
RY2 = =6(43/G(2)

Cu{:s) =
ClU{2l = RT1
Cu{3) = {1.,04]

Ct = (G.r0.)
DA 31 I = 1,3

(=68 {9)=R{e)I*BTI1}/8(3}

CW(I)y = CULI}*EN(T)

Cl = C1 + CW(l]
pe 215 I = 1.3
CUtly = Lullisls
CWET) = Cu(l}sCd
og 2iv I = 1.3
BUeIx, Iy = CUuLls
W IX, 1} = Cw(l}

PRINT ByT VALUES RT1 AND RT2 FOR USE IN CHECKING wALIDITY OF RESORANCE

FREQUENCIES aND mUDaL SHAPES,

PRINT 604RT1,RTZ

1 sCEEL8, 10, E1B, 1407

RESCALE MSDAL SHAPES 56 THAT

SHELL, THEN PRINT SCALED ®EDAL SHAPES.

AN = (0,20.]
Ry =2 {(0.:0.)
an 21 I = 143
Dy 21 J = 1,5
T1 = Te = LTH
Or = RT

IF €17

RCIY + LUNJGIRTR{J)
ETT4434TT¢2),80,0,) 8 T4 22
EPP = CEXPIDR&HDZ)

EPM {1.70,)/EPP

Tt = (EPR=EPM}/LH

DR = RATH(I) = CONJGIRTR{JI)}

IF (TTCIY+TT (2. E9,0,) GF TU 23
EE = CEXPLOR*1DE)

110
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EM = (1.r0.)/EE

T2 = (EE=EM]/OR
23 AN = AN + CUCI)*CONJG(CU(J))*{(T1~=T2)
21 RN = AN + Cw(II*CONJG(CHW{J))I»(T1+T2)

NACIX) = CABS(AN)
NR{IX) = CABS(RN)
ANRM = SGRTF{HD2/(NA{IX)+NR(IX)))
AA{IX) = ANRM
XL2 = =LTH/(4,*kNPTS)
XL1 = =2,%XL¢2
PRINT §8,1X
18 FORMAT (/2UX*5CALED DISPLACEMENTS ALANG LENGTH FRHM NEAR CENTER T#
$ END FOR MOUAL SHAPE NUMBERxIZ2)
PRINT 53
53 FORMAT (//31X*xPOSITION ALGNG AXIS*5X*xAXIAL DISPLACEMENT#dX
1*RADIAL DISPLACEMENT*/)
D3 &1 I = 1,NPTS

X = XL2 + IxxXL1

U= w = (U.rU.)

Do 62 J = 1.3

EPP = CEXP{RTR(JI*X)
EPM = (1,,0.)/EPP

U s U = CUCII*(EPP=EPM)*ANRM

62 W = W + CW(JI*{EPP+EPM)*ANRM
AX(IX,I) = REAL{U)
RDO(IX, 1) = HEAL(W)

61 PRINT 35S, X, AX(IX,I1),RO(IX,1]

35 FORMAT (33XEl2.4,13XE12.4,13XE12.4)

X = LTh/2.
U= (V.,0.)
W = (0.,0,)

DY &5 J = lr3
EPP = CEXP(RTR({J}xx)
EPM = (1.,,U.)/EPP
Ij = U = CULJ)*{EPF=EPM)*ANHM
65 W = A + Cu(J)*{EPF+EPM)*ANRM
AXEDGE(IX) = REAL(U)
WRL = REAL (W)
PRINT 36X, AXECGE(IX) Rl
36 FURMAT (20X12HEND O3F SHELL 1XeEi2,4,13xE12,4,15%XE12,.4)

CALCULATE INTEGRALS 8F RAODIAL MOpAL SHAPES ROIN(,) ANT RINT().

DB 304 I = 1,MPTS

BG = LTHA(A,*xNnPTS)x(1=1)
EO = LTH/{(2,%NPTEB)A]

RN = (U..C,)

D8 305 J = 1,3

EE = CEXP(RTR(JI*ED)

EM = (1.,0.)/EE

EPP = CEXP(RTR(J)*BG]
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Rt 2 BN o+ CH(JI/RTROIIR(EE-EM~EPP+EPM I XaNRM
. i}

-
L

J s 13

EPP = CEXPIRTHRIJI*LTH/Z,}

= (1,,0.)/EPF

Ry = RN + Cwl{JI/RTR{J)}*(EPPmePMm) xaAMRM
RINT(IX]} = REAL(HN]

PRINT 54

FORMAT (//5dX*RESUNANT FREQUENCY® /)
PRINT SQ,FHEQ,NDTRMNT

CanNTiNuE

GO 18 ¢

PRINT 55

FORMAT (//10x*ND SIGN GIFFERENCE®]
ST8P

CALCULATE AnD PRINT IMNER PROADUCTS RF mMODAL SHAPES,

PRINT 8
FORMAT (/43 +RURMALTIZED INNER PRSDULTS BF MOUAL SHAPES=/ agk

S12HMBNAL SHAPESIIX#VALUE OF INWER PROGUCTA/]
b 95 K = 1,14

BE = oK o+ 1

D3 95 L = KF,LX

Atk = (0apy)

RN = (U, U]

L8 96 I = 1,3

oo 96 4 = 1,34

BEFFP 2 (CEXP({NHARIR IJ+CONRJE{RARIL I3 320D
EPM 5 (1,,0,}/EPP

EE = CEXP{({RAR{R, I y=CONUGL(RAR(L,J)))*HDZ)

Ed = {1 ,,0,)/EE

ANOZ AN ¥ BUEK I)*CONJIGIBUIL ,JII* (LEPP-LPH)/ (RAR{K, T}
SHCONJGIHAR(L ,JTJ] = (EF=EM)/Z(RARIK, I3=COOJG(HANCL 315
BH o= RN+ ek I 3sCON IR (Bl , JJIx((EPP-EPMY/(raR{kr]}
BACUNIGIRARIL ; JY0) & €EE=EM)/ (RARCK T )1=000JBIRaR (L, J1TTY

REE = REAL (AMYFRNYI/SURTF OONALKTIHNN (R II (AL P+l {L)}}
FRINT 97.K,L,REE

FORMAT (sudxl2,+« ANLD#IZ,IBXEig .8}

WE i

CALCULATE vARIDYS INTEGHRALS wEEDED T8 SH74IM ohpbl STIFFLESS
At MEDIURM INEWTIatl REACTANEE.

ENTHY IMPD

B BU T = 1NARFNS

CPMULY = €FMUTIY*AA(T)

g = Ud = wg = Uikad = wWiakZ =2 LX¥wX% = (Jo,0.1)

DG HY K oz 1 ,NHKRENS

ju
ek
bI
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D6 B1 L = 1,NBRFNS

C1 = C2 = C3 2 Cd = C5 = L6 5 (Q.r0,)
pDr 82 1 = 1,3

0o B2 J 5 1,3

Tt = T2 = LTH

DR = RAR(Ch,I) + CONJG(RAR(L,J})
IF (TTC1I+TT(2).ERQ.u,) GO 16 83
EPP = CEXP{DR2HGZ)
EPM = (1.,0.)/EPP
T1 = (EPP=-EPM}/DR
DR = RAR(K,1) = COUNJG(RAR(L,J))
IF (TT{§)+T1(2),EQ.L,) GO TO 84
EE = CEXP{DR=*nBZ)

g = (1,,0.)/EE

T2z = (EE«EM)/DR

Cl = C1 + BU(K,[)*CONJG(AUCL,JII*RARCK, L)*«CUNJG(RARIL,JIIX(TL+T2)
£2 = (2 + Bu{K,1)*CUNJG(BU(L,J))*(T1=T2)

C7 = Bw (K, JI*COANJG(BA(L JII*(T}+T2)

C3 = C3 + (7

C8 = BU(K,I)*CONJG(BW(L,J))*RAR(K,I)*(Ti+T2)

C4 = C4 + (8

C5 = C5 + (RAR(K,I)*CONJG(RAR{L,J)))xw2xC7

€6 = Co + CONJG(RARC(L,J))*x2xC8

UX2 = UX2 + CFM(K)*CONJG(CFM(LY)*REALC(CI)
U2 Uz + CFM{KI*CONJG(CFM(L)I*REAL{CZ)

We We + CFHA{K)*CONJGECFM(L) )*REAL(C3)

UXA = UXW = CFM{KI*CAONJG(CEM{L))*REAL (Cd)
WXAZ & wXX2 + CFM{K)I*CONJG(CFM{L))*REALC(CS)
UKwXX = UXWXX = CFM{K)*CONJGICFM(L))*REAL(Co)
Ux2l = CABS{UXZ2)

Ul = CaBS(U2)

w2l = CaBS(r2)/AXxA)

UKWl = REAL(UXk)kZ,*HU/A

WXX21 = CARBS(WXX2)AAkA

UXAXX] = REAL(UXWXX)x2,*A

END
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SUBROQUTINE ERING

TYPE COMPLEX GM, ISM SIM, ITM, TIM 1IN, S8M, TSM, 5TH, S8%, ToM, DM, HREL,
$ANS¢VT|V[VSJVI;ISVISIVIITVleviIIV;SSV;TSV;STU;SHV,TB\.‘\,SUPJ’;TT'V‘
DIMENSION GM(30,60),0M(00,60),55M(10,20),55V (10,20} ,REST(6U00),
PIGM{10-20) , TEMOIO, 10I,5TM(20,101,TTV {10,107 T3VEL0,203, TRVEIG 10},
2 STVI2Us10),ISRCI0,20),1TM(20,10),5IM010,200,TIM(LU,20),TEMLIU,20)
5 ISVITI0,20),5Ivi10,201, 1TV (20,103, TIV{10.,2¢0)
G S1EIVEL0,20),PLL(20),PRIZ0],PLRIZ0],PZ(20U)

COMMON/DELADELR, DECZ/BLKAAPR,PLR, P, PL2/LCALCMAY,LCMAYH
COMABN/SSY/SSY/TSY/TSV/STY/STV/SHY/SUVATR¢/TaVATTVATTY

CAMMON/ TSV /TS /SIV/SIV/AITVATITY ZTIVATIN/TIVALIEY
COMMON/TIM/TIN/SIM/SIMAESHAISH/TITM/ ITH/TIMALIM
COMMON/RLKDATOMAUS/TBM/P S/ STM/BLKE/SSM/VEL /S, VIAVELTZVT
CUMMUNZFIT ZAdMAX JMAXH IMAX/RADA/RIN,ROUT/SADN/L/GM,REST
COMMBL/TINY/FAST/RCC/ITOP/BLKI AR A FR,P1

Fha = Fwa § DELZ = HAJMAXH $ LELR = (ROUT~RIN]AIMAX

DB 1 =1, JMAKH
K = Jmix 4+ 1 = J
PZUJY = H + JH%DELZ = J*DELZ
RPZEKC) = =PZ{J)
PLZ{J) = PZ{Jy=,5%DELZ

&Ll FLLS S [ = Sy

PLZ{KC)=PZ(KL) = ,5#DELZ
Of 2 I=i,iMAX

PR(I] = RIN = ,9%DELR + [+DELR
CALL CALSBES

Call CALTRIG

CALL CTBM

CALL STTRIG

CatlL CSTH

CALL SSTRIG

CALL CS85m

CALL TSTRICG

CALL CTaM

DO 6yl I=i,LOMAXE

B8 6000 J=i.LCMAXR
GMI{T,J]1 = ((0.0G,0,0)
Puil,d) = [L,0,0,0)
IF{RIH B, 0.} G& 10 8o
o8 64 JT=f,.IMax

BB &4 J= 1 IMAX
GMIIMAXH+T , JMAXH 07 = TT¥({I.J)
CONTINUE

OF 41, Ixzts.JMaxn

KITE = JRAXRH ¢+ 1 = I

DB 32 JsiyJMAxs

OMLL,J) = DTIM(RITE.JHAXH +1 = J)

GMELsJ) = DIVIKITE,JMAKH +1 = J}
GH{ILCMAXY + 1 = G} = LIV(KITE,JMaxn + J)
DM{I,LEMAX ¢ 1 = J) = TIMOKITE ,Iwaxit + J)
U8 33 J=zi1,Imazx

GM{TIMAXH+TT = TTVIKITE,.)
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I3 OMOI s JMAXHE]S) = JTM(KITE,J)
PO 34 J=i,J0Max
GM{T,JMAXH+IMAX+])= ISVIKITE,J)
34 DM(I,JMAXH+TMAX+J) S ISMIKITE,J)
09 35 J=1,IHAX
GMCI , JMAXH+LCMAXH+J) = ITV(JMAX +#1=KITE,IMAX+1=72
IS DM (I, JMAXH+LCMAXH+I )= TTM(JMAX +1=KITE,IMAX+1=J)
31 CONTINUE
DB 36 I=1,IMAX
KOAT = JMAXH+I
DM{KOJIT ,KEOT) = (0,5,0.0)
pe 37 J=1,JMAXH
KITE = JMAXH + t =J
GM{KANT,J)= TIV(],KITE)
DM{KOAT,J)= TIM(I,K]1TED
GM({KDAT,LCMAX +1=J)= TIV(1,JMAXH+J])
37 DMROOT,LOMAX +1-J)z TIM(I,JHMAXH+])
ne 38 J=i,JMAX
GHIRONT, JHAXH+IMAX+J)= TSV(I1,J)
38 DM(KOMT, JMAXH+IMAX*J)= TSMEL,J)
DE 39 J=1,ImMAX
GM(KORT,LCMAXH+IMAXH+J)S THV (I, IMAX+1=J})
39 DM(KONT,LCMAXH+JMAXR+ ]IS TBM(1,IMAX+]=J]
36 CENTINUE
D@ 40 1=1,JMAXH
KAET = JMAXH + IMAX + I
D8 41 J=1,JMAXR
KITE = JMAXH+1=J
GM{KANT,J) = SIV(I.KITE}
DM{KONT,J3 = SIMN(I,KITE)
DM{KBOT,LCHMAX+ =)= SIM(I,JMAXH+])
GM{ROAT,LCHAX+1=J)= SIV(I,JMAXN+])
41 CHNTINUE
Bl ug Jzl,Inax
DM{KOAT, JMAXH+LCMAXH+J)SSTM(JMAX 4L =], IMAX+]1=])
GMCROOT  JMAXPHLCMAXHFJIZSTV (JMAX¥1=], IMAX+1=U)
GM{KOOT,JMAaAXH+J)= STV (I.,J)
42 DM(KOOT,JFAXHR+J)s STM(I,J)
D8 43 Jd=1,JMAX
GM{KGIT,JMAXH*IHAR+®I) = S5v(I,d}
43 DM(KQAT ,JMAXH+IMAX+]) = SSM(I,J)
40 CUNTINUE
RETURHN
80 DA 84 I=1,IMAX
OB 84 J= 1,IMAX
g GM(L,J) = TTV(1,J)
DR 71 I=1,IMAX
UM(I,sLI)= (0,5,0,0)
0o T2 J=st,JMAX
GM(I,IMAX+J) = TSV(IsJ)
72 DM{I,IMAX+J} = TSM(I,J}

00 71 J=1,IMAX
GM{L,JMAX + IMAX + )

71 DMUI,JHAX + IMAX + J)

00 73 I=1,JMAXH

K= JMaX + |

DO 74 J=1,IMAX

GM(K,J) = STV(I,J)
T4 DM{K,J) = STM(I,J)

D& 75 J=1,JMAX

GM(K,TMaX + J) = SSv(I,J)
75 DMK, IMAX + J) = SSM(I,J)

DO 73 J=1,IMAX

GM(K, JMAX+IMAX+J)E + STV (JMAX +1~1,IMaX + | =]J)
73 DMK, JMAX+IMAX+T)s + STM(JHMAX +1«f,IMAX + | =J}

END
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SUMBMUTINE EXT{ZeANS])
COMPLEX Zr &NS

CHMPLEX ZZ: AANS
DIMENSION BA(2), SUM(Z)

EGUIVALENCE (ZZ2,8), (AANE,5UM)
COMMEBN/SAVEZLSAVE hEXMIR EXMEL

DIMENSISN FAaCT{49)

DATA (ISTHRE = ¢}, (PIOTmQ

= 1,570796372048]

IFCISTOPE b, 11 GB TG 4140

pe 3z2a o= 1, A0

FACTENY = = FLBATEN = 1) / FLOAT(N * H]

Contlnut

isTioRe = 1

CONTIHUE

w oz 1

Gamea = U,5772190%4Y
2 =
2181 E{i) *= #{1)

B2ke Bl % ¥L27

U = Bibl + bBebe

IF{y,GT, 100,01 GG T8 dov
ISEvE = U

IF(RrIGBL ,GT, uz2td) SU
IFessny ,LE, B2BZ21 SU
EN oz 6.0 + 3,5 % 5U

MW T EN

IFfuN &1, 403 NN = 40
SUM{lT = =B(1) & Sum(2}
TERMR = =H{11 § TEKRMI =
D8 300 W = 2, Nk

z

X = (TEHMRExH(1] = TERMIxbB(23) * FaLT{N)
¥ = {TEAMH*R(2) & TERMIxd(11] * FACTICh]

TEHMKE = X
TERM] = ¥
JUMilr = SumM(1) + TER#R
SUML2) = SUmMI2] + TERM]
CONT INUE

ELNHZ = §,35 % aLui(u)
IF(e(l) JNE, 0,0 ELNIZ
IF(8(1) LEQ, y.0) ELNIZ
SUMELY = =GAMmA = ELNMREY
SUM{zZ1 = <BELNTL = SU#(2]
AHS = AANS

RE T il

CONTINMUE

ISAVE = 1

anERL = L.0 /4 U
SUM{L)Y = 1,0 % SUMLZ)
TERMK = 1,0 3 TERMI =
EEMMEE = d,u

e o310 N T 1ty 4

U,

Bl1} + 0,5 * B2BS /£ BUlLT

aHS( B2} + (.5 + BLBI

=B}

=Hia]

Lian

ATAMCRL2) / bild)

SIGNIPIGTuA,

UML)

Uau

0
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SUBROUTINE EXI2(ZsANS)

