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SHELLS AND RINGS

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

1. INTRODUCTION

In Part 1, a previous NRL Report [1l, the authors undertook the task of mathe-
matical modeling of the electroacoustic performance of magnetostrictive shells and rings.
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 Fnr liternatirp nitfnons the reonder ic referred tn Ref t and this rennrt's hih1inmranhv-

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.
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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, I ; at Constant Ratio, p

Bumm) (m (mm) a (mm) MIagnetic ( kg/m3 )

-(1 _ Induction (N/_2)

A t 20.29 69J105 62.455 65.78 6,65 1.28 X 1011 0.38 8234

B 49.30 69.145 62.295 65.72 6,5 1.28 X 101 0.38 8400

C 90.55 69,30 62.45 65.87 635 1.26 X 1011 0.38 8400

I
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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.
T he motion of the core nras n lcnl.+nd Pfrn the spnnnrtingc structure hy npak of rho-C
rubber.

-MD 01

Fig. I - Model transducer

Each ling was d iuven by an ac current while simlWutanousely puolariz~eu U)y a LIc cur-
rent, and a suitable 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-molated carrier signals for underwate r meaOsurlments. in boh cesre
the dc polarizing current Io was 4 amperes, which corresponded to a magnetizing field
of Ho = N10/(2ira) = 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

3
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* 'HANISH, KING, BAIER, AND 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 not
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 blocking circuit.

In water the transducer was subjected to a standard underwater calibration in the
NRL Acoustic Research Test Tank [21 which is provided with pulse-modulation and
gating circuits and with geometric positioning devices to allow a free-field steady-state
calibration in the frequency ranges of interest. An NRL model F36 standard bydrophone
was used as a receiver, occasionally replaced by an F50. The total electrical impedance
was measured by a Scientific Atlanta Pulse Vector Immittance Meter and corrected for the
presence of a blocking circuit. Sixty 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 electroacoustie performance
of rings A, B, and C. A detailed description of EJOSHIP is given in Section 7, where
fundamental parameters of computer program input are listed and defined. Since the de-
sired input quantities are not always available in the literature or easily accessible to ex-
perimental 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 better values of input quantities or better
methods for obtaining them are available to the prospective users of EIOSHIP, they should
be used. (Many of the parameters*,such as a, b& p, N, , and t are easily and directly ob-
tainable and will not be discussed.) We begin with Young's modulus.

The real part YR 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 (Xtt) was plotted versus frequency. The (interpolated)
crossover frequency (= w1) where Xtt -+ + jumps to Xtt - - is taken to be the reso-
nant frequency. Knowing the effective mass (M1 ) of the ring, we then calculated the ef-
fective stiffness K1 = MW in the lowest radial mode [1, Eq. 6.101. The real number
K1 so determined is the magnitude of the stiffness under conditions of constant magnetic
intensity (constant H). In theory Kt is a complex number given by the formula

K = 2irA y (_ AXha)

*See Glossary, Part I, and discussion below.

4
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(as discussed further in Appendix C of Part 1 [11, where A0 = b2, Ps is the reversible
permeability at constant strain, X is the eddy-current and hysteresis factor, and ho0 is an
effective piezomagnetic constant.

Both Young's modulus Y and the eddy-current and hysteresis factor x1 are complex
numbers with small imaginary parts. Neglecting small quantities, we write K1 as the real number

Kjs 2 A °AYR (1 hX)
a

The quantity k2 XR, 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

= ( Ki)ineas a
2nA 0 (1 - k2XR)

where (k1 )meas = M1 (c?2)mea * Computed in this way the magnitude of YR is equivalent
to the Young's modulus taken at constant-voltage drive. The resonant frequency associ-
ated with YR by the formula

AWAK 0YR

am,

is the mechanical resonant frequency in the first radial mode at constant-voltage drive.
This calculated Q1 compares favorably in magnitude with the resonant frequency obtained
bv driving the crne nf a specific ring (ring GA mpnhnnicnIly and nhsnPruincr with an ac-
celerometer the frequency of the maximum radial velocity in the first radial mode.

The effective Poisson ratio v and the resistivity pe 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 (4) 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
1UT and then calculated us from a knowledge of k2 by the formula

PS = PT (1 - y2

5



' ' HANISH, KING, BAIER, AND ROGERS

The measurement of MT is made by determining the total electrical reactance Xt at very
low frequency under zero stress (no external load}. Ssince

_tot = [uN2 bXR Q + Po (b T - bN,

where bJYQ' is the area enclosed by the coil surrounding the ring and bQ is the cross-sectional
area of the ring, we find

A'T ( Xtt)2na _ (bQ - bQ)

wN 2 DQ bL

and
Ms= ol 'o

Thus, by measuring the slope of Xt4t = Im Ztt over the low-frequency range and using
this formula, one obtains xuTxp which immediately yields PSX78 R provided that the coef-
ficient of electromechanical coupling k is known.

The effective coefficient of electromechanical coupling k can be measured by elec-
trical impedance analysis. It is known [31 that

Dz ka X20 ) X I 

Qz~~c I1_.k 2xR7
Qz - 1 gX, XR

in which Dz and X0 are the diameter and clamped reactance respectively of the electrical
motional impedance loop and Qz is the mechanical Q determined by

im w3 nw

in which Rm, RK", W,) w3 , w2 are defined in Part 1 (Section 6 and Appendix A). (4 =
1 as defined by Eq. 6.23 of Part 1.) When a leakage magnetic flux is present and is in-

cluded in thc 9clped imped-anc,- we Set

DZ k2 X2 K

QZXb (1 - k- RXR XR

S
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where

Xb = X; + Xev

in which 7, is the im-ainsrv nprt of the hlonked imnedance; Xc is the ima-inarv part of
the core impedance, and X0Q is the imaginary part of the copper-loss leakage impedance.
For small copper and core loss we assume K X- Xb, so that

DZ DZ K k2X2 

Qz Xb Qz Xc (1 - k 2 XR)XR

Thus

k2 XR ,a

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

iiie value of k2 .L utuuMMd eaul4b ULs tLU UdeblLliflu Wi efetlIvt pieazmag;z"vLuC con-
stant ho0 by use of the formula

hoe = /_
T rel P0

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

The constant-current mechanical Q1 is determined from motional impedance analysis
by use of

-I = cr

OS-C2

[1, pp. 77 and 781. Here Or = Col is the resonant frequency of the ring in the lowestI
radial mode when driven in air at constant current, and to 2 and to 3 are the quadrantal

7
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HANISH, KING, BAIER, AND ROGERS

frequencies. When 4 > 10M one can determine these frequencies 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 technique for measuring Q.,

The direct measurement of Q for n > 1 by impedance analysis is not practical, be-
cause the higher numbered motional impedance loops generally 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 questionable.
Since Q is needed in the analysis, we assumed that it can be estimated by allowing the
purely mechanical resistance (RB as defined in Part 1) to be a constant for each mode.
The modal mass is presently defined as the static mass in EIGSHIP.

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 to assure quasi-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 C
was supplied the computer program EIGSHIP delivered all the predicted 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 theoretical analy-
sis modeled after the classic Butterworth and Smith analysis [41, which describes the
limiting 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 figure, part (a)
is the experimental graph, part (b) is the EIGSHIP theoretical graph, and part (c) 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-
served at the electrical terminals over the frequency range 0 < f < 20 kHz. The frequency
of maximum (motional) electrical resistance (to close approximation the air resonant fre-
quency) is 9.2 kHz. It is from this graph that the physical parameters of reversible mag-
netic permeability (p}, Young's elastic modulus (Y 8 ), the electromechanical coupling co-
efficient (k), and the piezornagnetic stress constant (h) 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. 2c using the Butterworth and Smith theoretical model. For ring A the
Butterworth model agrees well with the EIGSHIP model,

S
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HANISH, KING, BAIER, AND ROGERS

Figures 3a, 3b, and 3c are graphs of the electrical driving point impedance f I, Eq.
5.241 in air for ring B. Again these graphs are similar to each other and to those in Fig.
2. The values of the electrical impedance components of ring B 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 ELGSHIP model.

Figures 4a, 4b, and 4c are graphs of the electrical 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 radial-motion mode
with two nodes along the length of the ring) is predicted by EIGSHIP to be 9.9 kHz
whereas the experiment indicates that it is at 9.6 kiz and it does not appear in the
Butterworth and Smith model. It is difficult 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. 5a and Fig, 5b 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 Butterworth and Smith model is in good
agreement with the EIGSHIP model. Comparisons of the graphs in Figs. 6a and 6b for
ring B shows a resonant frequency of 5.8 kHz and shows EIGSHIP reactance 10 percent
larger than the experiment and EIGSHIP resistance 30 percent larger than the experiment
near fthe rsonan+ frequen-y. The graph. for the + l+ +nriunrfh and SQmrii- mnra4l (Fer (4fe
is in good agreement with EIGSHIP, and all three graphs are in excellent agreement with
each other off resonance. The magnitude of the motional impedance predicted by
EIGSHIP near 14 kHz is too small to be observed by the experiment. Comparison of
Figs. 7a and 7b for ring C shows that the frequencies at which the lower frequency peaks
occur (near 4 kHz) disagree by about 100 Hz, whereas the frequencies at which the next
higher frequency peaks occur (near 8 kHz) agree. EKGSHIP (Fg. 7b) shows a definite
peak at a frequency of 9.3 kHz, at which a response in the experimental data is barely
perceptible. Comparison of the impedance components shows that EIOSHIP predicted
vnlies neCr resonance awe from 920 to 6f nercent larger 1n- the experimental vaues. The
Butterworth and Smith model in Fig. 7c agrees well with EIGSHIP except that peaks at
8 kil 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 at 8 kHz is the first radial
ring mode loaded by the water reactance, and the peak at 9.3 kHz is the second radial
mode loaded by the water load.