CUMMON/SAVE/LISAVE EXMIR, EAMZI/ICE/TCE A NOEX]
CAMPLEX Z:ANS

COMPLEX ZZ, AANS

DIMENSION B(2) , A(2)

EUUIVALENCE (22.,8), (AANS,A)

AANS = ANS

27 = 2

K =1

TESTYL = REAL(ZZ)

TESTE = AIMAG(ZZ)

IF(TEST1 LEQ. U,V .AND, TESTZ .Ed, 0.9) GO TO 1

IF(MUEXT LEW, 0) CALL EXI(ZZ, AANS)
X = AC1)}*BE(1) = A(2)*u(2)

Y = A{1)%xB(e2) + AL2)*xH(1}
IF(ISave ,EWQ. L) GO TA 4dgo \
E = ExP(=H(1])

EXMIR = E * COS(B(2))

EXMZ] = =E » SIn(B(23)

CHNTINUE

ACLl) = EXIM{R = X

AC2) = EXMZT = Y

ANS = AANS

= {0
Al2) = 0.0
ANG = AANS
RE TUR

EHD

EEMMEF = £EMMEE ¢+ 1,0

FFF = BEMMEE * SNEOU

X = = FFF * (TERMR*B(1) + TEKMIXB(2))
Y = FFF * (TERMR*5(2)} = TERMI*B(1})
TERMR = X

TERMI = ¥

SUM(1) = SUM(L1) +TERKR

SUM(Z) = SuUM(2) + TERM]

CONTINUE

3 EXP(=B(1J3

X E » COS5(4C2))

Y = =B % SIN(B{2))

EXMIR = X
EXMZI = ¥
FACTR = (X = B{1) + Y % 8(2)) * ONEDOU
FACTL = (Y » B(1}) = X *x B(2)) * ONEJU

X = FACTR * SUM(1} = FACTI * SUM(Z)
Y = FACTR % SUM(2) + FACTI * SUM(1)
SuM(l) = X

SuM(2) = ¥
ANS = AANS
RETURW

END
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HANISH, KING, BAIER, AND ROGERS

SURRGUTINE FARFLOD(NPTS)

¥HIS PHEGRAM CALCULATES THE FAR FIELD PRESSURE DISTRIHUTION IN

DB REFERENCED T6 ¢ DEGREES (HAGIAL DIRECTION) FAR NPTH+1 FulALLY
SPACED ANGLES FROM 0 DEGREES T8 90 DEGHEES (AXTAL QIRECTIONY.
CHMMONAFFANGLS FFUAN,FFO0AN

OQIMENSION PTOP (10 ,PING(R2U),PBUT2Y 683000
CEMMONALC/LCMAX , LOMAXKHARATDI/RIN,ROUTAANS A 4KS
CUMMBN/BLKE/H, A, FR,PI/DEL/DELR,DELZ/BLKA/PR,PLR,BZ, P2
COMMANAPIT/IMAX p JMAXH IMAXANELO/VELARRCC/RRCU/FFPRAFFOLFFOE

TYPE CUMPLEX FFL,FFT,FFTH, RHGU ADTITI,SUML, FFY¥ T, FFyS BRI 3J0UT CEP
LsCEM PTRP, PINS,POUT,ANS, 1, SUM ADDTI T ARGL  VELPEBT,vINS,voUT, ¥TOP,
2 VBarT

DIMENSION VEL(&0),PRBATLI0L,VINSIZ0) VOUT (20, vT0P 10, vraT (1)
DIMENSIHN PZ(20),PLZ{203,FRIZDI,PLRIZ2D)

DATACALICES B, 6RS5u8F636]

IF (NPTS,.EQ,.1) GO T8 42

PRINT 43

FORMAT (//SUXPBHFARFIELD WATTIERN AT INFINITYA#39x*0 BELRFES 1S 8RO
SADSINE, 90 DEGREES IS IN AXIAL DIRECTIAON, x/dsX+ANGLEx12x*PRRESEURE
3 IN DA*IXAPHASE ANGLE BF PRESSURE*AS

I = (U,21.] % WHEC = RRCL#]

DD 5 1, A{2.*MFPTS8] & DELTH = DU*PL % DELTHL = L18(,*DD

NPT = NPTS=1  § JMAXT = JMAXH

IF(HINLEG, 0, ] JHaxn = ¢

oo ¢ J=1,IMAX

PRBICS) = ANS(LOMAX = JMAXH + 1 = J2
VBOET(JY = VEL(LCMAX = JWMEXH + 1 = J}
VTGP (Jy 5 veEL(JdMAXH + J)

PYBP(J) = ANS(JMAXH+J])

U0 03 J=tedtaXT

PAUT (J)1= ANS(IMAX+JMAXH+I)

VAUTEI3s VEL{LmAX+IMAXH+ ]

VHUTCIMAX #1=J3 = VMEL{ LCMAX +1 =JMAXH=[HMAX = J)
POUTLIMAY 41=d) = ANS{ LOMAX +1 =JMAXH=IMAX = J]
JHAXHM = JMAXT

IF(RINGEU,U,T &7 (0 %60

o8 96459 Jzi IMaxH

FINS(I] = anudS{gMazrd+ri=J)

¥I1RSES) = VELCJHMAXH+L=]]

VING (JMAX+] =~ J} VEL(LCMAX =jMaXH + ]
ANS{LCHAX =JMAXH + 3}

B TO 97u

D0 969 Jzi,.JHAX

VWIMS(J)Y = (0,0,0,0)

FINS(J) = (0.0,0.0)

FFI= ,S*FKDEL7

Rt = FR&#¥ROUT § RI = FXRaRIN

CalLl BESL(RO,BSH,B8J0,Y0,Y1)Y & CALL HESL(NI,uSIBJI,¥Ll.Y0}
B0 = RER*ROBUT 3 8l = BE8TxWlu

BJ] = RIN#HI] § oJOUT = RHBLTARJO
B5I=ps58z¢,

BJOUY = 4JI8UT + #8559 3 HJI = BJI] + [*H31
SuUM = {H,.8,0,0)

0 37 Ksi-JdMax

ADBIT = (BJAUTAFAUT(K] = HJII*PIMS(K})
AQUITLI=S RHBEA(VINS{RIABT + ynli(kI*Bn]}
ADDIT = ADDIT - ApDITY

SuM = Sum ¢ ADDIT

FFT = FFL&3Um D OFFVT = (0,0 ,u)
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0O 38 K=1,IMAX
RL. = PR(K) = ,S#*DELR 3 HU = RL + DELR
T = FhaRY & TL = FrRRL
CALL PESI{TU,BU) 3 CALL BESI(TL.BL)
I8 FFvY = FFvT = (VTBP(K) + VBROT(R)I*x(KU*BL = RL*BL)
FFG = CAHS(FFI + FFVT*®,5%xRHOC)
FFUAN = CANG(FFI + FFRVTIx ,S*REACI*1E0./P1
DEG = 0,0 & FFUM = 0.0
IF(NPTS,.4T.1) PRINT 33, DEG,FFOM,FFOAN
DO 1 J=1sNPTS
THETA = J*=DELTH
IF(J,EQ . NPTS) THETA = B999,xP1/18000,
COSTH = COS(THETA) 3 SINTH = SIM(THETA)
ARGL = ~[#*FK*5INTH
TT = RI*(CASTH
CALL RESL(TT,8BS1,RJ1,Y0,Y1)
Hl = Riwv*dS1
TT = RO*CHSTH
CALL RESL(TT,852,8Jd2,Y0,Y1)
BJl= RInxEJy % &JAUT = RAUT#BJ2 & BO = KOULapd2
BJOUT = BJIUT*COSTH

bJI = BJI«CBSTH
207 FFI = 5*I*x(CEXP(ARGI*DELZ) ~ 1,)/5INTH
SUM = (U,0,0.02

0O 4 K=1,JMAX
CEM = CEXP(ARGI*PLZ(K))
ADDIT = (RJBUT*POUT(K) = 8J1xPINS(K))I*CEM
ADDITE = (VOUT(K)xBH + VINS(K)I*BI)*RHOC*LCEM

g SUM = SumM ¢+ ADDLIT =aDDITI
FFI= FF1I%xSUM
SUM = {(0,0,0,0)
FETB = ,5/C8S5TH
ARGI = I®FK#*H*SINmTH
CEM = CEXP(=ARG])}
CEP = CONJGICEM)
PO Y K=y,1MAX
RU = PROK) + ,5«DELR % RU = PH{K) = _S*DFLK
TT = FKxRUX(COSTH % TTL = FK&*KL*CHSTH
CALL HESI(TT,i3u) & CALL BESI(TTL.,8L)
RUBL = RU*HU = RL+*3|
ADDLIT = -I*SINTHx(PHAT(KJ*CEP = FTH
ADDITI = PHEC*x(VTORP(K)*CEM +

S BUM = 30uM + (ADDIT = ADOIT1)*RUHL
FFTB = SUM*FFITE
FFM = CaaS(FFI + FFTR)
FFAaN = CANG({FF] + FFTH)*1H0, /Pl
IF(JLEGL.NPTS) FF40= FFM
IF(J.EQ NPTS) FF9UAN = FFAN
DEG = JxDELTHO
FFM = ALICE*LOGF (FFM/FFQ)
IF {NPTS.EW.1) GO TH 1
PRINT 33, DEG,FFM,FFAN

33 FORMAT (Z2aX3Fee.2)

1L CONTINUE
END
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FUNCTIOBN FN{X)

DIMENSION AKCAY,BKIdjAE(G),BR{a)  ALL) BE4)

DIMENSION FAL4),FR(4),GA04),GH(4)

DATA {(FA=S38,027264,265,.187033,335,677320,38,14249%]

DATA (FBSU0,021433,322,620911,970,°730280,157.105423)

Data (GA = 42,2d42855,302,757B64%,352,014498,21,.621899)

DATA (GB=4H,196927,4d87,485984,1114,9786859,449,690320)

DATA(F2==,250000000),(F4=0,01041b6667),(Fax-_Gug23iadi;

DATACFB=Q, 000003100, {F10=2=,000000028), (F3=-,u55305554]

DATALFS=y,0010ebbb7 ], (FT5=_ 0000283457, (F920.000000306),(Ftl=

I=, 00Goguguel

DATA [Axz §,09660344299,0,635990092383,0,¢5742%63715,0,014581902127

DATA(BKRE], 12498593597, 0, UbRB0UB% 70, 0,0332835%34d6, 0. 0044178701 2)

DATACAES), 403251 41463,0,062060603220,0,00757483546,0, 010365068591}

DATA{BE=) , 2499856831 0,0,.09200180037,0,04006998672526,0,0052644%039]
ENTRY CI

IFLag = 1

IFEX LT 1) G 7O 1

XXz kY

FOEN = FBI4Y + XX (FHB(3)] ¢ XX*x{FB{2) + XA={FBL{{} + X¥)})

FrUM = FACU) & XX*{FAL{3) + XX&(FA(Z) » XXx({FA(1Y + XxX)}7}

Foz ENUMAOXXFDEN]

GMUM = GAC4)] + XAw{GA(E} + XX#(GA{Z) + XX*{GALL1] + Xx}i}

GREM = GROUY & X¥=IGR{I)Y + XXx{GH{2)} + XXw{GRB(1) % LX)}

G = GMNUM/{XX*GDEN)

IFCIFLAG EQ. O] G T8 28

Fh = F#SINIX) = GxCAES(X]

HE TURK

X T Xxx

CH 2 XAR{FZ + XXw(Fd + XX&x(F&h + XXx(FB + XXx(F1C }))1}

GAMMA = 3772156464

FN = GaMMA + LOGF(X) ¢+ CH

RETURS

ENTRY S1

IFLAL = ¢

IFCx, LT, 1,) Gt To 29

Guo T8 27

Fouo oz o= FrOOS(XT = G#r5]

RE TUR#

XX Xk X

Pl 5.1415%2053

sl K¥ily + 2AX{FS 4+ %X#(F5 4+ XX®(F7 + Xg*x{F9 ¢+ Ax+F}13¥)}3))

Fii SH o= 5P

RETURN

ENTHY ELLTHEK

HOLDASZL 3B62Q43n112 & HOLLA = 4,5

Lo 2 J=i.4

K(J} = ke J]

BldT = Ru{d}

- [ TY
WLAY

(IO (LA 1]

G TO 4

ENTRY ELLIPE
HOLDA = 1,0
HSLOB = 0,0

o8 % Jziu
ACJ1 = aECJ)
BEJ) = BELJ)
= M 2 {, = X

FACET = LBGF(Y,./0)
DR 11 Jzied
HOLDA = HOLDA +
HOL DB = RGLDE +
9 = gaQn

FN = HOLDA + HOLDSXFACT
END

[y
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» % % ¥ *

x0,964702255587Subu450770000,
* 0, H96321155766052123960D000,
* U,794483795967942406960000,
® 0,.663004260950215200%70000,
* ,9060899908932229350020000
*Y,35186AR602282127649770000,

* 0,140471961582796493480000,
0. 295820224714 7930000,

g S PRVRTEY)

*0,2190863625159820000, 0,1494513431505810000,

SUBROUTI

NE GGE

TYPE COUBLE wax
COMMOM/BLKL/H, A FR PL/ZTOY/NRDL L MM/BLX27X ], WF
DIMENSION XI(32),WF (32),w(51),X(31)

CATA (PI
GATA(X =

= 3,14159265359)

NRL REPORT 7964

D, 14887435369816310000, 0,u333953594129247D000,
0,6794095682990240000,0.8050033666H89850000,

*,973906%285171720000,
0,07652652113349733537550000,0,2277858511416450780500000,

QuaADNTIHLAn

P Il I B O TN T B B TEE B S § =PI S 2 O o N Y n [ S N e B YIS RTE
Do 5757006080713 I922EUDFOULUL,, L, DIUGHR/UYVLIIIVEGCrUTORUSUU

0,8360936807265150254930000,0,7463319064601507926140000,

),8391169T18222188233950000,

U.912234428251325905806D00u,

0,9539719272779147912080000,0,99312K593185094924TBbRUNU,
0,997263801849481563540000, 0.985611511545268355400000,

MATAIN .=
WARIARLA=

MaE TSN LCE

x),.0066713443086880000,
0,152753387130725850098006G0,0.1491729864726037407880000Y,
* 0,1420961093183620513290000,0,15108Ha638449 760264980000,

*

x (,1581940531%e151484 17312000,

*

*),Yd0o014296003806941331D000,
U.70186500094700%600040=002,
* U,253920053092620594550-01,
* 1), 428358586222260608065%60=-001,
*y,5806840934785355471450=-001,
0§, 723457941 08R4B906225D=-001,
* (,83311924220946755%222Db=-001,
* 0,91§73678695%T03588a7120-001,
* 0,955387200792744594190=0601,

*

*

0,93490607599377596B9170000,

0,849567613732569970130000,
0.7321821187402896B05812000,
UL, D8771575724076232904D0¢0,
,421351276130635345300000,

0.239287362252137074540000,

0.U4B3G76656877385162340=0u1)
2692667193099960000,

{
F Vel RQVEZOR

0,10193011981720404350370000,

G,08327670157670u7487250000,0,0626720d833d109063570L000,

PFK = 0,5 * FK

NHL = NGD1/2 $ NBL = 0
IFINQDL . EG.RYU) MBEL = %
IF{NQD1,EV,32) WiL = 15
GO 11y I=1,KHL

K = I + nBL

XI(1) = x(K) * PFKk

WF({I) = w(K)

XI(I + HNL) = = X(K) x PFK
KF{] + WNL)= #{K)

0,017614007139152118512D0C00,

V3427386291350 21433102D=001,
0,9099805926257T601762%960=0301,
U,b58222227T6301B8408570=0ul,
0.781938957870703064710=001,
U.B87652095004a0581514200=001,
0,93B44395080080456505Y0~001,
0.96540088514727800%606D=401)

RETURH
ENTRY TIME
TIMER = TIMELEFTI(K)
PRINT 1, TIHNER
1 FORMAT(*x TIME LEFT *F10,3% SECONDS%//)
RETURY
END
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uu0guey

00ua0500

BOouQ700
0u000E0U
gouo090uy
Q0001000
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00001200
000013040

goouldun
Guao1S00
00001600
pouol7o0
HUGOIHO0
0001900
puoueeiy
00002100

000024uy
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HANISH, KING, BAIER, AND ROGERS

StpROUTINE MOS{VA,STRIyROANF NPTS, YVVANS)

TALIS SUsRMUTINME GHTALINS THE COEFFICIENTS 8F YELSCITY EXP4AnSIonN
T4 TERMS BFE mBDAL SHAPES,

TYPE COMPLEX anS,3TRrvA,vVV

DIMENSION AMS(IT),FO(9,010],5TRIL 1T evaACEE 1 e¥¥yitl)

P & 3,141592694

My b [N B

L]

N3 = MPTS/NF

08 58y J = 1.NPTS, N3

K = R + i
IF (K, GT, MF] G TH 301
YA{K,Ni) = myyy ()

08 300 I = teNF

VA(K,T) = RD(1.d)

CALL SIMCX(VA.L1,STReNFANS)
END

122
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SUBROUTINE MINCCAS;N,ND,D,L,sH)

TYPE COMPLEX A,D,BIGA,BIGAL,HOLD,B
EQUIVALENCE(B,C)

DIMENSION C(2),C1(2)
EQUIVALENCE(BIGA,CL)

DIMENSIGBN A{ ND,1),L{1},M(1)

D= (1,0,0.,0)

NK = «N

D8 B0 Ksi,N

NK = MK+N

L{K) = K

M(K) = K

KK = hK+K

BIGA = A(KK)

BIGL = aB88(C1(13)

IF(a85(C1(2)).6T,BIGCY BIGE = aRS(C1(2)
D 20 J=K.N

IZ = hx(J=1)
L 20 JI=K,N

IJ = 12 + 1

B = A(LlJ)
IF(BIGC=-ABS(C(
gIGC = aBS(C(1
G4 T8 15
IF(BIGL=4BS(C(2))) 103,20,20
sIeC ABS(C(2))

B8lia a(1.J)