Figures 8, 9, and 10 present graphs of the computed reactive component of themechanical i;nedance arnd the computed reac;-ti componen4 t of thes iaton loa'1
.- ~l *s-tb __ I 1, _ V.,t -.. IF~v V"b^S -Q_~11 || ua"_uAxa v; 

the frequency for ring A, ring B and ring C respectively. (Electrical 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 interpretation in visual inspection the negative of the mechanical reactance is-
plotted in these figures. Consequently, where these graphs either touch or cross each

10
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Fig. 8 - Computed reactive component of
the mechanical impedance and the com-
puted reactive component of the radiation
load for ring A in water (EIGSHIP)

Fig. 9 - Computed reactive component of
the mechanical impedance and the com-
puted reactive component of the radiation
load for ring B in water (EIGSHIP)

Fig. 10 - Computed reactive component of
the mechanical impedance and the corn-
puted reactive component of the radiation
load for ring C in water (EIGSHIP)
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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 a 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. Gb) 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 radiation-load
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, By 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 EIGSHIP 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. 19 for ring C (the long ring)
the graph from the Butterworth and Smith model again follows the graph from the
EIGSHIP model except at the 8-kHz and 9.3-kHz resonances, and it peaks at its own
radial resonant 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 16.
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Fig. 17 - Computed power-conversion efficiency
for ring A
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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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(a) At 7.6 kHz (b) At 8.0 kHz

(c) At 10 kHz (d) At 14 kHz

(e) At 18 kHz

Fig. 23 - Far-field directivity patterns at selected frequencies for ring A
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(a) At 5.7 kHz (b) At 6.0 kHz

(c) At 8.0 kHz (d) At 12 kHz

{e) At 14 kHz

Fig. 24 - Far-field directivity patterns at selected frequencies for ring B
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(a) At 4.0 kHz (b) At 8.0 kHz

(c) At 12 kHz (d) At 14 kHz

(e) At 15 kHz

Fig. 25 - Far-field directivity patterns at selected frequencies for ring C
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Fig. 26 - Outer-surface acoustic preswre distribution
along the height of ring C

Figures 27 through 29 are graphs of calculated quantities based on EIGSHJP and Butter-
worth and Smith models. Figure 27 is a graph of the magnitude of the radial velocity in
air of band 9 (second band from the top among eight outer-surface bands) on ring C
plotted as a function of frequency for the EIGSHIP model and the Butterworth and
Smith model and of the axial velocity on band 10 of ring C for the EuisuIn model (the
axial velocity not being available in the Butterworth and Smith model}. Figure 28 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 special tools for their interpretation. To interpret the sig-
nificance of these graphs in connection with parameters of voltage and current at the elec-
trical terminals, we have used the method of X-vs-R electrical-impedance plots. Similarly
to interpret the significance of these graphs in connection with the mechanical terminals
of the model we have used the method of Xm -plus-XL mechanical-reactance plots, A
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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 Xm -plus-XL plots we will briefly review the concepts of
cylinder modes to aid in understanding the important parameters of radial stiffness and
*AlMgiltAinl -fluid)ie I IA Lof +"n -v+r-1ljaI A shell. nt au4A;-4-n we wil -eie Wre methIULId
of obtaining the mechanical reactance Xm of the shell through use of strain 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 nf a tfnrnirnllv woundl mna-nt-drlo4+icro ring.
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3- z (b)

(Ri} e} m/lot) sin 2 S2FG a

Riot

Fig. Z9 - Blocked and motional electrical impedance
referenced to the rotated coordinate system (Rrot,
Xrot}t drawn to illustrate several operating conditions.

5.1.1 Blocked Impedance

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

Z(b) =R t(b)} + i wLUb(W) = R + j X. (5.1>

When both R and L are weak functions of w (are nearly constant), the blocked imped-
ance is an essentially vertical line on an X-vs-R plot. For high enough frequency however
both 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-vs-R plot of blocked
impedance is a smooth curve with nositive slonp extendina unward from to = & The
electrical phase associated With Z(b ) iS

X b)
,0)- ~tan-1 . (5.2>

For small resistance losses this angle tends to +900.
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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
Zmot, whose mathematical form is given by Eq. (5.24) of Part 1 [1]. This equation
shows that Zmot 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 o>.

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 Q (>10). When referred to the X-vs-R
axes the maximum Zmot vector is inclined at an angle 20 to the horizontal (R axis) due
to hysteresis and eddy currents. Since in the following discussion the angle 23 is extra-
neous, it is convenient to refer all vectors to axes X70t and Rot obtained by rotating the
original X and R axes clockwise by the angle 20. Thus

(Zee)rot (Reel)rot + I-(eeirot,

(Ree )mt = [R(b)+Rm at] cos23-[X(U)+Xmo t] sin2O,

(Xee)mt = [X(b)+Xmat] cos2g+[R(b)+4Rmot] sin2f.

In the rotated system (abscissa Rrpt and ordinate Xrt) we define a frequency of mechan-
ical resonance wf to be that frequency satisfying two requirements:

* tof is approached from a positive phase of Zmot, and

* COf satisfies the relation

(XeerOt = XI= " Xb) cos 20 + R(b) sin 20. (5.3)rot

These conditions imply that at mechanical resonance

(XmotIAt = 0
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or

Xmot=-Rit sin2- (4}
cos2fl

The electrical phase associated with the motional impedance is defined as

tn!/Xmot\
@¢mot~rot =tanl 1 k|X rot

R", Am t )? ro t

- (I-AW-1Xmo,0t cos2p + Rmot sin21 (5 MN

1 xRmot cos2j - Xmot sin2g3/

The various vectors and anlves associated with electrical impedance are shown in the
idealized sketch of Fig. 29, where both conventional X, and R axes and rotated Xt, and
RAt 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 &1 t)m t VS
frequency. In the following discussion we will use the word point to indicate frequency
as a parameter and we will assume the blocked impedance Z(b) to (Ioosely} represent the
average blocked impedance over the entire frequency range covered by the major loop

* At point I the electrical impedance is purely blocked (Zee = Z(b)'. The ma-
tional phase is (asymptotically) +90'.

* Between points I and 3 the phase (4notX)ot is positive and diminishing. At
point 3 the phase is zero. By definition point 3 is a frequency of mechanical resonance-

* The negative phase (¢mat3mt at point 4 abruptly decreases and becomes 0 at
poinx 5; Wle p lae i b p UbLUVC UveUWt et pointS U 1Ul U, U slt4iibt Io U L FUItMb U,
then the phase becomes negative, returning to point 4. By definition the interior loop
4-5-6 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 phase 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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* 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 -9O0 to +90Q.

+90

("MOT) ROT

: - . 6 

2 X83m

4

-90 _ _ _ _ _ _ _ _ _ _ _ _ _ _

Ir

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 Xm + XL Plots

5.2, 1 ?1'r tioa--kr -pedu -ee Phasea.04 RiVZttota1fl eur~f ILs

Under an external mechanical load of mechanical impedance ZL ('RL + j XL) the
electrical motional impedance of an electromechanical transducer in forced drive is given
[5] by

Zmot = A 2 e-j 2 g I Y,, I e-M , (5.6)

where A is the absolute value of the vector force factor Zem (=Rem +JXem ) and 1 is the
force-factor angle. The symbol I Ym I is the absolute value of the total mechanical ad-
mittance of the transducer, and Om is the total mechanical admittance angle. Thus, in
accordance with these definitions,
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A2 R 2 + X,' -211,- IV(57
A2=Rm + XA and tan 20 = =(_.7)

I RM +RL U (Xm +XL)
[min I sZm+ZL '=1T 4L+R)2 + (XM+Xt) 2 f' 2 J (5.8)

in which Zm = 1 m+jXm is the no-load mechanical impedance of the transducer, and

0 t an1 -(XI +XL -9 n < 0A 90 (59)
RinnRL

In this report we measure all angles relative to 213. The sign of 'km is determined in the
simple ease of one degree of freedom as follows: the sum Xm + XL is negative when me-
chanical stiffness exceeds mechanical inertia in the loaded transducer, and positive when
inertia predominates. From Eq. 5.9 it is seen that when stiffne predominates, 'km i
positive, and that when inertia predorninates, 'km is negative. When W -G 0Om ,k 9Q0
and when - -, 0,,'k g90

5.2.2 X,-plus-XL 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, a frequency of mechanical resonance is defined as that frequency of forced drive
of the shell for which the phase angle 'k, 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 large. To determine the first few of these conveniently, it is
useful to superimpose plots of X. and XL versus frequency on a single coordinate plane,
and visually note points where Xm + XL falls to 0.

The calculation of Xm is performed as follows: The ring shell is driven in forced
vibration in the presence of a load. At a given frequency of forced drive, the resultant
shell velocities store kinetic energy, and shell deformations store strain energy. The dift-
ference between these two energies multiplied by to and divided by a velocity normali-
zation factor is Xm. The method of calculation of these quantities and the nornaliza-
tion factor follows in Section 5.3.

The calculation of X4 is performed in accordance with the formulas found in
Section 9 of Part 1 [11.

When Km and XL are available, it is convenient to plot the negative of Xm and
overlay it with a plot of XL. A typical overlay of -X, and XL is shown in Fig. 31.
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Fig. 31 - Plot of Xm plus XL

This plot, as can be seen from Eq. 5.9, may also be used to identify sign changes in the
phase 'km under the assumption that Rm + RL is positive. The significance of the -Xm
and XL curves, and the selected frequencies cw1 to w10 , are as follows:

* The -Xm curve begins with a maximum (say Xm K ) at w -+ 0, and shows a di-
minishing trend as w is increased, except for recurrent peaks -Xm1 , -Xm2 .. Each
maximum corresponds to a different spatial pattern of displacement of the shell (indepen-
dent of amplitude).

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

* In the region X < co, it is seen that -Xm > XL. 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) 'm is positive.

* At to = t, the sum X. + Xr. is 0. The reactance XK is predominantly stiffness
in uniform radial motion, and the load reactance XL is predominantly inertial. Since the
phase 'km approaching Cw, is positive, we identify co1 as a frequency of mechanical reso-
nance controlled by the water load, in nearly uniform radial motion.

* At co = CW2 the transducer is water-load (cavity) controlled and the phase Om
is negative.
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* At co = CJ3 the sum X. + XL is again 0 and the phase Om approaching Cc3 is
negative. Hence wt is a frequency of small motion in the uniform radial pattern of
displacement.

* At w = W4 the phase Om is again positive and motion with the spatial displacement
of the pattern of peak Xm is increasing in amplitude. The transducer is stiffness controlled.

* At W = Cc5 there is a frequency of mechanical resonance with an associated spatial
pattern of displacement which is different from that at w = c 1 .

* Between o,; and co6 the transducer is water-load or inertia controlled. The
phase here is negative. Between wrc and wo7 the transducer is stiffness controlled again
and the phase is positive.

* At W7 the phase Om switches back to negative and remains negative through-
out coS, w9 , and W10. Between wo8 and w9 the shell reactance is predominantly inertial
whereas between W9 and w10 . it becomes a stiffness reactance once more with an associ-
ated shell motion of a second mode (peak at X ).

* At w1tn the sum Xm + X,. is small but not a. The phase 'km remains negative
between w9 and - 10 , aithough it rapidly changes in magnitude. We call w10 a nonresonant
water-controlled mode.

5.3 Strain and Kinetic Energy Formulas

As noted in Section 5.2.2, the calculation of both Xm and X4 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 Xm, we use the formulas of Sharma [61 for the special case of axisymmetric
motion. Thus the relevant EIGSHIP formulas (using symbols given in Table 1) are

strain energy: U = Y(1-k 2 XR ab2Wr 2/2 aumn * + w + 2 au
(1_-v2 ) 2 Q ax ax a2 a a J

52 2 S 82W82r * w* -'3w)]Q

P 3~~w 2 WP ww au( a2wV

+ f V2[a 2 -y--2 yj! +~ -2 G7a d)Jsx312a2 |-2 aX2 aX2 a2 ax aX2 

and

kinela energy: T = 2irpab J 2 + aW)21JI( ) at
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The symbols a and w represent displacement in the axial and radial directions re-
spectively. The factor (1 - k2 XR }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 = jt T/VNM

and

Shell Stiffness Reactance ZST = Jw) 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. VNM itself is calculated using band
velocities:

VNM V=Ui A 11[4ra(Q+b)],

all bands

where v1 represents the numerical value of normal velocity on the ith band as calculated
by EIGSHIP and Ai 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 Xm-plus-XL 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 kHz.

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;

* Predicted total electrical reactance and resistance in water, Fig. 7b;

* Predicted radiation loading, Fig. 13a;

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

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

* Predicted motional electric impedance in water, Fig. 34. Each motional value
has been rotated (as described in Section 5.1.3) by the angle 2/0 (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.

AL*-,n,.-r t-he geneera.l thn+n l1 b-asi fo- 4-An- -+te nnvf ,one of ringc C is
detailed in Part 1 [1], a more explicit elucidation of the particular 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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f, = 9231 Hz,

[2 = 9972 Hz,

=S = 21, 452 Hz,

f4 = 23,510 Hz.
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Fig. 34 - Theoretical motional electric impedance of ria C in water (Zmotw

adjusted by multiplying Zmotw by jt
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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 u. In addition, by constructing the electrical motional impedance diagram
in air, one obtains a value for the hysteresis and eddy-current dip angle 2/3 and obtains
the mechanical Q 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
so 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 180O
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.

0.02,
In
0

z
U:
w

Ui

C))
B)

0.01

0

-0.01

-0.02

-I --

- LCENTER OF
SHELL

OW END OF L
SHE _ET

Fig. 35 - 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 discrete frequencies
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6.3 Predicted Total Electrical Impedance and
Its Theoretical Significance

The predicted total electrical impedance Z 0t = Rt0 t + /XtKt in water is shown in
Fig. 32. This is a plot of Xtt0 vs .Rtt with frequency as parameter. It shows several fre-
quency ranges where the motion of the ring in water noticeably alters the electrical im-
pedance of the simnle coil wound on a nickel core. These ranges are 350 to 4500 H7z,
7500 to 8600 Hz, 8600 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 -XK + XL diagram (Fig. 10), the electri-
cal motional impedance diagram (Fig. 34), the radiation load diagram (Fig. 13a), and
various far-field pressure patterns (Fig. 25).

6.3.1 Electrical Impedance Disturbance in the
Vicinitv of 4 kHz

In Fig. 34 the predicted motional impedance vector increases to a peak magnitude
of I ZMot I 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. 35) is similar to the deformation shape of the first air radial mode (sketched in
Section 6.2). It exhibits bending but has no nodes. The point of zero motional phase
ande (Fig. 34) is approximately 4180 Hz. In the range 4180 to 4600 Hz the motional
phase ange is negative (Fig. 10), indicating inertial control of the motion, At 5000 Hz
the (effective) surface velocities (axial and radial) are small because of the high impedance
of the transducer-mediunm system. At 5400 Hz the radiation reactance drops to zero and
then become negative, remaining so until 7000 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); -snurounding-withi-iitse-if-a cyl-
indrical rod 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 calcula-
tion it can be shown that a cylindrical rod of water for the dimensions of ring C and
the ring wall impedance actually present is in "longitudinal half-wave resonance" at a
frequency near 4200 Hz [71. 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 ring 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 kHz the ring radial velocity will be a maximum, the transmitting
response (Fig. 22) in the radial plane will peak due to the momentary existence of a
maximum in radial motion 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
dnminate the reactance (Fig. 1fl This condition of negative reactance onntimnues ,With
increasing frequency until it itself 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
IZmot v13) t + (7.2)2 = 14.5 electrical ohms at positive phase of approximately
300 (Fig. 34). Since this maximization occurs in the vicinity of a (local) maximum val-
ue of motionnI resistance, the frequency 7q90 HZ is a (local) point of mnaximrumn (effec-
tive) transducer velocity (Fig. 28). The curve of radial displacement (Fig. 35) shows
that there are two nodes at symmetrical positions approximately 0.2Q 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 f - 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
reaeotnce-recifntro.- sequence at 4000 Hz and hence -hat the avi-nt rea-ao.-4-nnnn be-
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 increase
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 XKm 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
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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
isle res-lt, Utati Uhere is a i-anSlent urop in radiiaonll to tle lax Field, appeunrg in h'e pre-
dicted transmitting response as a 3-dB dip between 7600 and 7800 Hz (Fg. 22). The
higher frequency side of this dip is very closely followed by a rise in motional impedance
as the high-Q 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 resistance peaks, attributable to a cavity-
"mpe lon-itudi;t m ode. This peaking leads, to ne areit-i+oln that the t7inrnsm r UJ t.A& -U -AA4I. iitl- J- -10 V'~~ f4 ~ ~L-t -WAU.lAl -W31it-&A

response will also rise (Fig. 22).