Lix) 1

M{k) J

CONTINUE

CONTINUE

HIGAL = (1.0,0,0)/8BIGA

J=l (K)

IF(J=K) 3%,35%,2%

KI = Kwi

N9 30 I=t,N

KI = KI+n

HELD = =A(W])

JI = K1 =K+J

A{nl)=a(d])

A(JI) = HELD

1))) 101,102,102
)3

I=M{K}

IF(1=K) 45,45,38
JP= Na(1=1)

0N a0 J=1,N

JK = nNK+J

JI = JP+J

MOl = =a(JK)

ACJK) = A(JI)
ACJL) = HGHLD
IF(CI01).FG,U, ,4ND.C1(2) ,EQ.0.)d6, 4R
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46 D= G.0
PRINT 222:0

222 FOBRMAT (/SXADETERMINANT OF MATRIX BEING SALVED BY MINC 18+F&,21)
74P

48 DO S5 Izl.nN
IF{I=K) S8,55,5¢C

S0 IK = NK + 1
ACIKY = =BIGAI*®A(IK)

55 CONTINUE
08 &5 I=zin
IK = nK+l
HBLD = A(IR]
I = I=N
D8 685 J=l.N
IJ IJ+N

TE§ oo oM B 3 s kY CA TR AKG
IP Ll WU adatidah) U 10 T3

62 KJ 1J =1 +K

A{iIJd) = HOLD=A(KJI) + A(IJ)
£5 CANTINUE

KJ = K=n

GO TS J=ianN

K = kJ + N

IFEI=) Tu,75,70
70 ALK} = BIGAIHA(KI)
75 CONTINUE
D = UxBIGA
&{Kx) = BIGAI
CANTINUE
K = N
100 K = K=i

IF(K} 150,150,105
195 1= LK}

IF(l=K) 120,120,108
108 S8 T Ma2{%=1)

JR oz nx(1-13

08 11y Jsl.N

JK & Ju+d

HALD = A(JK]

JI = JR+J

ACJKY = =A0J1}
116 A(Jd1) = HOLD
120 J=M({K]

IFL{J=-x) 100,1ud, {25
125 KI = K=«

DH 130 Txzl.N

K = KI +»

mOLD = A{KI]

JI = KI=K+J

A{KT)] = =~&(JLJ
130 A{JI)=zhnnLD

iy T 10u

1

150 RETURN
Eni
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SUBROUTINE MLT(XA,YArXB,YB,XC,YC)
XC=XA*xXB=YAxYD

YC=XAxYB+YAxXB

END

SUBROUTINE PSUBV(IV,XR,XI;0OR,DI)
EPS=5,0E=11
K3zK1l0=(
HELDR=HOLGI=1,0E307
CALL MLT(XR,XI,XR,XI,X8R,XxS8I)
AKz=(,0
FVS=d,0avey
ARzFURPYR=1,0
Al=FERPYI=0 .0
HBEGIN ITERATION WITH AK=]

3 AK=AK+1,0
FACNIZ (FyS={0,0kAK=]1,0)%*2)x (FVS~{t,0"AK~3 0)42x2)
FACDH=w2 , 0% AK* {2, 0%kAK=1,0)%64,0
FACDI=FACDR*XS1
FACOR=FACDR®xXSR
BR=AR*FACN
BI=Al*FACN
CALL DVD(BR,BI,FACDR,FACDI,AR,AL)
IF(K93T7,2,7

2 DR=AR+F3RPVR
IF(DR.EG,0.0,0R,ABS(AR/DR).LT.EPS)IGA T 114
IF(ABS (AR} ,LE.HOLDRIGO T8 &
DR=FORPVYR

11 k9=1
Gl 16 7

& FORPVR=DR
HOLDR=ABS (AKR)

7 IF(K10)10,8,10

8 DI=AI+FORPVI
IF(DI,EQ,U,.0,0R, ABSCAI/DI), LT, EPS)GA TA 12
IF(ABS(AI),LE.HOLDI)GE T8 9
DI=F8PRPVI

12 Ki1u=1
Go 78 10

9 FARPVI=DI
HBLDI=ARSC(AT)

10 IF(K9,EQ, 1, AND,KIUEQ,1)RETURN
Ge TO 3
END
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SUBROUTINE QSUBVEV, XR,XIJER,EI)
EPS=S,0E=11

Ko=Kiozg

HOLOR=HeLDI=1,0E3U7

CALL MLTCXR NI, XH,XI %XSR,XST)

AK=1 .0

FySz4,Gxydny

UPREFYS=1.0

UPi=0,0

DER=8,0#XR

DEI=8,0%x%1

CALL DVDIUPR,UPT,DER,DEL,AR,AL}
FORWVRZAR

FBREVI=AT]

BEGEN ITERATINN WITH Ak=2 HECAUSE FIRST TERM IS5 NOT SaME 4S5 FaCT8R
AKEAR+:,0 .

FACNZ (FYS=(d, UxaK=3 BIax2in{FVvE={4 . OrdK=9,0)nx2}
FACOR=={Z2,0%AK=1,0)%{2 , 0%AK=2 0] %64, 0
FACDI=FACOR®XS]

FACORSFACDR*XSR

BRsARKF ACN

HIzAlxFACN

CAaLL DVD(BR,8I,FACOR,FACDI, AR AL)
IF(K937,2,7

ERTAR+FBRUVR

IF(ER EQ,U,0.0R.ABSCAR/ERY LT.EPS)GE T8 11
IFCABS{AR)LLE HBLDRIGA T4 &

ER=FARMGVR

K9=i

Ge T8 7

FARUVRZER

HOLDRSABS{AR)

IE(KIUJ1G,8,10

Elstl+FoRaY]

IFCET EQ.0.0.MR, ABS(AT/ETY, LT, EPEIGE Ta 12
IF(AES (AT, LE,HALDIJGY TQ

ElzsFORAGVE

Kig=]

Gy To 1o

FORAY[=E]

HALDIZABS(A])

IF{RG EQ T AND KTIO,,EQ, I IRETURN

ca 18 3%

END
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SUBRGUTINE SHIP

THIS SUBROUTINE OBTAINS THE TRUE SURFACE RADIATIOGN GREENS FUNCTION G(,).
DIMENSIGN G(30,30)

CAMMON/YNM/YNM

TYPE COMPLEX G,PA

TYPE COMPLEX V,S5UMJ,RHOC,ANS,VEL,DM,GM,VEL1,ANS1,ANS2
DIMENSION REST(4200),ANS(60),V(30),VEL(60),GM(30,60),0M(0l,60)
1+VELL(30),PZC20),PLZ(20),PR(20},PLR(20),ANS1(30),ANS2(30),AREA(LU)
COMMON/RRCC/RRCC

COMMON/LC/LCHAX ,LCMAXH/BLKA/PR,PLR,PZ,PLZ/RCC/ITOP
COMMON/TOY/NUDL,ISYM,NAD3/PIT/JMAX  JMAXH, IMAX
COMMON/BLXK1/H A, FK,PI/DEL/DELR,DELZ

COMMON/PA/PA,RHOCA

COMHMON/RAD/RIN,ROUT/MXD/JIMXT ,MAD/S/OM/ANS/ANS/VELO/VEL
COMMON/6/GM, G, REST/TIDY/FAST/EPS/EPS/EPSI/EPSL/JAE/JTBPI
COGMMON/AREA/AREA/NGPR/NOPR/PAR/PER

DATA(NGDY = 32),(PI = 3,141592653%9)},(EPS = ¢.001),(EPSYt = 0.0001)
CATACJTHPE = 10) » {JTOP = 10)

ISYM = 1 ¢

LCMAXH = JMAXH + JMAXH + IMAX $ LCMAX = LCMAXH + LCMAXH
JMAX = JMAXH + JMAXH

Az ,Sx(RIN+RBUT)

FAST = PI = NUD1 / (B.0 * FK *= (ROUT + PI % H))

CALL GGC

CALL ERING

RHOC = FK*RRCC=x(U,,=i.)

La 14 J=1,LCMAXH

ANS1(JJ)= ANSZ2(J) = (0,0,0,0)

b3 14 I=1,LCMAXH

OM(L,J) = DM(I,J) + DM(I, LCHMAX + 1 =J)

GM(I,J) = GHA(L,J) + GM(I, LCHMAX + 1 =)

GH(I,J) = RHOC®GM{I,J)

CONTIMUE

CALL CINVIDM,LCHAXH,60)

L8 246 I=1,LCMAXH

b8 246 J=1,LCHAXH

G(l,d) = (UL pu U}

00 7 K=1,LCMAXH

G(I,J) = G(I,J) + DMII,X)*GM(K,J)

CONTINMUE

RETURN

ENTRY FIELD

DO 746 J=1,LCMAXH

VEL{LCMAX+1=J) = VEL(J)

AMS(J) = (0,0,0,0)

LG 10 K=1,L.CMAXK

ANSCJ)} = ANSI(J) + G(J,K)*RVEL(K)

ANS({LCMAX+1=J) = ANS(J)

D9 537 J=1,JMAXH

AREA(J) = DELZ*KIn

AREA(JMAXH+IMAX+J) = DELZ=*ROUT

DO %38 Jsi,ImMax

AREA(JMAXH4T)= PROJIADELR

Gn 539 J={,LCHakH

AREA{LCHAX + 1 = J} = AREA(J)

SUMJ = (0,0,u,0)

D0 491 J=1,LCMAX

SUMJ=s SUMJ + ANS(JJ*AHEA(JJ*CGNJG(VEL[JIJ
CANTINMUE

AKEAT = &x( H + H + ROUT = RIN)

AREAT = AREAT .+ AREAT

Pa = SumJs2,*pl

RHEBCA = AREAT*2  *P I XRR(C

SUMJ = (0.,0.)

DD dge I = 1,LCHAX

SUMJ = SUMJ + CAHSIVEL(IY)%*2%AREA(])
YNM = SUMJ/AREAT

ERD
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SUBRAUTINE SIMCX(ORIG, NN, MAT,MCT, ANS)

€ THIS SUBRSUTINE SHLVES SIMULTANESUS FOUATIONS REPRESENTED BY AUGMENTED
C MATRIX ORIG(s) WHOSE AUGMENTED COLUMN IS MINUS THE RIGHT HAMD SIDE AF THE
€ SIMULTANEOUS EQUATIBNS,
TYPE COMPLEX MAT,BRIG,ANS,BO,B2,84,B4,88,51u,811,B13,B815,C00,0C2,8500002300
1y 5UM SOLE2400
EQUIVALENCE(B2,C), (CC,CX},{CEC2,Lx2) gquo2aia
DIMENSTON MAT(MCT 212 ORIGINN, LI ANS{METYC(2)sC%E2),C%202) 00002600
19 FORMAT(25H THIS MATRIX IS SINGULAR/] 24002800
Briz(1.0.0.0} 0a0a3BGu
MT=ZMLCT+1 o0u0uee
C PUT ORIGINAL MATRIX INTH MaT Guddaety
NCT = ICT = M1
Be 2 J=isILT Goelaang
0o z I=1,m07 Gogoasgu
MATLI (J)}=8RIG(], ) D00LUBLD
& CHNTINUE QUUTLTO
JCT=MT=1
oG 3 J=1,4E7 bOLBeSIee
KK=J+} GUU0BYGE
Jysd
CO=MAT{d,J1) UGTussSud
IFCCX{1)  EQ, 0,0, AND,CX{2).EQ,0.0)11,12 0000TaUU
Tt IF{JIV.EQ.MCTI13,14
13 PRINTIS gUgg9sQy
RETURN 00009908
1d Jysigv+t agaigoog
CC2=MaT{ IV, J) Hootplue
IF(CA2(1) L EQ 0, 0.4ND,CX2¢2).ER,0,0)11,16 puotgeue
1o DO 17 Jdsd,N0T QoQLlpide
BoasMaT(d,J0) QUOIodUY
MAT (T, JI)=MAT OV, ) JagiIosSyy
17 mAT IV, ) 2Be GUoUI0euY
blis=uil GUOteiou
12 JSINGSJIgING=) quotobny
7 o KEwK ,HOT
BASMATIK , JI/MAT LJ,0) BOGOe3UD
B3 S5 L NCT voebedld
BIg=BA*MAT [(J,L] (RS R VRS
S MATIK,Ly=MAT (K, L)=814 QU006
g CONTINUE UQ00e el
€ VALUE OF DETERMINANT GOuGeBLY
3 Bri=BrlaMaT{J,J} GUUGHuE
B1ISBII«MATIMET MCT) Queareao
LAws-MET gUouTLIUO
ELEE | gdgutity
C T8 DB BNE AR MARE BACK SOLUTIONS LebR7200
D8 & MINCEMT, NCT quagrsoe
JEIN=METS IX=p gueeTdpe
C HACK SOLUTIMN UG FSey
DY & TAMz| Ok, MQ SOOQTLQ0
T IABSCINM] gagysruy
BUx=MAT (rt e MINEC) Beee7800
R2IMAT(M,M) GUUNITUY
Badz (0, 0,0,0) pohoBuoy
IF{I%) 7,22,7 TeoesLon
22 Ix=iX+! Bopogduy
GOTd & Qulusive
7 MI2s=JFIN QuughduG
O8 9 INNSLGwW,. M0 Ge008%00
NZTABS(INN) GUUgEsTT
G BHTHLFMATIM NI=MATIN,MINC) L TEECE -9 411
HozHleByg 0GOCasoL
JEINZJFIN=} foeggdrg
8 IF(C(1),ER.U,.0,AND.C{2}.EQ,0,0013,29 QUUBESBL
29 MAT(M,MINC)=&NS(M)=BU/B2Z pgouIodu
& CONTINUE 89909100
RETURH 128 ARV F-g i3]
END 200143909

------=i============i=iiiiiiii===iiii==i============================================================



NRL REFPORT 7964

SUBROUTINE SOLVE(MCT,MAT,DET,RR,RATIE)

THIS SUBROUTINE GBTAINS THE DETERMINANT DET OF MATRIX MAT, IT ALSGH
CALCULATES COEFFICIENT RATIBS RR AND RATIA(),

DIMENSIAON MAT(d,4),RATIO(3)

TYPE REAL MaAT’

JCT = MCT = 2

DO 4 J=1,J0CT ‘

KKz J+t 170
IF (MAT(J,J).ERQ.0,) 11,12

PRINT S0,JsJsMAT(S, 31}

FORMAT (//10X4HMAT(IL1,1H,I1,38) =El4,6 s 2XTHTRAUBLE}

sTap

00 4 K = KK,MCT

BB=MAT (K, J)/MAT{d,d) . 20e
LS 4 L=J,MCT

B1O0=BB*MAT(J,L) 220
MAT(K,L)=MAT(K,L)=810

CONTIMUE

DET = MAT (L LY*MAT(2,2) ) (MAT (3, 3)AMAT (U, 4)=MATCU, 3)RMAT(S,4))

RR = =MAT(d,4)/MAT(4,3)

HATIO(3) = =MAT(3,4)/MAT(3,3)

RATIO(2) = =(MAT(2,3)*RATIO(3) + MAT(2,4))/MAT(2,2)

RATIO(1) = =(MAT(1,2)*RATIG(Z2) + MAT(1,3)xRATIO(3) + MAT(},4))

$/MAT(1,1)

RETURN

END

SUBROUTINE SHY(XA,YA,XC,YC)
SS=SORTIXAXXA+YARYA)
XC=SURTIABS((S54XA)/2.0))
IF(xA)1,2,1

YC==X{

RETURN

YC=YA/(2,0%XC)

END

129



la X Re]

7

[ IR i ]

£

1

52

HANISH, KING, BAIEE, AND ROGERS

SuUBRBUTINE THFRED

THIS SUBROUTINE OBTAINS THICKNESS CORRECTION FACTARS FI AND FO&, IT &L50
CALCULATES SCALED DISPLACEMENTS ALONG VHE THICKNESS OF THE SHELL IN QSTH
RADIAL AND &X1al DIRECTIBNS,

TYPE REAL iM,1J0,IJ1,1IY0,1IY1

CoaMMON /BLK/RTH,HJ0, TJ0 BRI, TJL RYQ 1Y0RYL, 1YL

COMMAN /RAD/BA/BLKLAH AZ,FR, PI/YMD/Y NU,RHA NDS/FUDAFT,FO

CuMMON JFRK/FR

TYPE RE4L KAPPa,LAMBOANMU,LTH

DIMENSION CCl4,8),RATIO(3),FRI2),DETR{2},XM45(15)
COMMON/AA/GMERSO, AB, ALPKA,BETA,DD, 71,0136, RATIG

NIT = 30
PlI2 = Pl/s2
LTH = r+rt
PRINT 51

FARMAT (1H140X*CALCULATION OF THICKHESS CORRECTION FACTRRSH)
PRINT 1,4 B, LTH,RHE NU,¥

FORMAT (//S56X*INPUT PARAMETERS*/ /29X *BUTER RADIUSK

S3B8XOHRIUT =E14,6/

529X *x[NNER RAUIUS*ISUSHRIN =Eid4,6/

FROXI2HAXIAL LENGTHROXSHLTH = Efd,6/

FIFXTHOENSITYSAXSHRAD zE14,6/

BRYX1UHPOTISSONS RATIOIEX4HNY =R 14,6/

F29XUSHYDUNGS MODULUS AT CONSTANT MAGNETIC INDUCTION BX3IRY SE14.5)

CALCULATE BOUNDARY CONDITION MATRIX C(,), OBTAIN BESSEL FUNLTIONS FROM
SUBROUTINE COMPHES.