The maximization at 7960 has jut been noted to correspond to a (radial) deforma-
tion curve featuring a pair of symmetrical nodes located 0.29 from the center. Starting
at 8600 Hz (Fig. 34) the deformation shape begins to change, and at 9340 Hz the pair
of displacement nodes is symmetrically located approximately 0.1Q from the center (Fig.
35), making the ring more stiff. This increased stiffness makes -Xm less negative (less in-
ertial). The motional effect therefore rises again (Fig. 34), reaching a maximum at 9340
T-T na -ha rn+iannl impna-anna h0as a rn ,ag-;+1-rldo -f 0 alo-i-l nhin a inrn tha ma._

chanical Q 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

Tn L'a. OA4 A-ti 44nnl v AvA 1tT, .s anno.An-,f 7 nt ,,in... a

magnitude at an angle of approximately -72' with a motional resistance component of
0.2 electrical ohm. The motion of the ring is small, and the associated 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 exhibits 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. 10) the ring inertia overcomes the cavity stiffness and the phase angle
s IV,1>che k-e, i-n -mnn4-ta n A4l 1&Q l. Z k -U e -'ec nAn -- to - onnr roao.ha

a maximum magnitude 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 elec-
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 disturbance in the range 14 to 18 kHz as fol-
lows: From Fig. 13a the reactance-resistance peaking sequence is similar to the same se-
quenceat A 1fL h, T -T + T-;n-n n trT n- 4

nrC+7a l 4-ha Atyncna l rennsa aoif 1ha riin a o bheMua}Wb~l4fl L4 Pt11. !ues LUL'- U Jt 4 i~t'&.-L oA~ Lty iflL±A1W a~ULV^t'tf
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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 radiated 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 1 A lrT7 We rnnrhlid that hnth npar-field eff~ets (as exhibited bv 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 rling
(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 - 16.5 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
AsrnuIrfIrn o~1f itc vtihraolnr monHin nnd nnar-.nniohinar aelptriAl rpeictAnrcp

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 dQlx) locaterl nn n aircle nf radriiius a is *noxn to be [8]

D(O) = - fejmP sino cost dQ

Letting dQ = Q0a dop and setting Q = 2naQ0 , one sees that

D (0) = Jo (ha sin y)

in which 0 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
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P =POD,

in which P0 is the maximum far-field pressure. When the sources are dipoles with a mo-
ment arm Aa units long, the far-field pressure is modeled as

p=Sw efkr ( jkp P) jJ hka sin J 0 -J f k(a + Aa sinG
47r r VI' V ' 

in which S. is the monopole source strength. For small Aka sin 6 we expand
Jo0 [k( + au) sin O1 in a Taylor series:

Jo[k(a+Ata) sin 61 J0(ka sin 0) - J1 (ka sin G)Aka sin 6 +

To first order in Ake sin 0,

P D. sin U , e-h 2pc J1(ka sin 6),

where D. = S Aa is the oipole source strengtn. in this approxnmanion ile lar neuIl is
always 0 on the axis of the ring and is 0 for any angle 0 where

J1 (ka sin 1) = 0,

The first root of 4J(r} = 0 is r = 3.83. Hence the far-field pressure is 0 in those directions
for which

0 C9 9 O00.. 0 00° / n 

sin 6 = )khca 2irf a,

At 0 = 90' the first zero occurs at frequency fl, where

- 32n \a}

T T f w w r r~~~~~~~J 1 1A1 _ nn \ Sq _ -A AHigher order zeros of far-field radiation m' e radial direction (manlnly va 90I) coincide
with the zeros of 4 (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 singe 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 EIGSHLP 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 (z) direction, in which the wave motion can be described by the displacement
potential ' (dimensions: m2 ), at harmonic time e jCot. The acoustic pressure satisfies the
equation of statep = -p32/at 2 . Let ur (= u'k/r), use (= bo/r30O), and u, (= a4/az), be
the radial, tangential and axial wave displacements, and let cd be the speed of sound of
the unconfined medium. If Kd is the transverse spatial wavenumber, and co/ed is the tem-
pornl propagation constant, then for axisymmetrical wvre motion the wave onliao4nn for

the potential can be factored into a product of radial waves and axial waves with separa-
tion constants K2 and (Co/cd)2 - K5 = k2 respectively. The classical solution is

0 = AJO(Kdr) eJkZz ejwt

The wave numbers Kd are determined by the boundary conditions. For zero pressure at
the boundary, Kd satisfies the equation JO(Kda) = 0, or Kb"m) = am/a, where am are the
roots of i 0 kx) - O. TUe first Utilee VWttlU Uf K are

KG) = 2.40 Ka 2 =) 5.52/a, and KY3) = 8.65/a.

The phase velocity is

1/2
c(m) = co / 0 = W/ [(w2/c ) - KIm)2 3

When K(mn)2 >' (w /cd32, that is, when X < K dd I there is no propagation of the mth mode
(it is evanescent). Thus there is no axial propagation in a pressure release waveguide at
frequencies

w1 l) < 2.40/a cd, w(2) < 5.52/a Cd, w(3) < 8.65/a Cd,.

In the case of a rigid waveguide, Kd satisfies the equation Jl(Kda) = 0. The cases of no
axial propagation then occur at frequencies

w(°) < 0, co@l) < 3.83/a cd, w(2) < 7.01/a Cd,

where co(0) 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 plot 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 motionat
impedance. When the magnitude of these auantitieS iS of the order nf a fpw eleptrieal
ohms, their measurement in the NRL Acoustic Test Tank becomes difficilt, A significant
parameter in the capability of making the measurement is the ratio of the motional to
the blocked impedance. Experience has shown that measurement of ratios of less than
10 percent are subject to errors. We will note a few such ratios as determined from
EIGSHIP, choosing ring C as an example.

The magnitudes of blocked impedances LZ I can be roughly estimated from the
total electrical impedance of ring C in water given by Fig. 33, and tie magnitudes of mo-
4-t1 -- A ance en be pren+nA tAFrom ihe mo+b-n ipen ae we---n tubtins as £ l-

t4%JLAJJ J~t~~L0.It~'..I JJ" j±XLt.t ±ItII U1~ W IILtJI&3 Ia-LW~cAtt~ IJ ~11 LUL& I'.tf U3O UCO ~t, U4

lated from EIGSHIP and shown in Fig. 34. These calculated impedance magnitudes and
their ratios are listed in Table 2. The results 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 impedances. In ad-
dition these predicted motional impedances pass through zero phase angles, thus guara-
teeing the existence of a loop on the total impedance plot. In contrast the predicted mo-
tionra iinpedlance in mie vicinMLy 0o ZIOU nZ rues not pass tUhlug zero phase. InUS IL
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 17900
Hz the motional impedance plot (Fig. 34) passes through zero phase. Hence a loop sS
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 Transmitting Responses Predicted by EIGSHIP

The transmitting current t-sponse of a ring transducer is a simple lInear functi-on o
the surface velocity. This velocity may be induced by an applied current at the electri-
cal terminals of the transducer [1, Eq. 5.23j. It is also induced by an applied mechanical
force of the medium at the mechanical terminals [1, Eqs. 5.1 and 5.21. When both me-
chanical and electrical applied drives act simultaneously, the resultant surface velocity
distribution exhibits more complex modal shapes than when either drive acts separately
(Fig. 35). A direct measure of the mechanical motion in any mode 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 IZb I lZmo~t I IZmotp4/Z I

(kHz) (ohms) (ohms) (%)

4 22 6.5 30
8 42 10.5 25

9.3 44 4 9
17 77 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. 5.51. In a ring transducer the force factor
ia nrnnnrionnal fn +thA nrrotnf 4, (A ennnrlti P. Qant4ln t f) 1 Bnelo rnmohoninol roson ace
(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 Kc2h2. 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 Kc

2h2 (Appendix E, end of Section E3).

6.6.1 Dependence on Mechanical Resistance

Aft froeunilces of -nrniunw srUfa-e vel-c-tie- n o-.A4-.a 1 c-its.-1 z L ... tl£ A.~fla-&l....O'StIIIgt4&LLLLICl.±±0t~t vcltJLiILic U1II.ACL iu~aueu, UUI.IU±L~LJLr~Uikbie iiethaiw-
ical resistance 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 K2h2

The reversible magnetic susceptibility that appears in the product Kh is related to
the reversible permeability p by the formula K = p - po (Appendix E, Section El). The
quantity p is measured directly from a low frequency impedance measurement on the
mnesh nip^^lhr ftp -:--4t~~l c T4o : ~aV_zL__ _. _- A 1 *r 1mechanicaly fres ing. It is assumed thatt his quantity is Known with sui-
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: T T To. 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 h is assumed to be h0 0. 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 ho& can be used to predict the relation of stress to flux
density in ani situations where the stress in the ring shell consists of one component
( Too) which is uniform across the shell thickness.

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 current to
produeu a un Ii'Lttn Lrmf ld,11geic IItULU Il UIn the lilg, Ilt ±cUues fl UL IIlCU1t:eeItCiUL UtLLUIttU ilit
duce magnetic fluxes oppositely directed across the thickness and nonuniformily distrib-
uted along the length. The ratio of stress to flux density is thus no longer hM, as mea-
sured in air, but 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 h00 (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 terminals (including flexure), rather than two (longitudinal and radial} as in
Mr. IThe eqtvuiVdeLti eCiUtL tVI Ule Utig mJaUy UU geni ltflIYU 6U ShUW tIS krt. OUJ111 UIX 

the piezoconstant h00 directs the flow of energy through the path 0p12 >+ 3 - radial, In
water a smaller piezoconstant h directs the flow of energy through the path 012 - 6 06

-64 "radial.`

The experimental results in water substantiate this reduction of h80 under loaded con-
ditions. We first choose ring C and examine Figs. 7a, 7h, and 35. At 9.3 kHz (Figs. 7b
and 35c) the prediction of EIGSHIP shows a barrel mode. This is based on the value of
h00 measured in air. In actual experiment (Fig. 7a) no motional effect appears; that is,
Ule now of energy through the flexure termin als is too small to be measuredo Agipwn, tle
reactive motional impedance of the "first radial mode" at & kHz predicted by EIGSHIP
(Figs. 7b and Fig. 35b) is larger than that actually measured (Fig. 7a4. Here again the
value of m2h 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 predicted and is measured (Figs. 6 and 21).

6.6.3 Effect of Cauity-Mode Radiation

Although ring flexure accounts in the main for the differences between measured
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 gradient 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 magnitude of differences between plus and minus surface veloc-
ities as estimnated over sh ort distances. The estimation of theuse small differences he tmnon
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( [1, Eq. 3.14]. It has been found for example, that
increasing the real part of q 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.
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6.7 Axial Constant-Current Transmitting-
Response Curves

6.7.1 Comparison of Theoretical and
Measu red Responses

*,iru ires 2 i, 2t5 a hnd 2 ilt sh wYY co.wti'sonIos of tL.eoreCLl and mnasureu Uttrklkt
current responses of rings A, B, and C respectively (Table 1). We will discuss here the
axial response curves. Convenient bases for comparison of two curves of theoretical and
experimental response are general trends, 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 unison. The theoretical curves of rings A and C
show more local maxima and minima than experiment, but they tend to seek the trends
nf fhP cvn-nrirmatPnfl prannnca iinn rPronvarv

In ring A (Fig, 20) the maxima of the two curves occur near to each other in fre-
quency (approximately 7.6 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 occurs at
about the same frequency (5.8 kHz), at which the 3-JR 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 klz}, but
tohe q-AR hnnrlwidth nrf1 thp evnerimentnl sru.P iS flR ckz7 in nontrnds tn the thnr-tcsvivl_
curve bandwidth of 0.6 kHz. A second maximum-minimum is the'retically predicted
over a narrow frequency range of about 100 Hz centered at 7.8 Hz, The experimental
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 display-
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-
s1Irnr naew t+ha naskirna frorantenvy nf 'n7 k V9 In rfn u fl+a hnrn t tr Ict atI. K fR

kHz is approximately 9 dB higher than that actually measured. In ring C the theoretical
value 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

Thic sharp dicorepancxr heterpn exnprimental andl rparlincted levels at t+ha firscavityf
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 fluld. Since the third cause could be mathematically 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
tria! -I T- gB-erpacdaeitr support structure Uy .setro e pssptrial IIIring nD we repiaueu1 h intomernt LjJU I )bLuu~ 533 W CuLCIUIC1Up1UMLW SL43-

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-turn 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
,rmprovem.lent over the old ring B (Fig. 29 1 in tha frrav-nannn roncr lbeO+ixTCOr A 1rT47 one 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
t+inrs nf riw'e airrmngAed nrhitrnrilv arniinrl Mq rina B rcestilfncl in fht liminntinn of the mill
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.

60F-
so

40
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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 transmitting response of NS ring B tends to bear out the main conclusion
of Appendix F, which is that axial response is mainly affected by the shell annulus sutr-
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, etc., as is demonstrated by the preceding experiment. Cancellation of the ra-
ation from the annulus, hence the appearance of an axial transmitting null, will Conse-
quertly be highly sensitive to the presence of neighboring obstacles, transducers, etc. Cancel-
lation will also depend strongly on the precise distribution of radial shell velocity 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
comparison with the radial response of ring B (Fig. 21) it is seen that the alteration of
support structure and coil winding arrangement has had litlde effect on the radial response
in the frpnipnru rnnanp frnrn A 0h4 toI 9n1 -I.-Frt. The only noticeahlae rhneocn nriw in th
depth of the experimental null which occurs 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 unimportant. 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
VSI'tL are tL n goo L arLCeUen+ Yver ml&OSt I-1te 'LqMuen1y tange WI tA --~tU any -tVe
ments are of minor importance and are traceable to unmodelable elements in the ring
structure such as ring supports and coil windings.

7. THE COMPUTER PROGRAM £1G-HIP

The computer program EIGSHIP (listed in Appendix A) numerically calculates the
acoustic performance characteristics of a free-flooded magnetostrictive ring shell whose
mathematical modeling is described in Part 1 [11. Tt is written in (DUiM JtUU Fortran for
the CDC 3800 computer at the Naval Research Laboratory. Data input to program
LIOSHIP (in the form of punched input cards) includes ring shell dimensions and magnet-
ostrictive properties, electric-coil-winding dimensions, and external fluid medium properties.
The outnpnut of TISGHTP for each frequency input consvst n of Ana shell n ca qurfnca
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
numerical output data for air and underwater acoustic performance can be obtained in
less than 15 seconds for one frequency.

The computer program EIGSHIP consists of a main program (called EIGSHIP) and
several subroutines. The program consists of two distinct sections: input and introductory
C aIt '1ta-1 isF O qd1qA tl t T C a-'sti . 1134- r-JL17 T Au 1 JQ; . . A .. S u3 ' 1.v ~ ~ ~ ~ ~ ~ ~ CL~ S~bZ A Ld_1 ll'LU llklAF b6{tsu ti i U W Vyub
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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 Fg. 38. A de-
tailed description of each data card follows.

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

Column Description

0 if constant-voltage drive;
I if constant-current drive.

C(E9.5,E1O.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

Format

I5

I5

Column

1-5

6-10

Description

One-half the number of sidebands
into which the shell is divided. The
maximum value allowed is 10.

Number of endbands describing top
(and bottom) of the shell. The
maximum value allowed is 10.

Comments: The shell is divided into 2 X 3MAXH bands of equal area on the inside suir-
face, 2 X JMAXH bands of equal area on the outside surface, and IMAX bands of equal
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 shel need be
modeled due to geometrical and input electrical drive symmetry. The labeling in Fig. 39
follows that of the computer program SHIP [91, which is the main subroutine in the sec-
ond of the two sections of the program EIGSHIP.

1 ~~~~4 

1 3 ~

I I

1 22

1 ~~~~~21
1 ~~~~20

____ ___ ___ ___ __ I I

oxis of shell

laII?r16

a
9
10

It

12
13

14

15

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

Variables Format Column Description

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

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

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

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

NU El0.5 41-50 Poisson's ratio of material, v.

Y EiO.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, Pe'

URS E10.5 21-30 Relative magnetic permeability at
constant strain, pRS -= s/po.

HTT E10.5 31-40 Piezomagnetic stress constant,
hgo = h22.

DIP E10.5 41-50 Either -2 if IHYs= 0
or -7 if IHYS = 1.

IHYS II 51 0 or 1.

Comments: Two methods of describing hysteresis losses are available, corresponding to
IHYS = 0 and 1. If IHYS = 0, then DIP is interpreted as -2j3, 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 intnrpreted as nr, the negative ang.lne which describe thie lag be-
tween magnetic flux and magnetic intensity [1, Section 7].
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R Iohms}

\ CENhT

\ CitR CEE f CONSTANT- CURRENT
RESONANCE
FREQUENCY

Fig. 40 - Motional impedance circle

Coil Winding Dimensions Card

Format Column

110 1-10

E10,s

E10 .5

E10.5

11-20

21-30

31-40

Description

Number of turns of wire wound to-
roidally around the ring.

Radial dimension of the coil (Fig. 41>.

Axial dimension of the coil (Fig. 41).

Copper loss in the coil, R2.

-I TH£. -

I A ! -
1 I I IP

QI I L

R% I R

E I E-

___ - II

AXIS OFSKELL -GORE SURROUNDING
AXig 4i-SHELnLon aRING SHELL

Fig. 41 - Definition of THU andl £0L
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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

Quality Factor Card

Variables Format Column Description

Q £10.5 1-10 Quality factor for the lowest mode,
either for constant current if ICRT

or1 tor. cons-+nt vola+gce if TCDRT

= 0.

Frequency Interval Card for THFREQ

Variables Format Column Description

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

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 ETCTFNS

Variables Format Column Description

NBRFNS 11 1 Number of modes to be used in the
modal expansion of g9i. 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.