KAPPA = PI/SURTF{i2.}

LAMBOA = ¥YwaWUZC(L +NUTR{L,=hu=NUY}

G = Y/{2.+NUENY)

GMBRSO = PI4PIa{LAMBOA+G+G)/A {4, AHaHXRHD)

C15G = (LAMEDA4GHG]) /RHT
C28G = G/ARHE
C380 = 4, xGe(LAMBOA+GI/(RHEOX(LAMBDAYGG))

ALPHA = (152/035¢
BET4 = C28G/C350

IHX = }

IT =40

FREW = FK{1}
PRINT Se

FORMAT (//SIKeINITIAL FREGUENCY INTERVAL*//)

42 CanNTIxue

g2

FMST = {Z,*PI*FREUIx*x2

RS = OMSR/OMBHSG

AR = ALPHA + HETA

PSI = SURTF{(AB*RO=],1%%2 + 4, %ALPHARBETA#RU~{},=HB))
DO = {.S*{KAPPA/HIA*2/HBETA

018U = N0« (AHARA=1, PS5

D1 = SQRTF{DISR}

D280 = UD=(PSi+1.=AB®RE)
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D2 = SGRTF(D2SU)

TT = H*x(LAMBEDA+2.*G)/ (KAPPAXLAMBDA)
SIG1 = TT*x(D1SA=0M5Q/C15Q)

$IG2 = =TTa{025U+3aMSE/C15Q)

X8I = D2/D1

GA = D1x4

Z = Brsa

ETA = 450G/ (2,*C1SA*D15A)

Th = ALPHAXETAXGA/BETA
TC = TAx®Z

R = Ga

IM = 0,

CALL COMPBES

C(isl) = RJ1 = TA*RJY
C(1,3) = RY!l =~ TAXRY(
C(3;1) = RJI

CC3,3) = RY1

K = 0

v = ;SI*GA
CALL COMPBES

Ct1,2) = =XSI*IJ1 = TA*RJO
CC1,4) = XSI«PI2wIY1 + FA*PIZ*RYO
C(3,2) = =SIGR2/SIGLI*XSI*IJ]
CC3,4) = SIG2/SIGI*XSI%PIZxIY]
R = Z*GA

it = v,

CALL COMPBES

C(2rl) = RJ1 = TC2RJD

C(2,3) = RYL = TC*RYQ

Cla,1) = RJL

CC4,s3) = RYE

R = 0,

IM = ZxxSI*GA
CALL COMPBES

C{2r2) = =XS5I*xIJ1 = TC*RJO

Cl2,4) = XS1API2xIYL1 + TCARPIZxRYO
Cldp2) = =5162/8IG1*xXSIxIJ1}

C(d,4) = SIG2/SIGLI*XSI*PI2xIY1

OHTAIN DETEKMINANT DaT, COEFFICIENT RATISS RATIO(),

....................

RATIO RR FROM SUBROUTINE SOLVE.

CALL SOLVE (uU.C,DAT,RR,RATIH)

PRINT INITIAL FREQUENCY INTERVAL.

TF TNy LF_2Y PRINT 1R FREG.DAT
AT MAaNAgLT e T TTLINT IGFT NLYFLRT

FBRMAT (3I7X1IHFREQUENCY =E12,4,5X13HDETERMINANT

PERFGRM INTERVAL HALVING,
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IF {INX.GE,3) G2 TQ 41
DETR{INX) = DAT

IF C(INX.NE,2Z2] GO TO 4e

IF (DAT*DETR{1).LT.0) GO T8 46

PRINT 55
55 FORMAT (//10X«INITIAL FREQUENCIES NOT VaALIDA//)
STor

d6 INX = INX ¢ {
IF (INX,GE,3) GO TO 44
FREG = FROINXY
GO T8 42

41 COBNTINUE
IF (IT.GE,.NIT) GO 7O 43
IT = 17 &+ &
IF C(DAT*XDETR(13.6T.0) 66 T0 45
DETR(2) = DAY '
FR{2} = FREW
G T3 a4

45 DETR{1) = DaAT
FR{1) = FRE®Q

44 FHEQ = ,S*(FR{LJI+FR(Z]})
GO 14 4de

PRINT RESHSHANT FHEOQUENCY, DETERMINANT ,AND RATIAS FOR CHECKING vALIDITY
OF RESONANT FREGUENCY,

[aEaNulal

43 PRINT 53
53 FBRHMAT (//LSX4REDUNANT FREQUENCYR/]
PRINT 18,FREQ,DAT
PRINT 30,8ATIU(3) RK
30 FAAMAT [/6XxCONVERGENCE CHECK®//SXUHRL =E{e,6/5%N4HR7 TEih,b)

CALCULATE AMD PRINT SCaLEC DISPLACEMENTS [n RADIAL AND Axiab
DIRECTIONS VR AND VZ,

[ I s i ]

He (A=B3/10,

AW g - BR

PRINT 9
G FOERMAT (//294A%SCALED CISPLACEMENTS ALONG THICKMNESS FROM TNNER HaDI
1US T8 QUTER RAQIUS®//36X*POUSITIONXLOQX*RADTAL CUISPLACEMENT*oX
2rxAXLAL DISPLACEMENT*S)

oo 7 I = f.il

AR = 4R + BH

R = D1*AR

IiMm = 0,

CALL COMPHES

YR = »HATTIO(LIADI*RJ] = WRATIH(3I*0DIwRYL
VI o= RATIH(LI*SIGL#RJy + RATIS(31x81GLxRYQ
8= 4,

I = Ddxaw
CaLiL CUMPBES
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¥R + RATIG(2)=xD2xIJL =
vZI + KATIA(2)*51GexkJD

XMAG(L) = VR
7 PRINT B,AR,VR,VZ
8 FUHRMAT (21X3(8XElb.4))

D2xPlaxiv]
= SIG2*PI2*RYY

CALCULATE AND PRINT THICKNESS CORRECTIEGN FACTURS FI AND FO3,

FI
Fg

XMAGU1)/XMAG(6)
XMAG (1L )/XMAG(H)

PRINT G1,FT,FH

91 FuRMAT

*SX4HF® =zEib,.b6}
21 KETURN

END

(//50X#THICKNESS CURRECTION FACTORS*//u2XAMF]
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Appendix B
COMPUTER LISTING OF DTRMNT AND A SAMPLE INPUT AND OQUTPUT

The program DTRMNT ig listed on the next page, and a sample output follows on
the subsequent pages. The sample input is

« 06587 200885 + 09055 8400 +3 1.26E11
¢ 900 12
905 1040 5

1060 8000 20

Note the inclusion of the Fortran statement FREGQ = TFR X 19 in the program lsting.
A listing of subroutine CUBIC appears in Appendix A,

The input and resultant output used to describe the use of program EIGSHIP in this
appendix and in Appendixes C and D is that of ring €. An examination of the output
yields five potentially valid intervals:

9200 to 9250 Hz,
9950 to 10,000 Hz,

91,400 to 21,600 Hz,
93,400 to 23,600 Hz,
48,600 to 48,800Hz.

Four of these frequency intervals have been identified by examining the real part of the

determinant. The frequency interval 9950 to 10,000 Hz was identified by examining the
imaginary part of the deferminant.
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PROGRAM DETRMNT
DIMENSION B{3,3),EN(3),RT(3)
TYPE REAL LTH,NU
TYPE COMPLEX B,CHK,D,DTRMNT JEN,EPM,EPP(RT,SRT,TM;RTR
READ 63 ,RMEAN, THK,LTH,RHD,NU,Y
63 FORMAT (6E10,5)
Pl = 3,141592654
A = RMEAN
PRINT 20sA,THK,LTH,RHO,NU,Y
20 FORMAT (1HISSX*INPUT PARAMETERS*//29X11HMEAN RADIUS3HX
S7HRMEAN =E14,6/
$29X16HRADIAL THICKNESS3SXSHTHK =El14,6/
$29X12HAXTIAL LENGTH39XSHLTH = Eld,6/
$29XTHDENSITYUUXSHRHO =E14,6/
$29X14HPAISSONS RATIO3BX4HNU =E14,6/
$29XUSHYBUNGS MODULUS AT CONSTANT MAGNETIC INDUCTION 8X3HY =Eld,6)
PRINT 5056
5056 FORMAT (//)
88 CONTINUE
READ 9,K1,K2¢K3
9 FORMAT (31I%5)
IF (EBF,60)87,89
89 CONTINUE
INX = 1
IT =0
42 CONTINUE
08 666 IFR = Kl,K2,K3
FREQ = IFR
FREQ = [FRw»]10,
DELTA = RHOXAXAX{] ,»NU*a2)*FREQux2/ Y2l ,#P]*P]
BETA = THK#x2/(12,%A%A)
42 = DELTA + 2,%NU
Al = (1,.-DELTA=NUXNU)/BETA + 1
A0 = {DELTA=-DELTA#®2)}/7BETA + D
CALL CUBIC(A2,A1,40,RT)
De 1 I = 1,3
SRT = CSQRT(RT(I)]
ENCI) = (RT(IJ¥DELTA)/(NUASRT=BETAxSKT*RT(I))
D = SRT/A ’
EPP = CEXP(LTH/2,*D])
EPM = (1.¢0,)/EPP
TM = BETA*EN(I)*RT(I)/A=-NU/AXEN(I} + D
B(1,I) = {(EPP + EPM)*THM
TH = EN(I)*D*xD+D/A
B(2r1) = (EPP + EPM)xTM

TM = Ch
Hx R =

M{I)aDxaZ402D/A

Fl
Liygrnunm
1 B(3,1) = (EPP = EPM)*TH
DYRMNT = B(1)*B(5)*B(9) + B(4)*xB(R)*B(3) + B{(7I)*xB(2)xB(&) =
$8(3)*B(5)%B(7) ~ B(e)+8(8)*B(1) = RB(9)»p(2)*0{d)

666 PRINT 100,FREQ,DTRMNT

100 FORMAT (31X11HFREQUENCY =E12.4,5X13HDETERMINANT =C(E12.4,E12,4))
GO 7o &8

87 STOP
END

135



HANISH, KING, BAIER, AND ROGERS

INPYUT PARAMETERS
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9.60044014
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8,5340+003
1,6780»004
wd 43004003
wl,2940+004
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Appendix C
COMPUTOR LISTING OF EIGFNS AND A SAMPLE INPUT AND OUTPUT

The program EIGFNS is listed on the next five pages, followed by a sample output:
that of ring C. The sample input is

« 06587 + 30685 + 09055 B400 +38 1+28E11
5

9200 3250

9950« 100004 1

21400a 21600,

23400 23600,

48600 48800 «

A listing of subroutine CUBIC, which program EIGFNS requires, appears in Appendix
A. Program EIGFNS differs from subroutine EIGFNS in the following ways: all common
cards have been removed, a READ statement and FORMAT statement corresponding o
that of the cylindrical shell dimensions and material property card have been added, the
Fortran statements PI = 3.141592654 and NPTS = 9 have been added, and the return
statement preceding the statement entry IMPD has been replaced by an ENDE statement
and all cards following the statement have been removed. The value of NPTS may be
changed. If represents the number of equally spaced points along half of the ring shell at
which values of the mode shapes are to be caleulated and printed. The purpese of pro-
gram EIGFNS is to obtain the modal shape factors of ring C. Thus the frequency inter-
vals found from program DETRMNT are used as input quantities for program EIGFNS.
The digit 1 in column 25 of the second frequency-interval card indicates that the imaginary
part of the boundary condition determinant is to be used to obtain the second resonagce
frequency.

Examination of the output shows that all five frequency intervals are indeed valid
intervais. The interval halving converges to a resonant frequency for each frequeney -
terval, as can be verified by comparing the value of the determinant at the resonant fre-
quency to the values of the determinant at the endpoints of the input frequency and ob-
serving that the guantities RT1 and RT2 agree to several significant digits. The two quan-
tities RT1 and RT2 are ratios of elements in the second and third rows respectively of the
three-by-three matrix M;;, where My; =Mg; = 0. This matrix is obtained by an equivalence
transformation of the three-by-three boundary-condition matrix discussed in the last para-
graph on the next page.

The mode shapes can be determined by examining the scaled displacements which due
to symmetry are calculated for half the length of the shell. From the cutput, Table C1 ean
be constructed.
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Table C1 — Mode Shapes and Resonant Frequencies for Ring C

Resonant Mode inant Number of
Frequency Shape Pre&zﬁéfn Mode Shape Nodes in
(Hz) Number Haif of Shell
9230.9 1 Radial 1st Radial 0
9972.1 2 Radial 2nd Radial 1
21452.2 3 Radial 3rd Radial 2
23510.2 4 Axial 1st Axial 1
48740.9 5 Radial 4th Radiat 3

The displacements are for only half of the shell. For example the mode shapes for
9972.1 Hz and 23510.2 Hz are shown in Fig. C1,

A numerical check of the orthogonality of the calculated mode shapes is provided as
the final printout of EIGFNS. The mode shapes are numbered in the order in which they
were calculated (Table C1). The ten real numbers at the end of the printout under the
heading *““Value of Inner Product” represent the inner products of the orthonormal
mode shapes listed under the heading “Modal Shapes.”

The particular equations used in program EIGFNS are special cases of those found in
Part 1, Eqs. 4.40ff. As stated earlier, only radial and axial displacements are considered.
In addition symmetric free-free end boundary conditions are assumed. These conditions
cause Eq. 4.43 of Part 1 to become a cubic equation whose roots are the squares of the
separation constants. Similarly Eq. 4.48 of Part 1 is reduced to a three-by-three boundary-
condition matrix equation in the three unknown displacement amplitude coefficients. It is
the determinant of this matrix which must have the value ¢ for nontrivial solutions of the
displacement amplitudes to exist.
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(a} Second radial mode (b) First axial mode

Fig. C1 - Undgf;{rmgd surfacg {solid lines) and motion of ring shell (dashed lines) in the second radial
mode and the first axial mode. The amplitudes of the motions are exaggerated for clarity.
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PROGRAM EIGFNS
TYPE COMPLEX AN,B,BU,Bw,CL1,C2,03,C8,C05,06,07,08,0FM,CU,Cu,.0,0N,0R,

IATH _ NToDMMT EE _CM_EM DL DO »~ L0 06 27T OT1 DT DTO_SDT 1 T2 Twm.
AW TR AV IR JLE FRICELOIZ LT gL U g AR FINTED T FNN A FN NG F PN N T F A F TR T F

AU U UM US UX G UX 2 UM YW UNWXE W, w2 s WM, WS, WX WEXZ WX XM

DIMENSIEN AA(FTeAX{O 10} sAXEDGE(9) o B(3,3),8BU(9,3),BW(9,3),CFM(11],
TCULE} OB, DETR{ZY,ENCAIF (D) FRI2IFRE(FIGLUY NALTI, NR{F)s
2RAR(G,3),RO(G, 10}, RDINC, Y03, RINTID},RT(3),RTR(3),TT(2]

TYPE REAL LTH,NANR,NU

EANITY AL ENAE FTT MDY
(=R R AL L L R

READ b3, RMEAN, THK,LTH,RRD MU, Y

FORMAT (&EL10,5)
PI = 3.1415%2654
NPTS = 9

HO2 = LTHAZ,

NIT = 3§

LTH = 2,.%HD2

& = RMEAN

PRINT 19

FORMAT (IHI44X*CALCULATION OF MIDAL SHAPE FUNCTIONI*}
PRINT 20,8, THK,LTHRHE, NU, Y
FORMAT (//S56X*INPUT PARAMETERS:®
ITHRMEAN SE18.6/F

$29X16HRADIAL THICKNESSISAOHTHK =E14,6/
$29KI2HAXIAL LENGTHIOXNSHLTH = Eid,6/
$29ATHDENSITYU4ASHRHE =E1d.6/
$29X14RPOISSONS RATIOABXLHNY =E£l14,6/
$2FXESHYOUNGS MODULUS AT CONSTANT MagRET
PRINT 5058

FORMAT {//)

JoFTHEER L A LMD Ak O
FFCTALINITIDMIN {

T T
13

T~ TR T N Y
L ANPUYL HEU™Y ga3n

READ IN NBRFNS, FREOQUENCY INTERVALS, AND IMG FLAG,
KE&D JY9,NEBRFN3

FORMAT (11)

0B 777 1IXX = 1,NBRFNS

IX = PIXX

IF (IX,07,1) PRINT 5057

FOHMAT (1HID

READ 9, FR{1)FR{Z},IME

FARMAT (2F10,5,4XI1)

INX = 8

IT = 0

FREW = FR({1)

PRINT S22

FORMAT (S1X*xINITIAL FREQUENCY INTERVAL*//}
CONTINUE

CALCULATE BOUNDARY CONDITIAN MATHRIX Bi,) AND 178 UETERMINANT BInMNT,

BELTA = HHOxA*AR [}, ~NUn*2IaFREQea2/ Y4 2P T aP]
BETA = THR#**2/{12,%A%A)
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A2 = DELTA + 2,.%NU

Al = (l.,=DELTA=NUXNU)/BETA + 1,

A0 = (DELTA=DELTA**2)/BETA + DELTA
CALL CUBIC(A2,A1,40,RT)

DB 1 T = 1,3

SRT = CSGRT(RT(I))
EN(I) =
D = SRT/A

™ = B
B{1,1) = (EPP + EPM)xTHM
TH = EN(I}*DAD4D/A
B(2:1) = (EPP + EPM)xTH
TH = EN(I)#Da*3+DxD/A
B(3,1) = (EPP = EPM)xTHM
DTRMNT =

(RTCIJ+DELTA)/ (NUXSRT=BETAXSRTART (1))

BOLIKB(S)*B(9) + B(4dI*B(BI*B(3) + B(7)*BL2I*B(6) =

EB(3)xB(S)#B(7) - B(6)*B(B)xB(1) = B(S)*B(2)*B(4)

DET = REAL(DTRMNT)
IF (IMG.EQ.1) DET =

ATMAGLDTRMNT)

IF (INX,LE,2) PRINT S0,FREQ,DTRMNT
FORMAT (23X«FREQUENCY =xE18,10,5X*DETERMINANT =xC(E18.10,E18.10)/)

APPLY INTERVAL HALVING,

IF (INX.GE,.3Z) GO TO 41

DETRCINX) = DET

INX = INX + 1

IF (INX,GE.3) GO T8 a4

FREQ = FR(INX)

GO TO 42

IF (IT.GE.NIT) GO T8 43
IT = IT7T + 1

IF
DETR(2} =
FR(2) =

GO TO 4y
DETR(1)

DET
FREQ

OBTAIN SCALED MODAL SHAPE COEFFICIENTS FOR A

MBTION.,

Fe1)
Fea2}
F{3)