1MG 11 25 1 if the imaginary part of the de-
terminant (discussed in Section
7.1.2) is 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 1-10 Frequency for which performance
characteristics are desired.

LAIR 15 11-15 0 if air and water calculations are
desired or 1 if only air calculations
are desired.

IFD 15 16-20 Integer number indicating the num-
ber of equally spaced points along a
90° arc from 0G (in the radial direc-
tion) to 90Q (on axis) at which nor-
malized far-field pressures in decibels
are calculated (Fig. 42). If IF!) 0,-
no far-field points axe calculated.

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" ('a1 ) in this progam is calculated according to Eqs. 6.21 or 6.22 of Part I
[1] with $ -QJ or QEn Q, 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 fi can be obtained by using the equation

4 = )(-k2 ) F1 (7.1)

where k is the low-frequency material coupling coefficient and F1 is the 4frequency" cor-
responding to the lowest radial mode of free (elastic) vibration. F1 appears as an output
of subroutine EIGFNS. Subsequent construction of a motional impedance cirele in air en-
ables fi to be obtained more accurately. Another reason for choosing the first driving
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yjy 9Q0

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

frequency to be f4 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 31. 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, Eqs. 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 boundary-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 91 K3

9 FORMAT (315).

Ihie Forti' rl sut eMents

DO 666 IFR = Ki, 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 numbers allowed in DO statements.) From the resultant printout one
can determine potentially valid intervals by examining sign changes in the real or imagin-
ary part of the determinant as 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-
ternally to pTrogram EIGSHIP. Appendix C describes the method of conversion. The new
deck may now be called program EIGFNS and is run with its one required subroutine
CUBIC as a complete program. The input to the program consists 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 interval 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 output of EIGFNS is used to detene vaid intervals and identi-r the mode
shapes. If the sign change of the boundary-condition 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 output variables RTI 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 less than the larger
of the determinants evaluated at the interval frequencies (Appendix C). However, if the
determinant passes through infinity when changing sign, then RTI will not equal RT2 and
the determinant at the "supposed" resonant frequency will not be smaller than the deter-
ILItlUIna eviuuuc atlL uit: LLe elvW ue4ueiCetz5. InLiy iiwev Lnivni iuvgse S us mu WMa, WIIcL iv-

vides sufficient convergence for valid intervals.

The relative magnitudes of axial displacement 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), etc.
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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 I I I XIAL

AMP LITUDE
OF MOTION
IN RASIAL
DIRECTION

___ ___1 /_ /11A

OF MOTION IN RADIAL
21' RADIAL DIRECTION 2 S n"AXIAL

DIRECTION ALONG AXIS j,
3 RADIAL -,

41 RADI AL

DIRECT ON 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, ft, f2, f3, and f4 where
f < f2 K fg C f4, 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 f4
and [3 with DTRMNT and EIGFNS is required.

57

�1



HANISH, KING, BALER, AND ROGERS

t I I
If I
1 1 I

I I I

K_ h- AXIS OF ShFLL

Fig. 44 - Labeling of reference surface bands

Table 3 - Frequencies of Mode Shapes as a Function of Length and Thickness (for fixed
material parameters p - 8400 kg/in, Y = 2.02 X 1011 NMn2 , P = 0.3, and a = 6.5725 cm)

Thick- _ Frequencies of Resonant Modes (Hz)
ness Length 1st Radial 2nd Radia 3rd Radial J 4th Radial st Axial 2nd Aial
(mm) (mm) J_ I _. _--- _-_| __ _ .1 1 _____ _,
6.A 19A4 11876 90679 - - - -

38.8 11863 25381 - - 66308 -

77.8 11807 13096 32534 75889 33349 99370

12.8 19.4 11890 - .- - -
38.8 11878 46284 - 66499 -

77.6 11821 16245 61650 33379 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 [(A) and f(B) [1, Eqs. 92ffl 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 inner 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 frequency interval used in
£IGFNS 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 rdotfrninant [1 ,Eq.n 92ffl Thn minfhnd of interunl hnluina i. nanin itPtd 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 RI and R2 (de-
fined in Appendix D) will agree to several digits.

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

7.2 Basic Performance Characteristics Calculation and Output

The second of the two distinct 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 Output 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 llutterworth and Smith analysis is pre-
sented first in the output. For constant-current drive

A-L ~-Rm" Yb 2q+k 
VELBS = i+wp+ 2 aQ +-2 [k2X + j(k2xR -1)] + , (7.2)

where T = 0 in air and

J J

T= t2AA .j w (m,n) in water, (7.3)

m n

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

h 2 2 AsbNX

2ir a2
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as given hV Fri P; of Part 1, The rndinl rnlnt-fr Xr-PT flQ i S on4 t -he { e
the output by NRL KIOSHIP velocities (VEL(k)). For constant-current drive

J JA- J

VELek) +3 wgmi3o(k.V) (Qr)VEL(r) = Of 3 gm3[k,2j, (7.4)

9 r 9

WILA -=in ali i-L, LEtjx=.m. Hrl e I lk ILI LJLj. 11.4i1 Fi I = Y1CLwh en. telerS, tU anl er;UEORUL
and m = 3 when k refers to a sideband. In these equations J is the number of sidebands
on half the ring shell. J corresponds to the input quantity JMAXH. The labeling of
bands is depicted in Fig. 44.

For constant-voltage drive

VELBS = ± /ijwpb + R + Ž-R + Yb [ k sk R

+ 2 2vra9 2
+ 22 + T (7.5)

Zb

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

J J+1

VEL(4 +3 > Jwgms(kt) g (2,r)VEL(r)

J+1

+ iL3m3 [k 1 ArVEL(r) = 2E jwgma1k Q), (7m6)

9 r

where af is the area of the jth band. The velocities VEL(k) refer to bands on the reference
surface of the shell.

Output of Butterworth and Smith Model

Various characteristics as calculated using a Butterworth and Smith analysis are now
obtained. For constant-current drive
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electrical power - PIN = [I T2 ZEE, (7.7)

j J
radiation impedance ZRAD = 3 3 (i,Q), (7.8)

i- Q

power conversion efficiency E ETA = Re (ZRAD) IZEMI2/ )Re (ZEL+ZC)
IZM+ZL 2

+ [Re2 (ZEM) - 1m2 (ZEM)j Re(ZM+ZL) + 2Re(ZEM) Im(ZEM) . (7.9)

motional impedance in air ZMOTA = (ZEM) 21ZM (7.10)

(given in Part 1 as Eq. 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 = IE12 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 + ZEMI YB), (7.15)

electrical admittance in air YEA = YB + YMOTA, (7.16)

motional admittance in water YMOTW = -(YB + ZEM) 2/ (ZM + ZEMa
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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core impedance - ZC = JwNPMXb (719)
2sra

(given in Pnrt 1 as Eq. 7 9

copper loss leakage impedance - ZEL = REL + (ACOB - A,,) (7M)

(given in Part 1 as Eq. 8.5),

transduction coefficient ZEM = 2na2 - (7.21)
a

(given in Part 1 as Eq. 7.11),

electrochemical coupling coefficient K = o , (7.221y

-21 Ifl = ~ 27rb9K2yX 0 9SW~tdUIcLKIJSltLLULLLLL uiijieutuiue- = tifltl - 1 t I.o
aw

and

mechanical impedance - ZMPP - RMPP + (2 Prapbw 2rbY) . (7,24)

For constant-current drive 11. Ra- 6.211

2 Ms
RMPP= -Re tZMP(w (7.25)

and for constant-voltage drive 1, Eq. 6.221

___ I M (ZEL) Z~) ifr _

RMPP = + Re (ZC)(Zb) j

The factor CHI (X) is defined as follows [1, equation following 7.81,
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eddy-current factor = CHI = X = (V 2p )1 (727)I. .0 \1 1 /2 .7

in which dh 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 2f the factor repre-
senting both hysteresis and eddy-current losses, 7T, is defined as

=_ piI e-J 2P = pSeiJflx = ph x . (7.28)

ThWe UslIlteresis ItorL Ph lb tzbbliiLu Lu tlo(1X AIIUVVIA 11nown lltiEudL [ VUtl LUiftlUWll 01151C I. AcLi

angle rj is obtained by solving

Ph - (7.29)
Aktflh

[1, Eqs. 7.6 and 7.71 for the complex number Mh. Finally X is redefined so that it contains
all angle information:

x = xe'7 = Re(x) - jIm(x). (7.30)

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

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

;splayed on the second page of tIhe oULpUL.

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 P FIN = il 12 ZEE (constant current)

= IEl2 YEE (constant voltage)

and

acoustic power PA =

all
bands

Z 1 j' A7

where the asterisk means complex conjugate, p and v are the shell surface (not reference
surface) pressure and surface velocity on the jth band, and A1 is the area of the jth band.
This equation differs from Eq. 5.27 of Part 1 in that rms values are assumed in EIGSHIP.
Also presented in the output is

power conversion efficiency E FFF = Re(PA)/Re(PIN). (7.36)

For ionsant-cu-urrent drive the electrical notional impedance in air is, in accordance
-with Part 1 (Eqs. 5.24, 6.25, 6.32, and 6.64),

ZyoTA = iCW 27raQ Q 2
ZMOTA = jw 4pb

NBRFNS

n
12

fn

N,[W12
(7.37)

where BNRRFNA jS tthe numher of mode shanpe used in thie ra1rnlahann The fntftl dpetvfrir%
impedance is

ZEA = ZR + ZMOTA (7.38)

In water these quantities become

J
ZMOTW = 2ira 42btVEL(T 1) +41 VE L}

. A--~~' d 2
(7.391

[1, Eqs. 5.24 and 6.421 and

ZEE = ZR + ZMOTW (7.40)

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

blohked elertrical imnPedance -- 7R = 7FF. + ZC ref jg 491_______- - - - - - - I s _ N- -..- t (7 41 X
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For constant-voltage drive the electrical motional admittance in air is [1, Eqs. 5.26
and 6.231

NBRFNS

YMOTA = jwZfaqE 2 In (7.42)
(ZB )2pb ZYs NJ[S2J1, 7

n

The total electrical admittance is

YEA = YB + YMOTA. (7.43)

In water, these quantities become

YMOTW= ' 2trra (2b*VEL(J+1\+ N VEL(i)' (7.44)
ZB*EZ..I

[1, Eq. 5.26],

YEE = YB + YMOTW, (7.45)

and

YB = 1/ZB. (7.46)

The two variables lI, 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]

transduction coefficient E HL = 4'= -h 0bNpx (7.48)
2nTa2

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

magnetic field in coil - HR = NI/27ra, (7.49)

transmitting response in plane TRP = 20 log (FFO/III), (7.50)

and

transmitting response on axis TRA = 20 log (FF90/1Il), (7.51)
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where FFO and FF90 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/r 2 at 1 meter per ampere.

For constant-voltage drive

HR = E(YEE)N1/2ia, (7.52)

TRP = 20 log (FFO/tE I), (7.53>

and

TRA = 20 log (FF90/IE3). (7,54)

The quantities FFO and FF90 are obtained from subroutine FARFLD, which calcu-
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 pressure 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 = 1 (7.55)

(Eqs. 7.28ff) and

total permeability= UHE = ,'x= 12) (7.56)

[1, Eqs& 7.1ff.

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

If far-field beam patterns are required, an additional call to FARFLD

CALL FARELD (IFD), lFD > 1

calculates and prints the far-field beam pattern at ID + 1 points equally spaced between
0° and 900. The results are given in dB referred to the value at O0.

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 rings were constructed
and were subjected to both in-air and in-water tests at NRL test facilities. Test 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

PROGRAM EIGSHIP
TYPE COMPLEX CFMCMI ,CNIECURCFRLF)NMDRIVEE ,G;SeNLHFkKSCFMULF

I C4A,OMbKT,P A, PI6,P I FVLMLF,5$,PSTRt0thttLutHEF , VA,Vt$, v&SAit F
2VELSVGVHVMI , VJ, VK, VLrYbYEA, YEAFrYLEEYE FFYMtTAYmrTAFA
SYMO0TwYMqOT4F. Z.7 8.Zr. 2 a.7EAF.7F4 .Zf-F. 7FZ /FM.Z7,0Ž. 7Krc?t M. 7MlA&
4iZMOCt ZMtOT , F TA, ZMDUTAF rMOfTi, ZMOTWM , ZMP, ZPF, Z4SC , ZMvHAD, ISZt,
SZSTZSTAFZTRm#ZZ

TYPE AEAL LcLTr,MSTATNA-,RfsJU
DINEN51ON. AXEF'DE (9),CFM( ii),DNt(1t9) ,EDM~GA(RJ,FR(2)FFR'I~i91F

2SPCDt 3hSTR(~t t 12),1 f 1eD 11UL£M 1 .5RTfY}tO\ELS1 b} i)1,4G\fl3]},vF.ItWo 
S9J (1 w1 11)$ VK (li , it) r VL (i Ii), }} iRA £.9), Z MA £9)
DIMENSION DI-Y£42QQ),QJ!Y4(36O),kLiSt (¶l~cs

C MON:;J/S/J, VA,GSSTR, VAF VGF HIS 
CO MM0N/b / /DUM, , DRmY

COM~UONf.'VELT3/VELS/FF/1CORRP'TS /LC/LCM4XLCMAXM /FUD/FIFi'
CCMMCN/RAD/JRINPODT/BLA I/H1 PEAN, M,PIizi T/JMAX tJM'AXM, TAX
CO940.KN /YPD/YNU,Rfr NHtN)SS/PA/PARM)CA/LIXST/DIST 
COMi4tV ,RRLC/RRCC/FFP/RFFO,FF9tIVAN5/SP/FRKA/IR
CCM36ON9/MJfDESFRDRuHDIRMMRFNST t~b .PE,AXt~cE,RINT
FI 3.141592o54
llt = P1*4.E-7

C READ IN PAPRA4IFTLRS.
c

REA o l,ICPTF D5RVE
hl FOfRMAT CIIC(E9,5 1 E1.5))

NEAL b2,JMAXHMVAX
62 FORMAT (2151

REA) 63,RRMIAtsHLTKRND, JY
63 FCRHAT (6110.5)

READ 4,THST,RE5S,URS,HTT,ClP,lHrYS
ob FURMAT (SF1D.Sj1)

READ 65,NTRF THCFLCREL
65 FORMAAT (II0,3EI0.5)

RE AD b6, R-,Fk', CF
Mt EVNNMAT £2110.5)

READ t-1L,
67 FtHMAT (10.5)

c
C CALCULAIE AUXILIAK-Y PAPAMETEkS.

ARIA - E.*R BA 'AL tti

t)F AM - H

RRCC = 0F1*cFw

L~iPR =ULIP*P I/3t7.
IF (IKYSAQ.I) 't1Th 1 =IP
AM = THK*LTH
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ACOlL _ THC*LC
NSO = NTRN*NTRN
US = URS*UO
UHE = US*CMPLX(COSF(DIPR),SINF(DIPRI)
H _ LTH/2.
ROUT = RMEANtTHK/2.
RIN = HMEAN-THK/2.
MSTAT = 2.*PI*RMEAN*THK*LTH*RHO
ROM = RMUT/RMEAN

RIM - RIN/RMEAN
LCMAXH = iMAXH+JMAXH+IMAX
LCM1 = LCMAXH + 1
MXSIZE = JMAXH
MX1 = MXSIZE + 1
MXE = JMAXh * IMAX
MX2 = MX1 t I
FC = r*RLS/(PIATHST*TH5T)

c
C READ IN FREQUENCY INTERVAL FOR SUBROUTINE THFREQ.
c

READ 45,FR(fl)FR(e)
'45 FORMAT (21n0.5)

T -1 TYIMEL EFTrIY
C
C ORTAIN THICKNESS CORRECTION FACTORS FL AND 'I FROM SUdROUT)INE THFRNE.
C

CALL THFRrU
T2 = TIHELEFr(K)
TM = T1 - T2
PRINT 50ouTm

50ot FORMAT (/lX*TIME FOR THFREQ IS* F1O.3/)
Ti - TIMELEFT(K3
Fl = FO =.

C
C UBTAIN ELASTIC RESONAP4CE FREQUENCIES FRG(), MOOE SHAPES Hi)() AND
C AXIDGEC), AND IrNTEGRALS OF MODE SHAPES RDIN;,) AND RIrT(,) FPflrI
C SitBROUTINE EIGFNS.
c

CALL EIGFNS
T2 = TIMELEFT(K)
TM a Tt - T2
PkiINT bOJ01,T'

5001 FORMAT C/1X*TIME FOR E1GFNS IS* F10.3/J
DC 22 I = IhNBPFNS

22 EOMEGA(IJ = 2.*PI*FtQ(I)
C
C PRINT INPtjT PARANETER5.
C

PRINT 1000
1000 FORMAT (lH158X *INPUT PARAMETERS*//35X *TrIIN AALLEO ELASTIC CfLI

$SNRICAL TUBE NAGNETOSTRICTIVE MATERIAL*/52X
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$ *ALL UNITS ARE IN MKS SYSTEM*)
IF (ICRT.EQ.G) GU TO 1014
CUR = DRIYE
PRINT I004,fCUR