A2
Al
A0

(DET#*DETR(1).GT,0,) GI TO 45
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FRA(IX) = FRED

BN = B{})/B(3}

G{i} = B{&4) = DN#B{&)

G({3) = B(T] = DN*H{9}

DN = B{2)/8B(3}

G{2) = B6(51 = DNxB{&}

G{4) = BB} = DN#xB(9)

RTL = =G(3)/6{(11}

Y2 = «G{d)/G(g]

CULl) = {(=B(9}=B{h)*AT1)I/B(3)
cu(2)l = AT}

cu{3 {1vr042

Ci1 = (0;'0|)

D& 33 I = 1,3

CWEL)Y = CULII*ERLI)

€1 = C1 + CWil)

B8 215 1 = 1.3

CUlly = Cytiysct

CWwil) = CW(TIX/C1
DO 210 1 = 1,3
BUCIX, 1] = CULI]
BW{IX,1) = CHII)

PRINT OyT VALUES HT1 AND T2 FOR USE I CHECKING vALIDITY OF RESONANCE

FREGQUENCIES AND MODAL SHAPES,

PRINT 60(RTI,(RT2

60 FORMAT (/17XxCONVERGENCE CHECK*//SXSHRTY =C{E1B,10,E18,10)/59K5HRT2

2

2

— Al

t =¢C

(E18,10,E18,10)/)

RESCALE MUDAL SHAPES SO THAT THE JNTEGRAL 8F THE MODAL SHAPE OyER Twp

ENTIRE LENGTH OF THE SHELL IS5 NUMERICALLY EUUAL T8 THE LENGTH OF IThE
SHELL, THEN PRINT S5CaLED MODAL SHAPES.
AN = (0,.0,)

RN = {0,s0,}

Do 21 I = 1,3

DR 21 F = 1.3

Tt = Te = LTH

OF = RTIRII) + CONJGIRTIREJ)Y

IF €TT(L)*TT(2),E0,0,) GO TO 22

EPP = LEXP(DR*HDZ}

ERM = {1,,0,)/EPP

T{ = (EPP=EPM}/DR

DR = RTR{I) = CONJGIRTR{JI}}

IF {TTCEI+TTL2),EQ,0.) 68 10 23

EE = CEXP(DR*HDZ)

EM = (1.,0,)FLE

T2 = (EE=EM)/DR

AN = AN <+ CULI)*CBENJG{CULJIII®x(Ti~T2]}

BN = RN + CACIY*CONJIGICW{JII»{T13T2)

-
W
<
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NACIX) CABS{AN)
NRCIX) CABS (RN)
ANRM = SORTF(HD2/(NACIX)+NR(IX)))
AACIX) = ANRM
L2 = =LTH/{4,*NPTS5)
XL = =2.%XL2
PRINT 18,1X
18 FORMAT (/2uX*SCALED DISPLACEMENTS ALONG LENGTH FROM NEAR CENTER Tt
$ END FOR MODAL SHAPE NUMBER%IZ)
PRINT 5%
53 FORMAT (//31X%X%xPOSITION ALONG AXIS*SX%AXIAL DISPLACEMENT®EX
1#RADIAL DISPLACEMENT /)
Dg 61 ] = 1,NPTS
X o= X2 + IxXL1
U = w = (OUJO-)
DY 62 J = 1,3
EPP = CEXP(RTR{J)%X)
EPM = (1.,0.)}/EPP
U= U= CUGJI*(EPP=EPM)*ANRM
62 W = W + CW(J)*{EPP+EPM)=ANRM
AXCIX,I) = REAL(W)
RDCIX,I) = REAL (W)
61 PRINT 35,X,AX(IX,I),RD(IX,])
35 FARMAT (33XE12,.4,13XE12,4,13XE12,4)

[ ]

X = LTH/2.
U = (0,00.)
W = (U-roo)

DO 65 J = 1,3
EPP = CEXP(RTR{J)=*X)}
EPM = (1.,+0,)/EPP
U= U = CU(JI*(EPP=EPM)*ANRM
65 W = W ¢ CW{JIX(EPP+EPM)*ANRM
AXEDGE(IX) = REAL(U)
WRL = REAL (W)
PRINT 36,X,AXEDGE(CIX),WRL
36 FORMAT (20X1i2HEND OF SHELL 1XE1Z2,4,13XE12.4,13XE12,4)

CALCULATE INTEGRALS OF RADIAL MUDAL SHAPES RDIN(,) AND RINT(),

DA 304 I = 1,NPTS

BG = LTH/ (2., *#NPTS}*x(I~1)
ED = LTH/(2.#NPTS)#I

RN = (0,0,)

D8 305 J = 1,3

EE = CEXP(RTR{J}*ED)

EM = (1,,0,)/EE

EPP = CEXP(RTR{J)=*BG)
EPM = (1,,0,)/EPP
305 RN = RN + CW{J)I/RTR{JI*(EE=EM=EPP4+EPM)xANRM
304 RDIN(IX,I) = REAL(RN)
RN = (0.40,)
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De 300 J = 1,3
EPP = CEXPIRTR{JIALTH/Z2,)
EPM = (1,,0.)/EPF

300 RN = RN + CW{JYI/RTRIJJA(EPP=EPHM]IRANRM
RINTOIX) = REALCHN)
PRINT 5S4

S84 FORMAT (//SUX*RESTNANT FREGUENCYX/)
PRINT SQ,FREG,DTRMNT

FT7 CONTINUE
G8 T8 7

46 PRINT 55

35 FORMAT (//10X%xNO SIGN DIFFERENCEx)
stToee

CALCULATE AND PRINT INNER PRODUCTS OF MBDAL SHAPES,

7 PRINT 8

B FORMAT (//43X*NORMALIZED INNER PRODUCTS OF ®Bpal. SHAPES*//42X
$12HMO0AL SHAPESTiIXAVALUE OF INNER PREQUCTA/}
0a 9% K = 1,.Ix

KP = K + 1

DO 95 L = KP,IX

AN = (0,0,

RN = ((,rUal

08 96 [ = 1,3

B0 96 J = (.3

EPP = CEXP((RAR(K,IY+CONJG(RAR({L,JI})*RD2)
EPM = £1.s0.3/EPP

EE = CEXPL(RAR(K,I)=CONJG(RAR(L,J2))xRhD2}
EM = {1,,0.)/EE

AN = AN + BU(K,I)ACONJGIBUCL,JII*((EPP=-EPM}/(RAR(K, 1)}

S+CONJG(RAR(L,JI)) = (EE=EM}/(RAR(K,I}=CONJGIRARIL, J}Y3Y
96 RN = RN + BW(K, T j*CONJG(OR{L,JII*{(EPP=EPM)/(RAR(K,T}
SFCONJGIRARCL,J33) % (FE=EM)/(HAR{%,I1)=CONJG(RAR{L,JI)})
REE = REAL{ANSRN)/SURTF({NA[KY+NRIKIIR(NATLI+NR{LYLY
95 PRINT 97,K,L,REE
97 FORMAT (/44XI2,% AND=xI2,18BXE12.4)
ERD
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CALCULATION QF MODAL SHAPE FUNCTIONS

INPUT PAQAMETERS

MEAN RADIUS RMEAN = 6&,587D00~002
RADIaL THLICKNESS THE £ 5,850000"003
AXIAL LENGTH LTH = 9,055000~002
UENSLTY RHO = B.400000%003
POLSDONS RATIO NU & 3,800000«001
YOUNWS MOUULUS AT CONSTANT MAGNETIC INDUCTION Y = 1+26000p%011
INITIAL FREQUENCY INTERVAL
FREQUENCY = 9,2000000000+003 DETERMINANT = 1,4T5B412297+011 3,0000000000+000
FREQUENCY = 9.2500000000+003 DETERMINANT = «B,11805624343+010 =~2,5000000000+000

CONVERGENCE CHECH

RTl ® =9,6692114249=00]1 =2.0¢53988025~001
AT2 = =9.5492113422=001 =2.5e539910T5=001

SCALED DIaPLACEMENTS ALONG LENGTH FROM NEAR CENTER TO END FOR MODAL SHAPE NUMBEW 1

FOSITION ALONG AXIS AXIAL DISPLACEMENT RADIAL DISPLACEMENT
245153003 =1,9493=-002 1,0951+000
7,5458.003 " 25,8236-002 1,08504000
1,2576.002 -9,6255.002 1,0653.000
1. 76472002 ~1,3309-001 1,03664000
2,2637.002 ~1,6832.001 9,9995.001
2,7668.002 «2,0155-001 9,.5671-001
342699002 ~2.3245=001 9.,0822=001
3+772%=002 =2e50T4=001 8.5562%001
4+2760-002 ~248615=00] Begp6T~001

END QF SHELL 4+52T5=0072 -Z2.9780"00] T+T7234=001]

RESONANT FREQUENCY
FREQUENCY = 9,2309360562+003 DETERMINANT a3 =1,7480000000+4003 5.0000000000=001
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INITIAL FREGUENCY INTERVAL

FREQUENCY & 9.95000000004003

FREQUENCY B 1,0000000000+4004

CONVERGENCE CHECA

RT1 = 6.037T914453-008 ~Y,ou326176414002
RTZ = Ze036T7965386m000 =1.06832644508+002

DETERMINANT = =3,7583339280+¢002 ~7,88090495664011

DETERMINANT = ~1,120201423%+003 1.342280245%012

SCALED DISPLACEMENTS ALUNMG LENGTH FROM NEAR CENMTER TO ENO FOR MODAL 3SHAPE NUWRER 2

PORITION ALONG &ATS

2.5153-003
T.5458a003
1.25T6-002
1. 7607-002
2.2637A002
2. 7668002
3.2699.002

2 ¥TLO 0NN
EPE RS P

#,2700.,002
END OF SHELL 4, 5275.002

FREQUENCY = 9,972132T7a873+003

AXTAL GISPLACEMENT

RESONANT FREGUENCY

«1,83%58=002
-5,3357-802
-8,3299-002
o1,08513.801
=141625=001
-1, 14612001
-9,8832.002

L MIEL _aAnca
- Ei35.UUL

-2, 2423002
&, 0092003

RADIAL DISPLACEMENT

1,07982000
9,7140=001
T,5042=001
4,5795=001
7,9248.007
«3,5728=001
-8 32BZ.041

1 3agQé_ ann
ma L, IETFR LY

-1,8325.000
-2, 08384000

DETERMINANT & =4,4730650927+002 5.7891250000+003
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INITIAL FREGUENCY INTERVAL

FREQUENCY = 241400000000+004 DETERMINANT = 5.,3892971634+014 =T,4929310489+005
FREQUENCY = 2.1600000000+004 DETERMINANT = =1,6594993292+015 =5,5553264695+005
CONVERGENCE CHECK
RTL 3 =2.,2294435570+000 ~2.,2/45607875=010

RTZ = =2.2294442519¢000 ~T+B158865315~011

SCALED DISPLACEMENTS ALONG LENGTH FROM NEAR CENTER TO END FOR MODAL SHAPE NUMBER 3

POSITION ALONG AXIS AXIAL DISPLACEMENT RADIAL DISPLACEMENT
2.5153-003 ~2.2109-002 136224000
7.545B.003 -5,7402.002 8,7842.001
1,2576.002 -6,9204.002 B,8436u002
1.7607-002 =5,1623~002 =7.1581=001
2,2647.002 -9, 72894003 =1,2316+4000
2,7668.002 4,2062.002 =1,25054000
3,2699.002 B 4850002 =7 ,2554=001
3,7729.002 1,0147,001 2,2694-001
4,27680.002 8,1612.002 1,39794000

END OF SHELL 4 5275.002 5,7182.002 2,0051+000

RESONANT FREQUENCY
FREQUENCY = 2,14521772B4+004 DETERMINANT = =6,8792320000+006 1,7449277752+003
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INITIAL FREQUENCY INTERVAL

FREQUENCY = Z.3400000000+004 DETERMINANT = =2,4081510578¢015  Q.0000000003000
FREGUENTY = 2.3600000000+004 DETERMINANT = 2,3108087401¢015 1,14168680523+00%

CONVERGENDE OHELDR
LUNYERTLINLUT (neuh

RTE = 18837974351 ~003 ~2+2488325478010
RTZ2 = 1e6697972977=003 ~4.2109582353-01s

SCALED OISPLACEMENTS ALONG LENGTH FROM NEAR CENTER To END FOR MODAL SHAPE NUMBER &

PUBITION aLONG AXIS AxlaL DISPLACEMENT RAGIAL DISPLACEMENT
245153=002 1.2155=001 2.3861=001
7.5438=083 3.6087-001 2,4563~001
1,2576.002 5,8813.001 2,53581.801
1,7647.002 7,9868T.001 2,5296-001
2.2647.002 % 8073.001 2, 3448001
2,7668.002 1,13464000 1,9320.001
3.2699-002 142544000 1,3039-001
3,77eq.002 1,3370. 000 5,2825.002
4, 2760002 1,3800,000 w3, 0708002

END OF SHELL  &,5275.00¢2 1,3862,000 -7,28%%.002

AESOMANT FREDUENCY
FREGUENECY = 2,3510248522+004 DETERMINANT = 7,7T02560000+006 1,1005852999.043
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INITIAL FREQUENCY INTERVAL

FREQUENCY 2@ 4.8600000000+004 DETERMINANT = 8.86750632T14018 ~2,1154400636+010
FREQUENCY = 4.8800000000+004 DETERMINANT = =3,8497032762+018 =7,2951901306+009
CONVERGENCE CHECR
RTL = =5.549195686544+000 1.1529896573=010
RT2 = =5+5491973395+000 =2+0e5297T6303-007

SCALED DISPLACEMENTS ALONG LENGTH #ROM NEAR CENTER TQO END FOR MODAL SHAPE NUMBER 5

PoSITION &LONG AXIS AXTAL OISPLACEMENT RADIAL DISPLUCEMENT
2.5153-003 2495060002 1,2533+000
7,5458.003 «5,1715.002 1,8418-001
1,2576.002 -3,58590.002° -1,04294+000
1,76Y7.002 2,0893.002 -1,38354000
2,2637.002 7.6153.002 =5,5322=001
2,7668.002 6,9761.002 T,2407=001
3,2699.002 1,2986-002 1,31874000
3,7729.002 b 9934002 6,1943.00]
4,2760.002 -5,49089.002 ~1,04754+000

END OF SHELL  4,5275.002 «3,3963,002 =2,0015%+000
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RESONANT FREQUENCY
FREQUENCY = 4,8740939653+004 DETERMINANT m «3,23721625604010 -7,2296313120+00%

NORMALIZED INNER PRODUCTS OF wMODAL SHAPES

MODAL SHAPES VALUE OF INNER PRODUCT
1 AND 8 10228004
1 AND 3 =2,4281=005
1 AND & =2, TTHE2=005
1} AND & Z5FRE-TU5
2 AND 3 3.6235-905
2 AND & +7,19356=008
2 AND & =5, 3285=008
3 AND & =1,28#3=0105
3 AND S A, 2401=005
4 AND 5 -5, 8397-007
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Appendix D

SAMPLE INPUT AND RESULTANT OUTPUT
OF PROGRAM EIGSHIP

As stated in the preceding appendixes, the input used here describes ring C. Four
driving frequencies are used in the input: 8850 Hz, which is the constant-current resonance
frequency corresponding to the lowest radial mode in air; 4000 Hz, which corresponds to
the lowest cavity made in water; 7960 Hz, which is approximately the second-radial-mode
resonant frequency in water; and 12,000 Hz, for which a far-field pattern is calculated.
Four mode shapes have been used in the computation. (The mode shape at 48,740.9 Hz
has been omitted due to the relatively large frequency at which it occurs.)

The sample input is

1 e 0158
S 4
« 06587 WD0685 + 08055 8400 «38 1e26E11
29032E-4 Ta58FE=8 18 2¢30E7 =7a5
144 «0Q23 011 let
1000, 1485
6T
8000« 11000
4
9200 92504
9950 4 10N00 . 1
21400 21600,
23400 23600,
8850,
4£G00.
7560
12000 45

The sample output is found on page 157. The first page of output consists of print-
out from subroutine THFREQ, A large input frequency interval has been used, although
the frequency interval 9000 to 9500 Hz could have been used. Subroutine THFREQ is
capable of calculating only the ring mode and the first thickness mode. Therefore one can
use a large frequency interval as input. The validity of the resonant frequency is assured
by noting that the determinant at the resonant frequency is seven orders of magnitude less
than the determinant at 8000 Hz and that E1 and R2 agree to six significant digits. The
quantities 1 and R2 are analagous to the quantities RT1 and RT2 of subroutine EIGFNS;
that is, they are ratios of elements of a reduced matrix which is equivalent to the four-by-
four boundary condition matrix whose determinant must be 0 for nontrivial solutions of
coefficients to exist [1, Eqgs. 9.2ff]. Scaled displacements along the thickness of the ring
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for 11 equally spaced positions from the inner radius to the outer radius are provided. The
middle or sixth point represents the middle of the ring {reference surface). Thickness cor-
rection factors FI and FO, referred o as f{A) and f{B) in Part 1, are calculated as

radial displacement at efereﬁee surface

FI = radial displacement at inner surface
WIS CCLIITHIL db L bulidbﬂ
and
FO = radial displacement at reference surface

radial displacement at outer surface

The three pages of output following the first page contain output of subroutine EIGFNS.
This output is identical to the output of program EIGFNS explained in Appendix C.

The page following output of subroutine EIGFNS contains the rest of the input quantt-
ties needed to describe the ring being analvzed. All quantities printed are input quantities
with the exception of three: the permeability of free space, U0, which is a constant, the
magnetic permeability at constant strain, U8, which is the product of URS and U0, and one
of the quality factors. The quality factor which is not included in the input is caleulated
from either Eq. 8.21 or Eq. 6.22 of Part 1.

ANnwe thacn onnaaw far evpry Ariving freo v input
¥ uiput,

These cutput pages just described are printed out once for each complete problem run.
The Gu"pu pages which follow these appear 10Y every Qriviig ucquen(‘.
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CALCULAT{ON QF TWICKNESS CORRECTION FACTORS

INPUT PARAMETERS

LTER RADIUS RAUT = 6,929%00«002
IMNNER RADIUS RIN = 6,244500+002
A¥laL. LENGTH LYH = 9,055000«002
DENSItY AHO s B,480000+003
PE}S58NS RAT]S NJ & 3,8npn00=004
YEUMGS MBOULUS AT CONSTANT MAGNETIC INDUCTIAN Y s 4,260000+0114
INITTa, FREQUENCY [NTERVAL
PREQUENCY = E70000+003 DETERMINANT 2 3,29644002
FREQUENCY » i71000«004 PETERMINANT = «5,2280+001
RESONANT FREQUENEY
FREQUENCY » 9721884003 DETERMINANY = «2,0275w007

OENVERGENCE CHECK

Ry ® wh LOBBT4e000
Fe wd 1900740000

ScALER DISPLACEMENTS ALONG THICKNESS FROM INNER RADIUS TO GUTER RADIVS

LUERR YL RADJAL DISPLAGEMENY AX1AL DISPLACEMENT
b,04452Q02 «8.51408001 2,87404001
6. 34300002 *8,48130001 2,873%%00¢
$.38159002 LEXE RT3 EY Z,8735+401%
6.4500%002 8141874001 2,8729+00%
651685002 83885001 2.,8722+004
&, 58700002 =8 35920001 2,8718400%
6,85550002 v8: 33052001 2.8708+004
b,72400002 =8.,30269001 2.8704+001
6, 7925902 w8,275440p01 2,069%4001
6,84100002 =8,2487+001 2,06924001
6,PR95002 n8,22274001 2,86908001

THICKNESS CORRECTIAN FACYeRS
Fl » 170185174000 Fo = 97836790001
TI¥E MGR THPREQ S 2,458
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CALCRLATIAN @F MEDAL SHAPE FUNCTIENS

INPUT PARAMETERS
MEAN RADIUS AMEAN

= 6,587000.002
REDIAL YHIGKNESS THK = 6. 885800.00%
AaisL LENBTH LYW = 9085000003
pENSITY RMS = §,480n00003
FEiSSONS RATIE U s 3 Efanotesdy
YEUNGS MBBULUS AT CONSTANT WAGNETIC INDUCTIBN Y s f.280000s018
INITTAL FREQUENCY [NTERVAL
FRECUENCY »  9,2000000000«003 DETERNINANT 8 1,4738412297+011 3,00000000%0e200
FRECUENCY »  9,2500000000+003 DETERMINANT & 8,31806243434010 =2, 3000000000000

CONVERGENCE QRECK

FTL & ¥, 649213424001 wi, 8203708020008
RYZ & ¥, 0492113422081 %, 62539950730003

SCALED Di{SPUACEMENTS ALGNG LENDYH FROM NEAR CEMTER T8 CND FOR MANAL SHAPE NUMBER {

PESITIEN ALONG AXIS AXIAL DISPLACEMENT RADIAL DISPLACEMENT
2:,9453=003 =1, 0493=002 1:,0951.000
754582008 318234002 1,0850000
1128742002 9! 6255.002 1108532000
117607002 433090004 1038684000
2.2637002 -1,6832~001 $1999%.004
g, 7468n 002 w2, 5455003 2, 5871 ,008
3.2699002 23z45ap08 908222001
RSt LRI HETrEa
L] w =5y - -

END OF SHELL  4,5272¢002 -219780=004 7.7234a001

RESBNANT FREGUENCY
FREEYENCY = 9,73093605824003 DETERMINANT o of, 7450000000003 3.000000000000%
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INITTAL FREGUENGY INTERVAL

FRBOUENCY »  ©,05000000004003 DETERMINANT = »3,7589339280+002 «7,38090495664011
FRECUENCY = 1,0000000000+004 DETERMINANT 2 #1,1242014239+003 1,442280246%4012
CONVERGENLE CrECK
FT1 & &, 0377924453000 o1 8832617441002
FPe m 2,0367905308¢62085 wd 6832844568002

SCHLED DISPLAGEMENTS ALONG LENGEH FREM NEAR CENTER Y@ END FBR MEBNAL SHAPE NUMBER 2

POSETION ALONG AX1E AXLAL DISPLAGEMENY RADIAL RISPLACEMENT
%51530003 nl, 8858002 1,079B84000
7,5458e003 -5,3357=002 9, 7T140a001
4,2%76e002 «B,3299=002 V80424001
1,7607=002 wiy 0513001 457954001
2,263%n002 al,1625%903 79348002
2|’668|G°z -111‘61'001 «3,8726-n01
3,26990002 «¥,8832+002 «8,328200%
3.,7729002 w8,8456%002 *1,32944000
4,2760002 *2,24239002 »1,83254000

END ®F SHELL  #,527%»002 6,0092+003 *2,0R344000

RESONANT FREGQUENCY
FRECUENCY = 9,9724327873+003 DETERMINANY = »4,4730890927+002 5,78912500004003

INITTAL FREQUENCY INTERVAL

FREGUENCY = 2,4400000000+004 DETERMINANY a3, ,98520718344014 «7,49293204894005
FRECUENCY = 2,1600000000+904 DETERMINANT ® =1 ,6354993202+4015 o5, 55532644954005

CENVERGENCE OmEck

FT1 8 »2,22944355704000 w7, 2745607673010
REZ ® »d,2254442515+000 »7 8156865515011

SCILED DISPLACEMENTS ALDNG | ENGIM FREM NEAR CENTER TO END FOR MONAL SHAPE NUMBER 3§

POSITION ALBNG AX1S AXTAL DISPLACEMENT RADIAL DISPLACEMENT
2,51534003 «2,2109v002 1136224000
7,34384003 =3,74022002 817842004
1-;::;'332 -;.920#-002 8,8436a002

. . «%,2623900p . "
2,26379002 -9,72894003 LT
2:76680002 #r2062+002 v4,25054000
3126994002 B, 4B850%p02 7, 25544001
37729002 104472004 2.26944001
4,27600002 8,1812w002 1,3979.000
END OF SHELL 4,9275%a9002 5,7182n002 2,00514000

RES@NANT FREGUENCY
FRECUENSY = 2,1452177284+004¢ DETERMINANT » u6,67923200004006 &, 74492777524003
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INITYAL FREQUENCY JNTERVAL

FRELUENCY » Z,3400000000%004 DETERMINANT 2 =2, 4081510578+ 013 o, 000020007 0e000
FRECUENCY »  2,35000000D0+004 DETERMINANT & 2, 3108087401+055 1,141688852%:055
CENVERGENEIE QRECK
RT3 o2 4 8497074551 .00T Al 2485575478014
RYE s 4, 860707R97YL008 a4, ,2109582350014

SCILED DISPLACEMENTS ALONG LENGTH FREM NEAR CENTER T& END FGR MOMAL SHAPE KUMBER 4

POSITION ALONG XIS AXIAL DISPLALEMENT RADIAL DISPLACEMENT
2,5t83=002 1,2458=001 2,3M61.n4a1
7,34582003 5,8087~004 2,456%~001
1,2576200% 3, 8813001 Z.3361001
$,78072002 7,9687%001 2,3296~001
2.,26872002 §,8073004 234484001
2,76682002 1,1344+000 £ 9320001
3,25999002 1,2544+000 103039001
3,77299002 1, 33704000 5,2825.002
4, 3T80000R 1,3309%000 =3 708002

ENO 9F SHELL  4,3@73w002 t, 53824209 *7,2659002

RESSNANT FREQUENCY
FRECUENCY »  2,3510248522+004 DETERMINANT s 7,7762560000+008 £, 1095832995003

NRAMALJZED IWNER PREDVCTS @F DAL SHAPES

MBNAL SHAPES YALUE OF INNER PRIDUST
1 ANT 2 $,02284084
1 AND 3 +2 42810058
1 AND 4 +1,77822005
2 aMD 3 3,6235.005
2 AND % 27, 49344008
3 ANT 4 wi, 2823003
TirvE PER EJEFAS S 1,468
160



NRL REPORT 7964

INPUT PARAMETERS

THIN WALLED ELAST!C EYLINDRICAL TUBE
ALL UNITS ARE IN MKS SYSTEM

CURRENY DRIVE CUR =

NUMBER OF SIDE BANDS JMAXH = ¢
NUMBER ©F END BANDS  [HAX w 4

CYLINRER DIMENSIONS AND PRAPERYIES

MEAN RADIUS RMEAN
Aabjal TH]CKNESS THK
AxTAL LENGTH LTH
DENSITY ) RHE
PLISSPNS RATIO Ny
YBUNGS MBOULUS AT CYNSTANY MAGNETIC INDUCTIgN Y
SCROLL TAPE DIMENSIONS AND PRIPERTIES
YHICKNESS THET
RESISTIVITY RES
RELATIVE MAGNETIC PERMEABRILITY AT CONSTANT STRAIN yAS
PERMEABILITY §F FREE SPACE uo
MAGNETIC PERMEABILITY AT CONSTANT SIRAIN us
PIEIOMAGNET]C STRESS CONSTANT KTT
Te¥AlL DIP ANGLE pip
CPIL WINDING DIMENS[ONS
NUMHBER @F TURNE NTRN
HADTAL TH]LKNESS THG
AxIAL LENGTH LC
toPPER LBSS [N COJL REL

EXTERNAL FLUID MEDIUM WROPER?IES

DENSITY RHOF

SPEED BF SQuUND oF
QUALITY FACTBRS

CONSTANT YOLTAGE QE

CHNSTANT CURRENT al

161

MABNETOSTAICTIVE WAYERTAL

1,500000-002 =0,000000#000

8,9870000002
6,8500000093
9,0550004002
B,4000004043
3.800000.008
1,260000e041

2,032000w004
7,580000u008
12000204001
1,256637e006
2,261947 2005
2,3000004007
*7,500000+000

144
2,300000e002
1,100000-00%
1,600000000

1,0000004003
1.485000e003

9,654081a00
6,9000004004




€91

EUYTERWERTR AN SM]TH
MRL EIGSKIP

Risd

UTTERKEATN AAD SMITM

MRL ELGERIR

CURRENT DRIVE »

1,500000-002 -0, 000000+00D
BUTRYT DATA

REFEHENCE SURFACE VELGCYITIES IN AR

FREQUENCY #

REAL IMAGINARY MAGN]TUDE ANGLE{DEGREES)
vELBS P 3, G81825003 2,7209227007 4, B7I053a003 RIS V-1
YELE &) & 4, 002941.p03 «3,292159=003 5, 1828424003 w39, 435
VELL 20 8 3 979429-un3 »3,270538008  5,1%0049.003 w39, 415
VELE %) ¢ 3 93312ﬁu003 «3,2260022063 5. 0BB1474003 w39,377
VELL 43 #  3,885405.003 #3,16%9192003  4,996439,4003 v39,319
vELL B3 8 &, ?7az32.ana o3 ,0862160003 4,578505,003 w39 ,243
vELY &) = X 6740&9-90; wl FEL24(r 003 4 FITT0Eep0S w39, 18
VELE 73 a3 55535; 003 «2,88357pep03 4 9777174008 w39, 044
yELL 8) & 3 4p4900.003 w2,765746w003  4,4022064003 »38,922
VELC ¢} = 3,255010-003 w2, 640093003 A, 2144313ppd 38,788
VELLADY = »1,1162204003 ¥%,140282=004 d,42710,4003 140,480
REFERENLE SURFACE VELBCTTIES IN watBR
REAL [MAGINARY MAGNTTUDE ANGLE (DEGREESY
yELBS o 1,.320727.004 -1 J000aZenfS 1 334047:004 LA LT
BLE 3 % L,387953ap04 3,074356w005 4, 421529a004 12,478
vELY 21 % L, 36600Fe004 2,3739820005 (39004089004 1u.571
vELL 3) w4, 330413004 L B6R632v005 339&29.004 4,724
VELL 49 & 1,204726.G04 4 8771484007 3, zo4$35.004 g,207
VELG 53 % 1,8728524004 =1, VPIBI4Le005 1. 28BIBA4004 -5.535
yELE &) w  £,274953.p04 -4, 454054eu05 1.349666-004 AN -1
VELLD 71 % 1,299815.004 o7 y2B22479005 4, 4899054004 w29, 240
VELE BY w 1,34385%4p04 =1,033103500¢  §,695078.004 «37,351
VELE 9) % 4,3956744004 -1, (3465104004  1,9393359004 e43,973
vEL{10B) » -3,9azzzc.uuu 8 ?a14auvnua 4,087450400% 167,830
BUTTERHERTH AND SMItTH
REaL, TRAGTNARY
ELECTRICAL PRWER PIN & 2,3248449003  3,00274%w002
RADEATION lMP?S ZRAD & 7, TLELESeD0A  4,0450664003
Pewer CENYERSIEN Errzc:ENC1 BTh = 5 ,926194w001
METIBHAL JMPEDANCE Iy IMATA & 4, BO64N3.00% 4,1404%%0002
ELE&TIlCAL IHPEBANCE IN AI& TEh = 4, B47947400% A, 0462824002
HETIGNAL IHPEBANGE IN WATER IMBYW = 6,18321%#000 «1,016300%000
ELECTRICAL IMPEDANCE IN WAYER TEE = 1,D332640009 4, 4364380004
CeRE THREDANCE 10 & 2,549428w008 5,B808730004
CEMPER LBSS, LEAKAGE !HPEDANGE 2EL 1,6°°ﬂﬂnwﬂnﬂ 5, 0859484000
YEAWSDUCYIBN CREFFICIEN ZEV 8 ¥, 019968007 4, 6011004004
ELESTRENECHANTCAL GEUPLING EBEFFICIENT K 3 3,08165%5.004
ELESTREMECHANICAL IMPEDANCE HP 2 3,303¢e$noua 1,2469432004
MECWANEGAL THPETANCE IMPP & 9, 297BpRa00Y »1, 445776004
EEDY CURRENT FaCTSR CHIE =  9,986287-004 »5,678779e002
YEYAL RECHANICAL IMPEDANGE BFEN CIRGULY IMOC = 1, 760LTHe00F w5, 4NASBAeaQ3

B.ASNA0D+00S

ID0Y OGNV "HAIVE "ONIY ‘HSINVH

-
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SH
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EUTTEARERThH AAD SM[TH
ARL EIGSRIP

MRL ELGSKIP

¥o1

ﬁ BUTTERRBNYR AND SMITH

CURMENT DHJVE =

BUTPUT DATA

1.500000~008 »0,0000D04000

REFERENCE SURFACE YELECIYIES fn AIR

FREGUENCY =

HEAL ITMAGINARY H#AGNITYDE ANGLE (DEGREES)

VBLBS & 2, 1EPPI0aQO8 4, %2PB12+005 4, 534403e008 57, B2%

vELY 4) v 2, 475762.000 4,%60B75.005  4,945444.00% 87,489

yELY 29 * 2.&74553=nﬂg 4, VHR9984005 4 9447624005 87,490

vELY 31 v 2,172043e00 4, ¥57058w005 4,9427132005 87,492

vELY 4% ¥ 2,167BB4e00d 4,954130wp05 4, 9B3BEY4s005 87,494

VELE 5) # 2, 461760ag0é 4,9474864p05  4,9522)6w005 87,4¥8

VELE &) ¥ Z2,1350%5a008 4 ,938588%)05 4,941240000% 87,803

VELE 7) 3 2,141242a006 4,910566~p05  4,924703.00% 87,5p8

YELE B) » 2 425544006 4, 8945582005  4,899174800% 87,513

VELL 9) & 2,1054664004 4 ,B59BBOe)0S 48644394008 87,549

VELILD) ¥ #B FH2Pi2«007 #1 (326174wpo5b A,327514200% 32,874

REFERENCE SURFACE YELSCITIES IN WATER
REAL IMAGINARY MAGNITUDE ANGLE (DEGRERS)Y

VELBS @ 4, 3ZIRIR.0N4 & BELORILENE 5, 4¥%d4a3_ans 25,077

vELL 43 3 1,06589240D4 4,Z1B06Le005  4,718454k004 14,299

VELL 2) 3 1 BEB50L.Q04 4 2316698005 ), 6522544004 14,481

vELE 3) » 1, %BA24H.0p4  4,25B1934005 4, 440473e004 1%, 04

VELL 47 8 1, 504371004 4,296340w005 3 ,364313.004 1%,938

VELE 54 = 1,%011264004 4 343080005 1, 4688944004 17,222

VELE 63 n 4, 27793%.004 4,395604a005  1,3%141B84004 18,981

VELE 73 2 4,L392BGe004 4 4455114005  1,223094a004 21,133

VELL 8y = 9,90243%.00F 4,200301~00%  4,0877084004 24,440

VELL &) & & ,355104e008 4,5430830005% P, 5108124005 25,540

YEL(L0Y 8 o2, 6190049000 o1, 165048005 3, 80304%3a008 ~182,147

BUTTERWORTH AKD SMITH
REAL JHAGINARY

ELECTRICAL PEBWER PIN m 1,946%0%3»003 5,294735e002
RaDTAPEEN YMPEDANCE ZEAD »  6,L1B39Bs004 1, 8026874005
PEWER CONVERSTEN EFFJCYIENCY EYd = 6,948344001
METTENAL IMPEBANCE IN RIR IMIYA = 1,7937XFeD0d  2,3424009000
ELECTRICAL IMPEDANCE lu AR ZEa = 2,3paG60en00  2,29783%en01
MEYTENAL IMPEDAMCE IN WATEN THEYN w &, 5L4282e000 2 ,B45HB4eN00
ELECTRICAL IMPEDANCE IN WATER TEE = 8,5495¢%#p00 2 ,353244w001
QeRE IMREDANCE 0 e 6,052879.001 4, 7H4438en04
QERPER LB%5, LEAKAGE IMPEDANGE 6L = 1,600000+006 3,02189%+000
TEANSDUCY|EN COEFFICIERT TEM & 7, 0454890002 w2, 446945000y
ELECTREMECHANICAL COUPLING CQEFFICIENT K n 3081658001
ELECTROMESHANICAL IMREDANCE ZHP = 9,65099Te002 2,BL3I308e004
MEGHANTCAL IMREDANCE IMpP o 9, 2978084002 »2, 4242820005
ELDY EURRENT FALTER CHIE & §,989829.00% v2,576440000%
TETAL MECMANTCAL [MPEDANCE BPEN CJRCUYTY ZMpC & S BO4ORLeNGY w2,142922000%

A, RQ0ANN+00S

SHADOY OGNV "MIIvd "ONIY ‘HSINVY



99T

EARD REaL IFAGINARY MAGNITUDE  ANGLE{DEGREES? REAL [MAGINARY MAGNITIDE  AMGLF(DEGREES)
1 =1,074376002 §7,E0346934002 8,02548Be002  ~1p3,507 *1,4946740=004 ~4,29616B=005 , 750285008 165,79
H oL BEP7074002 o7, £991024002 7.922473e000 .igslesa .g:eaaaaf.gg4 .4:513323.805 i.vz§599,304 .125.515
2 »1,824048app? a7 49048 Bp 2 7.7165274p02 »1p3,902 sl 813500004 «4,337042+005 1,67p85nen04 164,955
4 =1,8338964002 y7,178132.002 7,4068194002 +304,329 «1,3322274004 #4,379692,005 4,593483n004 164,062
£ w3 PLESCLQ0L 28,7620524002 6,9992054002  =tg4,998 21 ,427071008 +4 423501005 1,494057«004 -1572,778
1 *1, 7728054002 95,2402544002 6,4871884002 «3p5,8%9 w4, 3015984004 -4,476998.005  1,376442¢004  -184,0L9
? *1,722200+002 v9,605313e002  5,0668644002 307,173 21,160385.004 -4,531904005  1,2457474004  ~158 667
B -1,6?371U¢u02 vd E344E694002 5,119274«002 *309,202 =4, 008580004 o4,5835634.005 1.1078500004 155,580
§ 1,823278s002 pS;!43?93-ggg 4,17¢503e002  wigz,8%5 o8 Bp9B16.005 »4,62R125.00%  §,686925:005  »15¢,46D

10 1, 9124370002 92,403525402  2,9302244002  #125,670 «3 86199042005 +1,1659484005 3,BO3N4T2005  «587,147
11 *1,4735390002 #1,7396740002  2,2792194002  -13p.296 =3,619704005 «1,1499982005  3,80304300%  wi87,147
i2 #1,43848374002 oL, 8874824002 1,9974004002 =338,003 ©3,419906<005 «1,165948.005  3,8030430005  e162,147
[t +1, 4045094002 1,0475080002  1,7921184002  +143,204 #3,6109042005 »1,1685948+005  3,8030432005  ~183,147
14 2l 3706546002 16491294001  1,3784924002 173,966 B, 228740008 4,469820+005% §,355585+009 28,540
15 *4) 3024904007 6,2278474001  1,9268794002 153,438 9,740819.005 4,426854.005 1,049954-004 24,440
16 #1,;3634524002  1,(583874002 1,7260324002 142,179 1,120694=004 4,3748%1.005  1,203132«004 21.333
[y} o1,3625564002 4, 0490434002 3,P174146002 135,286 1,257077004 4,323863-005  1,3293614004 18,981
18 #3, 3625084002 1,5784224002 2,0B4B87.002 130,793 1,378258.004 4,272156+0065  1,4429534004 17,222
16 *1,3818464002 4 75640Bap02  2,222519+002 127,799 1,4798184004 4,2260224005 1,538578n004 19,938
20 ol 3¢16T7L4Q02 1;!8?589oeg2 2,82747%+002 125,806 1,558388a004 4,188655400%  1,6435992004 15,045
21 913815644002 4,9744854002 2,3981784002 124,593 1,611790a004 4,162604aD05  §,6646444004 14,481
2z *1,3615030002 2,0172€6e082  2,43F732+0p2 124,016 1,6387034004 4,949218.005 1,6904175004 14,209
MEDAL CENTRIBUTIBNS 78 ATR [MPEDANCE MODAL C@NTRIBUTIONS T8 WATER IMPEDANCE
1,6983p7004 2.%73457guou 6,00115854000 4,709766.000
1,9232064003 2,529790g002 w7 4588 0000z I, 246179,002
I, 951858008 5,8287974905 22,914539.004 8,0169474005
1,365%83=003 2,023%5345002 6,2499004002 L ,405548.(02
ELECTRICAL PBWER PIN = 4,866162=003 5,0455392003
ACALETC PAWRR PA = 1,437786=003 3,975020x003
PEWER CONVERSION EFFICYIENCY EFF = 7,704514~001
METIBNAL IMPEDANCE [N AIR ZMATA & 1,731233.pp3 2,2190484000
ELECTRICAL IMPEDANCE IN AIR ZEA = 2,357B410+00n 2,288530¢001
nETiENAL IMPEDANCE IN WATER IMOTY & 6,0887554000 1,7583834000
. ELECTRICAL IMPEOANCE IN WAYER ZEE = §,204052¢000 2,242462+00%
BLBCKED ELECTRICAL IMPEDANCE 78 & 2,205287¢000 2,08682%+00¢
RADIATION IMPERANCE ZL ®  7,472810+004 2,066132#005
TRANSOUCTIEN CREFFICIENTY WL = 1,8799884004 #6,4492744D02
MAGNEFIC FIELD IN COJL MR & 5,218987+000 0,00G0004000
TRANSMITTING RESPENSE [N PLANE (D5 YRP = 6,155933+004 89,24
TEANSMITYING RESPENSE AX1AL (DB? TRA & 3,904547¢001 «149,49
PERMEABILITY DVE T8 WYSTERESIS UK & 2,261869-00% =1,523645.007
TEYAL PERMEABILITY UKE = 2,259069200% »7,745705007
MEDIuM INERT]AL REACTANCE AIR ZKNA & p,000000+000 5,93755%5+004
SPELL. STIFFNESS REACTANCE AIR 28TA = 0,000006¢00n 2,8747004005
PEDYUM INERTIAL REACYANCE IKN = 0,000000+8D8 5,9%2918¢00¢

TIE 284,30 SFELL STIFFNESS REACTANCE I8T & §,000000#000 2,884540e005

E 284,

CURRENY TRIVE =

SURFACE PRESSYRES

BUTPYT NATA

NRL ETGSHIFP

RING SURFACE

$,500000e002 »0,0000604000

FREGQUENEY E

SURFACE VELECITIFES

d,nppn0nepQd

¥96L LHO4TY TUN



EUTTERWBRTR AND SHMETH
MRL ETGSMIFP

BUTYERKER®M AND SM]TH
ARL EIGSRIF

99T

CURRENT DRYVE =

1,5000000002 w0, 000000000
BUTPUT DATA

REFERENCE SURFACE VELOGITIES [N AIR

FREGQUENCY *

REA), IMAGINARY MAGNTITUDE ANGLEY{NEGREESY

VELEE 4, Da7520.00% 3,05%957.004  3,8853p84004 82,233

VELL 13 % B 8281690006 4,0473%4n(004 4, 35862470004 42,364

vELL 2y 8 3 ao74az.uus 4,335550a004 A4, 37H2729004 88,371

vELL 3y 2 & ¥¢64x4-ous 4 312050-004 4,350438,004 89,383

VELt #y & 8 7057313005 4 277065r004 4, 3149534004 82,601

vELt 5y s 8 ﬂ2b414«ous 4 23086Bag04  4,2881180004 42,425

vELL &) % 5 L0949 003  4,1738084=004 4,250277 04 By, 453

VELL ¥) % B, 4169674005 4,108266w004 4,3418432004 ay, 489

VELL B) = B, 289T62epn5 4, ,020704=504 4, 0432800004 82,520

YEL{ 9) & 3 1494aﬂu0ﬂ5 3, 9a162a-uu4 3,975 3a004 84,557

VELALG) ¥ 184238800 o3,222518w004  1,23380%w004 97,452

REFERENCE SURFACE VELECITIES fw WATER
REAL TMAGINARY MAGN] TYUDE AMGLE IDEGREES)

VELBE ¢ 1,062758=004 34247759005  1,11449%s004 17,847

VELT L) % »7,014835,004 «B,889962w005  7,07080434004 172,277

VELT 21 8 »B8, 04477004 =6,045985«(05 ,031174.unq ~17%,728

VELY 34 2 wd 135952-&01 -2, aa?azw-aas 4,192448,004 w474 a;v

VEL! 43 3 »i, 554693-004 3 740557¢005 1,6282420004 164, 719

VEL! 5) »  4,57619Ceqn4 1,135576w004 1.931&35pno4 3%, 290

vELT 63 % 5 1o92%6.004 1, 9&?249-uu4 5, 458434004 zo.sas

vELL T) & ' (850244 an04  2,836410%004 9, 293893004 17,7170

VELL 8) = 1, ' 267%73e00% 3, 740425-004 1,321778,003 16,448

VELL %) & 1,8B0775.00% 4, VEEB5BE«L04 1.,7152804003 15,799

VELTLE) = ~6.589583-005 #3,821635-005 T, 8784834005 w150, 984

BUTTERWORTH AND SM{TH
REAL IMAGTNARY

ELECTRICAL PRWER FEN = 3,%728%4ie003 9,524926+003%
RADYATIEN [MPEUANCE TRAD = 8 ,6546054004 »7 1948809003
PEWER CANVERSIGM EFFJCIENCY EYA & 5,455845w001
HEYioNAL LHPEDANGE IN AIR IMETA s 3,3508794000 1,792%364001
ELECTRICAL IMPELANCE IN AR FEA = ¥, 0453234000 5,89533%e001
METtekal. TMPEDANGE IN WaTER IHEYW » B, 0FITEODeNON  1,304%867e000
ELErraICAL VWMPEDANCE IN WAYER PEE » 5_?ggzag¢ggg 4. 23330ne004
GERE YHPERANGE I » 2,0544454000 3504484001
CEPRiER LBYS, LEAKAGE [MPEDANCE ZEL = 1,600000e000 @, ﬂlssfﬁﬁﬁﬂﬂ
TRANGOUCTION CREFFICIENY ZEM & ¥, 025364vnn2 v4, 2028314001
ELESTRGHECHANICAL COUPLING CBEFFJCIENT K & 3,081865%0p1
ELECTRBMECHANICAL IMPERANCE ey 5.432333¢Uﬂ2 1, 097824 0p4
MECHANICAL YMPEDANCE IMRP & %,2978080p2 =4, 1206888 e0]4
LDy CURRENT FACTOR CHIE v  9,96416%e001 »5, 3001980002
TETay, MECHAN]GAL IMPEDANCE @PEN CIRGHLT ZHEG w  1,775064e0n3 «2, 7103300004

7.960000400%
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CURRENT DRIVE = 1,500000-D0
BUTPUT DATA
NRL EIGSHIP

HING SURFACE
SYRFACE PRESSYRES

M@DAL CONTRIBUTIONS T@ ATR [MPEDANCE

2 =0,000000+000

EAND REAL FFAG[hARY MAGNITUDE  ANGLE{DEGREES) AEAL
1 -:.14221;tuu; 2,/8369&74000 6,15182%.003 177,264 »3,803814.005
£ =8 6CEVETDOL 2, jY7746e 6,4407242001 8,044 «3,758581.00
K -1.650641tuuz 6.!332‘5-3%3 61880974001 %go.sav «3, 51591% gog
] -7 t?1972*uuz *1 8300784900 T,473749+001 -:73 750 -3,1743&2 =005
b S8, 0884195001 TA04554000 B,a7U3RI+GG] *176,6033 g, 757681-095
£ -t 450515-001 WB, 6596424000 B,534561e001 =£74,176 »2,2728622005
7 =l.&14914~n01 21,238992.003  B.T74828%¢001  =171,468 -1,7550219005
2 88,8207614001 »1, 8983274001  B,446B38+001 ~147,013 *4, 215912005
$ w8 5489974908 02,5978554001  7,4188504001  ~159,503 *6,673125-006
10 23, 756837001 ¢3,5884584001  5,4792284001 333,287 =8,974790¢006
11 «3 5518000001 14;2123!7¢001 2,98566404001 129,474 8! (974790006
12 ed 2013584001 pd So8252e001 .ﬂ76579a001 wi25,034 =8 976790-0&6
13 -2 17008974001 et KITH T (A733304001 319,566 80974790006
14 2,557165400) y5 7534614001 &,296469+001 266,037 & 3448722006
15 ‘-936167*001 864917824001 B.;49255wun1 w82, 808 1.17:322-035
16 §,334380001 »7,¢98868pp01  9,5159594001 udd, 250 4,6949542005
17 7,2309584904 £7,59891140P1  1,047375002 046,501 2,199119=005
ig TITEIFEIH004 97, 599540903 1,1:5936.002 gds, 009 2,658720005
19 7,5811234008 98,20744B4001 1,151785+002 n46,147 3,066247=2008
e ,0777554004 #8,528051ep01  1,174637+002 %46,553 3,396620-005
21 B, 0718944001 90 4697984001 1.155921o002 pe6, 975 I,630019.008
22 8, 0ER464%pGY B /7388424001 1,1903534002 pat, 255 3,750965.005

FREQUFNCY =

SURFACE VELECITIES

IMAGINARY

5,072916005
5,277891.005
5,656000-005
6.152645 =005
o ?Bb?OI-UUD

,zﬁnaes-nns
7.,784613x005
B, 266319005
8,713102=005
2,214333-005
2,214333.005
2,2{4333-045
2,214333.00%
B, 4180724005
«?,9835712005
v7.51A341.003
«7,01250700%
o8, 4742044005
+5,042155005
»5,452537.008
5,097341005
-4,890357005

MAGNITUDE

6,388934.009
6,4794342009
6,660257=008
£.9234874005
7.2A8AB4an(3
7.608287=009
7.9799934n05
B,355266-00%
8,7386592005
2,389372=005
2.389372e005
2,389372+005
2,389372e005
B,4397442003
8,069474005%
7.707035«00%
7.,34B0474005
7.000745.00%
6,6R66704005
&,432444a00%
&,2578049005
6,1704022005

MODAL CENTRIBUTIONS TO WATER [MPEDANCE

HEE e S S —
691

v8,8779500001 «5,9233104000
wi; 15800924002 r1,09366%g004

3 352944.005 1, 964649.004
naae&n.nn? .3 37 31:n.nnp

ELEETRICAL PQWER
ACDUSTIC PEWER

REWER CBNVERSION EFFICIENCY
METYAONAL IMPEDANCE IN ALR
ELECTRICAL IMPEDANCE In AlR
MEY1ENAL IMPEDANCE IN wATER
ELECTRICAL TMPEDANGE IN WATER
BLBEKED ELECTRIDAL IMPEDANLE
RADIAYION IMPEDANCE

TRANSODUCTION GOEFFICIENT

MAGNERIC FIELY IN CBIL

TRANSMITYING RESPENSE In PLANE (DB)
TRANSMITTING RESPENSE AXIAL (DB}
PERMEABILITY DUE T2 HYSTERES]S
TETAL PERMEABILITY

MEDIUM INERT]AL REACTANCE AIR

SPE*L STIFFNESS REACTANCE AIR
MEDIuUM INERTIAL REACYANCE

SeELL STIFFNESS REACTANGCE

9,459335.001 «2,9734734000
r5.172952-002 =9 531465-002

2,044188-004
=L, 134533002

PIN & 1,845289%903
PA = 3,061641=004
EFF s 1,954710=0014
IMOTA 5 B _927330=001
IcA = 5,215507+000
IHOTH 2 B,530430=001
IEE = §,964283+000
B & 6,108240e000

IL = 6,1%2478a004

WL = 1,36&4444pD4

HR = 5,218987+000
TRP = 5.135102‘001
The = 4,134178+004
U = 2,26LB65-005
UNE = 2,242847-005
ZKNA = 0,000000+000
I5TA = 0,000000000
IKN = 0,000000+000
IsT = 0,000000«000

1 u??B?J.GGS
3, 063804002

1,31807pen02
2,798334wn04

=5,748745+000
5,564922+009
»3, 0376544000
5,858001en01
6,5817944001
5,623553e004
-1.6ﬁiiéiouua
0,000000+000
9,02

=137,90
=1,9236492007
*1,9240194006
1,803492¢005
9,740519¢004
1,798610+005
9.509903+004

1.7nnn00+304

ANGLE (DEGREES)

127,438
125,456
151,873
147,294
117, 3%0
107,382
102,705
9n, 368
94,380
ii?rub?
112,067
192,067
112-067
vB5,620
84,832
«77.295
=72,618
wt?,689
ab?,706
«BR,127
w54,544
-52,562
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HANISH, KING, BAIER, AND ROGERS

FARFIELE PATTERN AT INFINITY
0 DEGREES 1§ dA@ADSIDE, 9D DEGREES IS5 YN axlilL DIRECTIEN,

ANGLE PRESSURE IN DB PHASE ANGLE OF PRESSURE
F,80 g;ag -%,92
2,50 7,02 29, 08
4,08 g,09 9,18
6,090 9,21 »9,37
8,00 2,36 ¥, 43

10,00 g, 54 3,94

12,00 2,75 10,30

14,00 9,97 1%, 0

14,00 1,20 11,13

18,00 1,43 -1t,59

24,00 1,84 -i2.0¢

28,00 1,87 =12,585

24,00 2,08 w1%,04

28,00 Z,22 =13,55

28,00 2,34 14,08

20,00 2,43 ik, 62

42,00 2,48 «15,15

34,00 2,48 -1%,77

35,00 2,43 ~14,38

3s,00 2,32 17,04

40,00 2,44 17,74

42,09 1793 »18,5%

44,09 1764 19,35

46,00 i:;28 20,28

45,00 8,85 *24,33

50,90 0,34 «22,52

52,00 o, 25 23,98

54,00 =l 73 225 %0

75,00 tl;?ﬁ w2740

%5,%0 e, 37 29,47

&6,00 n3;53 ~3Z,45

2,00 w4, 61 35,89

&4, 00 »5,78 40,22

t4,00 57,04 243,73

.00 28,34 52,80

78,09 9,61 61,77

72,00 =39,72 72,78

74,00 211,43 8% 30

76,00 =11;82 58,14

78,00 11,74 »i09,84

an, Gt w1i 4L *119,4

82,00 «19:99 424,48

34,00 =10799 PE I L

88,00 ~§0,27 =138, 3

88,00 "17, 08 w137, 28

$0,00 #30,01 437,91
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Appendix E

S s T R V. 1

DEFINITION OF MATERIAL PARAMETERS

El. MAGNETIC PARAMETERS [Ref. Y. Kikuchi “Ultrasonic Transducers,”
Corona Pub, Co. Tokyo, 1969]

A magnetostrictive rod of length £ meters is subjected to an incremental magnetization
of AJ webers/meter2. The incremental strain induced is A(8%/2), which to be completely
inhibited requires an applied stress AT = -YA(8%/R), where Y is Young’s modulus of elas-
ticity. Equivalently the quantity J can be thought of as inducing an internal stress AT = -AT,
which for small excitation and linear motion, is proportional to the magnetization: AT'= hAJ.
Here h is the magnetostrictive dynamic constant expressed in units of newton per weber and
is the same quantity as A of Butterworth and Smith. At zero strain the quantity J and the

tibility (weber-turns per meter-ampere).

If this rod is subjected to an exfernally applied increment of strain AS = §%2/%, then the
magnetomotive force AH induced internaily for small-amplitude strains, and linear motion,
is proportional to this strain: AH' = hTAS. Here A7 is a magnetostrictive dynamic constant
expressed in units of amperes turns per meter and is the same quantity as vy of Butterworth
and Smith.

Instead of individual values of static applied forces one can construct complete curves
of changes in length, magnetization, etc. by continuously changing static excitation. Then
the defining relations for the material parameters are

ho(2T) L_(88\ o _(eHY) (&)
TN Y \oT) T \BSj T T \eH /g

From this it is seen that the material parameters may be obtained by measuring slopes of
8%/%, h, and « versus H or J, where H and J are static (or d¢) values. Often it is more con-
venient to plot equivalent curves in which the condition at constant strain is replaced by
that of constant stress or vice versa. Thus one may write the equivalent form

(o) (oY (o
ho= \aH)T (as-),, f (BH)T

or
n = (28 (3T\
\oJ /p \0S J;
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When the values of h, Y, and « are obtained, one forms the static {or low-frequency) value
of the electromechanical coupling factor k, defined as the ratic of the mechanical energy
stored by the magnetostrictive effect in the rod to the electric energy stored elecirically.
For static conditions this is known to be k2 = xh2/Y, since & = AT.

The measurement of &1, «, and 22 from static curves is made ambiguous by existence
of hysteresis. 'Thus a curve of 8%/¢ or h versus H shows two values of §¢/€ {or k) for each
vatue of . Similarly a curve of f versus H for most magnetostrictive materials exhibits
hysteresis effects: multiple values of J for each choice of H. 1t is therefore necessary in the
description of material parameters to indicate which branch of the hysteresis curve is being
used in making numerieal estimates,

In Heu of specifying the susceptibility it is often more useful to specify the magnetic
permeability. To do thig it is noted that the magnetic induction B and the gquantity J are
related by the formula B = poH + J where u, is the permeability of free space {4r X 1077
volt-second/ampere). Let y,,; be the permeability of a magnetic material relative to that of
a vacuum. Then by definition B = p ugH. Thus the guantity J = B -~ yoH = (U - el
= ifl. Thus when k is measured, one can obtain from it the relative permeability f.y =
(k/pg) + 1. In magnetostrictive material the quantity J is a function not only of the applied
field H but also of the mechanical strain {S). Thus for applied dc fields in a long rod,

Ay, = kg {AH g, + RTAS,,).

The susceptibility k4, is measured as the slope of a line from the origin of the static J-versus-H
curve to a particular point (the bigs point} on the curve. In most operating conditions the
applied field is the sum of a dc bias at the bias point plus an incremenial ac guantity. The
incremental quantity J; is thus

P = FCJ-HJ' + }ITS!' = {}‘II - 1)3.10.{{3 + FITSE.

Here y; is the reversible permeability and x; is the reversible susceptibility, the latter defined
as the slope of the J-versus-Il curve at the bias point when H; = 0. The quantity uusH;
can be regarded as the reversible magnetic induction. Occasionally the ac fields are regarded
as truly incremental. Then k; is called the incremental susceptibility, or ratio of AJ to AH
at the bias point.

E2, EFFECTIVE YOUNG’S MODULUS

The tangential stress due to {ac) magnetization J of a thin circular ring of radius ¢ and
magnetostrictivity h is Ty = Jh. The accompanying {(ac) tangential strain is Sg = v, fjwa.
The equation of motion of an elementary {or differential} segment of the ring {mass my and
stiffness Kz} is

Ksu,
Fs =] v, +—— = JghA
§ T Jumgl, jw griag,




in which K5 = AgY/a, Ay is the cross-sectional area of the ring, Y is Young’s modulus, and
Fg the net driving force. For a complete ring the net force is 2nFg, the total mass is m =

27mg, and the total magnetization is 2nJg = J. If the total magnetization is considered to

be a driving force which is externally applied, the equation of motion for the total ring can
be reduced to

( 217K5)
J = ' +— .
Aghd = v, | jom o

Thus at constant (say zero) magnetization the resonant frequency in the radial mode is given

by
_[2mA, ¥y
g =y ma

in which Y =Y, +jY¥; and ¥y € 7.

If in contrast the excitation stress is taken to be due to applied magnetie intensity Hg,

L cdll

then Ty = khHg. The equation of motion in this case is

K
Fg = khHgApg = v, | jwmg +—fZ'.\- .

—

Here the symbol K§is the stiffness of the segment of the ring as modified by the electro-
mechanical coupling:

AQ r -1
Kj = I_Y - thJ

The force over the entire ring for the case of a driving magnetic intensity H = 2rHj is

or Ag Ag kh? 9
Agth=u,.<jwm + I Ty =),
jw a a Jjw

Taking k = ky - jKkg, K9 <€ K, one can see that at constant (say zero) applied magnetic in-
tensity the resonant frequency is

2TAp
(.OR = ma (Yl —Khz) .

Factoring out jeom leads to

2
w (Aw)
AghKH=jwm.U,[1—~i+j B.’
w2

Here (Aw)y is the effective bandwidth of the resonator. The corresponding temporal damp-
ing constant Ag (at constant H) is given by
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(Yq + Koh?)

1
2 wdlp

Similarly the temporal damping constant (at constant J} ig given by
_1 Y2

A .
T2 a?p

In summary, to determine the real part of Young’s modulus for the magnetostrictive
material of a thin circular ring, one drives the ring (without coils) by a purely mechanical
force and observes the frequency of maximum radial velocity in the first radial mode. The
effective value of ¥, is then obtained from the formula for the resonant frequency at zero
magnetization. To obtain the quantity xh2 for the same ring, one winds the ring with ¥
turns of coil, applies a de current, and arranges the ac excitation to be short cirevited. Then
the ring is mechanically driven, and the frequency of maximum radial veloeity is measured.

E3. FORCE FACTOR, EFFICIENCY, AND MATERIAL PROPERTIES

In a piezoactive vibrator consisting of one electrical terminal, where an ac electrical
current  can be externally applied, and one mechanjcal terminal, where an ac mechanical
force F can be measured by its effect on an external mechanical system, the ratio af deliv-
ered force input current defines the force factor T,,, (newtons per ampere}. An example
af such a one dimensional vibrator is a circular magnetostrictive ring, radius g, thickness ¢,
vibrating in the first radial mode. The induced radial force on an element of eircumfer-
ential length is F5 =~ TpgAg 8, where Tpg is the induced tangential stress, Ay is the cross-
sectional area of the ring core, and § is the angle {radians) subtended by the element. Since
Tye = T = hJ, and since the total force is obtained when § = 2, the external force delivered
is

F,. = 2nAghd.

The magnetization J = kH. For N tums of wire on a circular core the magnetic intensity
H = NI{2ra. Thus the ratio F /I, or force factor T, is

NAg

7., =— Kk
&

me

When the externally applied guantity is at the mechanical, rather than electrical, terminal

and induces a velocity v, the ratic of the open-circuit electrical voltage to this applied veloc-
ity is also a transduct.on factor: T,,. By conservation of energy it is seen that Tp,, = Top,.
Thus all transduction factors are proportional to xh, making this an important factor in the

selection of magnetostrictive materials for applications.

The energy dissipated at the mechanical terminals when velocily v passes through the
real mechanical load Ry is Rywvv* = By tvl2 Similarly, at the electrical terminals the enesgy
dissipated in the real electrical load R,, is R II* = R, [12. Hence the electromechanical
efficiency is
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Ry lvi2
nE——.
R, 1112

At the mechanical terminal the canonical relation of applied force, velocity, current, and
mechanical impedance (Z,,) is

F = TmeI + Zm’U

If all external delivered force is removed, the ratio of velocity to current may be found. This
is

Tme
vil=-
m
Thus the efficiency becomes
n= .
R, Z, |2

Since T

ince T2, is proportional to x2h2 and R,, is proportional to «, the ele

to x al
ciency is proportional to k22, Thus again the important parameter of magnetostrictive
materials is kh or kh2.

Cur

E4. MEASUREMENT OF PERMEABILITY «

Over a small frequency range w centered on the frequency of radial resonance the
measured electrical impedance Z, of a circular ring magnetostrictive transducer is

ZC = RC +j(.0(L0 + Ll) = Rc +jCOLC,

In which R, is the copper loss in the electrical winding, L, is the leakage inductance, and
L; is the “iron” core inductance. The theoretical value of L is

_N2A€“t

' 2ra

where g, is the total permeability. The impedance of an air-cored toroidal coil of the same
size and shape as the circular ring transducer is measured to be

ZO = RO + jOJLO .
Subtracting Zg from Z,, one finds that
Ze =2y

L =——n
Jw
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Writing ¢, = pg + K, one sees that the (complex) « is given by

2na Zc - ZO
K= - - Hg-
NzAg Jos meas

-t 2 T

ALCULATION OF kA

In Part 1 [1] it was noted that the calculation of the magnetostriction constant hgg
is given by

pSH X hgg = an/ (g - wg)M*D, [AgN,

in which e - g is the difference of quadrantal frequencies in the plot of motional im-
pedance, D, is the diameter of the motional impedance circle, and M is the effective mass
of the ring. When the factor 5 !X | is regarded as the total permeability of the ring minus

the permeability of free space, then hgg is equal to h as defined in Section E1. Hence to
determine xh, one can write

_a Vi{wg - woImb,
- AgN '

Kxh

in which the effective mass is taken to be the static mass of the ring. This formula con-
joined to the preceding formula for k allows one to determine i separately.
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Appendix F

NUMERICAL INVESTIGATION OF THE
AXIAL TRANSMITTING RESPONSE

As noted in Part 1 (p. 44) the Helmholtz integral formula shows that the acoustic field
pressure p{x) at any field point can be calculated from a knowledge of the vector velocity
v(x,) and the scalar pressure p(x,) on the closed surface §(x;):

jwq#;G(XIXS)V(&) ) ds(&ﬁfﬂ(xs) Vo Glx|xg) * dS(xg) = p(x).

Here time is given by ¢/%¢, and the normal to $ points into the medium in which p(x) is to
be calculated.

The surface S can be conveniently represented by finite increments. In cylindrical
coordinates

As = a (RAZ)2nq, + &z%aKmeanKAas; (d,, ,: unit vectors)

that is, the radial surface is divided inte J annular bands, and the end surface is divided into
K radial bands. The symbol a, represents either the inside radius ¢; or the outside radius
a,, as required. The symbol ag __ represents the mean radius of the kth radial band at
the end. ean

In incremental form the field pressure thus may be written

= 111 .
px)= 1+11 +{IV} +V, (F1}
where

t- 2 jwp 21meean (qAas)ukG(x xaKmean’ 0’ Z= L)’
K

If = 2 jwp 27a,, (EAZS)NQG(xIasE, 0,2AZ,),

2

), 3G

IV} B Z 27meean (kAas)pK YA (x |aKmean’ 0,2 =1),
K

3G
V= 2 2ma, [?Azs)pg‘é;(xiasg, 0,8AZ,).
]
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From the integral-equation nature of this formulation the pressures py at the ends and pg
on the radial surface are functions of the axial and radial surface velocities w and 44

The field point x is now chosen to lie on the z axis, and the individual contributions
of terms 1 through V to the axial pressure are sought, First, the contribution V is easily
accounted for. Since dG/dr is zero on the z axis, the contribution of V to the axial pres-
sure is zero., Second, the contributions of T and II are both due to volume velocity effects
and can be handied on the same basis. The Green’s function & for them is taken as that
of a simple source, and the summations are replaced by integrals, The contribution of I
is the axial pressure due to end velocity. The summation on X yields a Bessel function of
order zero which is maximum on the z axis. The contribution of II is the axial pressure
due to radial velocity. If the volume velocities on the inside radial surface and outside radial
surface are exactly equal in magnitude, then II vanishes, This vanishing contribution is
called TTa. It deseribes the “pure dipole effect.” H on the other hand the sum of these
volume velocities is not zero but vields a net value, then there is an axial pressure whose
magnitude is proportional to this net. This pressure contribution is labeled IIb,

The third contribution to the axial pressure is that due to the surface pressure py on
the annulus area of the end of the shell. As noted earlier, this surface pressure is due to
the end velomty Dy {u) or radial velocity ox (w). The axial field pressure due to the surface
pressure pK(u) is iabeled Iil. The axial field pressure due to surface pressure pK(yQ) is la-
beled IV, If the volume velocities due to radial motion of the shell exactly cancel, as in
condition Ia, the surface pressure pgy generates an axial field pressure, labeled IVa. If the
radial volume velocities do not cancet but leave a net velocity, then py generates an additionat
axial field pressure, labeled IVb.

The principal contributions I through IV have been accounted for. Teo numerically eval-
uate these contributions at specific frequencies, EIGSHIP was applied with specific special
inputs. The resultant calculations appear in Table F1. This table was obtained by running
computer program EIGSHIP under different conditions corresponding {o the headings of the
table columns; for example, the volume velocity of the sides was adjusted by changing the
thickness correction factors used by EIGSHIP to obtain inside and cutside velocities {See-
tion 7,1.3)

At the frequency f = 4000 Hz, EIGSHIP predictions and experiment disagree. From
Table F1 the major contribution to the axial pressure at f = 4000 Hz is seen to be that due
to the surface pressure py at the annulus area of the end of the shell, generated by the ra-
dial motion of the shell under conditions of zero volume veloeity {IVa).

To check the conclusion drawn from these calculationg that IVa iz the major contribufor,
EIGSHIP was used again and those influence coefficients in the matrix G [Part 1, p. 44} which
relate pressure on endbands to velocity on sidebands were arbifrarily reduced. With each such
reduction the corresponding axial {far-field} pressure reported by the EIGSHIP model was also
reduced, without however affecting the radial transmitting response, thus verifying the conctu-
sion. In a physical sense these arbitrary reductions of py are considered to correspond {o the
deterioration of the pressure build-up on the annulus area due to the presence of the winding
coil and the interior mechanical support of the vibrating shell.
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Table F1

Contribution to the For-Field Pressure in the Axial Direction as calculated
by EIGSHIP for Ring C in Accordance with Eq. F9.

Magnitude and Angle of Complex Pressure, Normalized to

Frequency the current (0.15 A), and the Equivalent Value in dB
Hz
(Hz) [+ 1T, + I+ IV [+ 11+ 1V, IV, I+ I
1000 0.405 N/m?2 0.465 N/m?2 0.027 N/m2 0.492 N/m?2
-0.9° 178.9° -3.7° 178.8°
-7.850 dB -6.650 dB ~31.475 dB -6.166 dB
2000 2.378 N/m?2 1.450 N/m?2 0.627 N/m?2 2.062 N/m2
-3.6° -176.5° -11.6° 179.0°
7.525 dB 3.226 dB -4.050 dB 6.285 dB
4000 89.593 N/m?2 69.269 N/m? 73.803 N/m? 18.481 N/m?
-119.5° -152.1° -137.7° 111.0°
39.045 dB 36.811 dB 37.362 dB 25.334 dB
6000 32.762 N/m? 53.613 N/m?2 48.661 N/m? 5.075 N/m2
113.2° 119.0° 117.7° 131.0°
30.307 dB 34.585 dB 33.743 dB 14.109 dB
179




Appendix G

SPECIFIC ACOUSTIC IMPEDANCE OF
THE SHELL AND SHELL MOTION

In the theory of progressive acoustic waves in a cylindrical waveguide the acoustic pres.
sure and radial particie veloeily are Kaowi to have the {ollowing dependence on radial co-
ordinate r and axial coordinate z:

p« Jg(k,.r)eékzz,

U, @ JI{Ferr)eIk*’z,

in which the component wavenumbers &, and &, are related fo the total wavenumber w/fc by
the relation
W\Z _ a2
() s a2

Here < is the harmonic frequency of wave motion and ¢ is the local speed of sound. We
consider the special case in which &, = 0; that is, we allow ounly standing waves in the
r direction and no propagation in the z direction. Then at the cylinder walls {r = g} the
specific acoustic impedance of the medium ig given by the ratio

P dg(wefe)

u,  Jqlwaje)’

Thus at particular frequencies ,, where Jy{w,a/c) = 0 it is seen thal the specific acoustic
impedance is infinite, which means the fluid allows no radial motion at the cylinder wall.
Now Ji{x} = O for values x = x,,. Thus at frequencies f, = w;, /27 one has

— x}lc

B gy

Choosing ¢ = 1485 m/s, letting n = 1 for illustrative purpases and noting that from standard
theory x; = 3.83, one sees that

_ 483 1485 _ 905.2
2n a a

h

where the cvlinder radius ¢ hag the dimensions of meters. For ring € the radius « = 0.08587,
Hence the frequency of infinite radial specific acoustic impedance is f; = 13,742 Hz. In
general £, is independent of the length of the waveguide.
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