1004 FORMAT (/4IXI9HCURRENT rRIUE CUR : C(t14.iE14.b))
GO TO 1013

1014 E a DRIVE
PRINT I0D5,E

1fA nn (iFr-ilsT { /Lt' 17H-ftr1 rArF n54tJF F -fCF~ fFta^Fft a i II

1013 PRI;iT 100bJMAXH,It4AX
IOt FORMAT (//51X26hNUt'tEt I OF SItE HANDS JULAXHt l55I

S28HNUMBER OF kt4 bAANDS IMAX =13)
PRINT IDOl ,RMEANTHKtLTH,R'HO,NU,Y

10v FORMAT (//50X *CYLINDER CINENSIONS AND PROPERTLSF*//3eXLIHMEAN RA
SDTUS38X7HR4EAN =E I 4.Lb/
I32X16IRADIAL THICKNES835X5HTHK =E1t.6/
SS2XI2RAXIAL LENGTHSQX5hLTH = 514.6/
y53?X7H0EtSITY44XSHRNO =E .Tb/
532K 14HPOISSOMS RLTIOS6X4HNU rE I.t
132X45HYOUNGS MODULUS AT CONSTANT MAGNETIC INDUCTION 5XSHY E1±.f-)
PRINT 1002,THST,RES,URS,UO,UShTT

1002 FbRMAT c//4#dX *SCROLL TAPE DIMENSTONS AND fPROPERTIES*//32X
i9HTHICKNESSUIX6HTHST :Elta4/3dX1ItHSLSTIVI TYUDX5tES :E14.b/

$3dXQ9J9RELATIVE MAGNETIC PERMEAbILITY AT CONSTANT STRAINX5VttkS =
SEI4.b/A2X2bhPEPMEAbILITY OF FREE SPACE 2EX4N09 EI4.o/
532X40IMAGNET1C PERMEAI3ILITY AT CONSTANT STRAIN ŽtfXlUS =EI4.6/
$3ŽX2QdPIEZOMAGNETlC STRESS CCtiSTA`T 12X5sriTT -EI4.6

IF CGOYS.ED.I) SO Tt 5c
PRINT 57,DIF

57 FORMAT (e8X!5HTOTAL DIP ANGLE 3bXHFIfPl =E14ub.
GO TO 58

56 PkiNT 59,ST7AN$
59 FORMAT (S2XIBHYSTERESlS ANGLE 53X7HHSTAN =tI4.oI
5B PoltiT 10UW,tT5rit,MTCLCrEL

1003 FORMAT (/b54X *COtIL ;INDIDi DitEN5jIONS*//3,Xj5HNUMfbR tF TOURiSSSX
B6HNTRN =I114/3X1btNRADIAL THLCKNESS35XYtiTNC =114.t/
5i2XK (2AXIAL LEfNU-t4UX4HLC =Ei4.b/
S32X19COPYER LVSS IN CUIL 12x5HREL =EIg.ol
PRINT 1007,RHOF,CF

1001 FORMAT (//50X *EXTELNAL FLUIO MEDIUM PROPkTLS*//h0EiSLY-LX
SbHd9hOF =EI'4.r32Xl4M5PEED eF SOUND38X4t<CF :14.6)

C DEFINE MODAL MASSES MOULT.
C

DO iIi I =iNBRFNS
1110 ML(tI) MSTAT

49 NtX = NDX + I

C
C READ IN DRIvIIG FREDUENCY, AIR/..ATER FLAG, AN4U FAR FIELD) RE4UFSt.
C NITE THAT FIRS7 FROQJENCY READ IN MUST RE CON4STANT CLPRLET kEStI0AICE
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C FRELUENCY FOR FIRST RADIAL MODE.
C

READ 50,FRE0ORlAIRIFD
50 FORMAT (F10.52I5)

IF lEOF,bJ) 51,F52
52 OMEGA = 2.*PI*FREQDR

FK a OMEGA/CF
OfA= CMPLX(o.,ftMEGA)
IF (NDX.GT.1) GO TO 43

C OBTAIN RMPP ANCD E OR GI FOR USE AT ALL DRIVING FREQUENCIES. THIS

C CALCULATIOfN IS PERFORMED ONLY ONCE.

UH = us
IF (IHYS.EQ.1) GO TO 53
Do 14' 1 = 1,lb
Z = CSQRT(FREQDR*tjH/FI*t(U.Fi.)
Z= CEXP(2.*Z)
CHI - (ZZ-1.)/((ZZ+l.)*Z)
CHA a CANG(CHI)
HtRA a DIPR - CHA

41 Ur = US*CMPLX(CO5SFCH[RA)pSINF(HTNA))
GO TO 5S

53 HTRA = HSTAN*PI/IbU.
Uh = US*CMPLX(COSF(HTRA),SINF(HTRA))

az CS0RT(FRECJDR*UH/FC*(.,.I.))
ZZ = CExP(2.*Z)
CHI = (ZZ1.)/UZZ+ 1.J*Z)

bi LHIL a- CHI
UHE = ChI*UH
UG - CAtJG(UH)
CHI = CHI*CMPLX(CUSF(UG),SINF,(UG))
C#I4? = REAL (CHI)
C#II = .AIMAGECHI)
f3KSO = HTT*HTT*CAMS(UH)/Y
SRTH = SURTF(SKSQ)

a CS= RT(FRQ(1J*Uh/FC*(0.,1.)J
ZZ = CEXP(2.*Z)
UHEE a (ZZ-.)(/ZZ+1.)*Z)*UH
XEL = ELOMGA(IJ*NSJ*Ut)/(2.*PI*RMEAN)*(ACOTL-AM)
2'L = C YPL X ( E L fXEL
ZC = LOM&EA(I)*NSU*UHEE*AM/(2.*PI*RMFAN)*(U.F I)

Zb =EL + ZC
ZEM a HTT*Am*MTRN/RMEAN*UHEE
ZYRt a ZEL*ZEM**2/(ZC*Z6)
IF (ICRT.EQ.u) GO Tn 31
GI = a
RMPP = MMEGA*MSTAT/CI - EOMEGAtll**2*MSTAT*R14S(,*Cr1II/O'EUA
Q(- = E -biEGA(1)*,4STAT/(kMPPF - kEAL(ZTRM))
GO TO 32

31 QE = °
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RMPP = EOMEGA(l)*MSTAT/UE * REAL(ZTRM)
01 = MEGA*HSTAT/(RMPP+EFOMtit(*t2**MSTAT*BKSsv.CMII/O.;tcA

c
C PRINT VALUES OF tE AND Ul.
C

32 PRINT I6bOFUEgtl
10bO FORMAT (//bCIX1bHOUALITY FACTORS//32XI6HCINSTANT VOLTAGEIBX-f4lQE -

SE14.6/32X1bHCUNSTANT CURRENI bX4F+QI =Et4.6)
GO Ta 46

c
C OBTAIN VARIVU SeJTTERKORTH AND SNITH (4UANTITIES.
C

43 Z - CSiRT(FREOUR*Uh/FC*(0.,l.f}
22 a CEXP(2.*Zl
CHI a (lZ-1.)/((ZZ+1.)*Z)
CHIE = CHI
UOE = CHIt*UH
UG a CANG(UH)
CHI a CHI*CMFLX(COSF(UG)F51NF(CU))
CHIR = REAL(CHI)
CHIr = -AIMAG(CHI)

46 HL = aTT*ThK*NTRN/(2.*PI*RMEAN**e)*UHF
XEL - OMEGA*NSN*UU (2.,*PI*RMEAN)*(ACOIL-AM)
ZEL = CmPLX(RELXfELJ.
ZC - OMEGA*NSU*UHR*AM/(2.*PI*RMEAN)*(Q. ,1}

ai = ZEL 4 ZC
YB - I ./LB
ZEM = HTT*AM*NTNN/RMEAN*JHE
REM = REALCZLM)
XEM = AjIMAG(ZEM)
iMP -2. *PI*AH*1t1454*Y/CP4EAN*O7MEGAJ *CH1PLX (GuI itCHIM) 
XMPP a 2. *PI'*O?#EGA*RHO*A~tkRMEAN-a.*P E *AM*y/ (R,4EAN*f1IMEG4 y
R MP = REAL(ZNMP)
Z4PP = C¶PLX(MMP P X PP)
PZ1 a R 'PP/(2.API*RME4 NL T )
jM a 2mp + Zmpp
ZMOc a Zm
ZPSC = Zm * ZE"M*ZEM/LM
Zmq T A = ZEL*ZEt/Zm
ZEA a ze * ZMOTA

O'UTA A= -(Yb*ZEK4)**/ (ZW-,+ZtE*ZEM*Yvh
YEA = YB + YitXTA

C OBTAIM INFLUENCE COEFFICINI S V4 (, ) F R CihNST ANT CURREUT CASE.

ZTRM = RMPP -¶L*HL*ZEL*AREA**R/(ZC*ZB)

00 23 I - 1,NtibRFNS
OM6KT(l) a ETTEGACI)**2 - OEGA**Ž + OMA*TNH/UML(Il)

23 55 + 2.*P*RMEAN*RITl)*c2.*RINT(I)*2.*TrK*sXt-GtICLN,'.*
SOMBKT fI;))
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KS5Q = OMA*HL*HL*S/(CHI*ZC*RHO*THK)
DO 24 I = 1,NBRFNS

21 IDNM(I)a - LTH/2. *RHO*THK*C1. -KSQ*CHI*lf/Zc*ftMMKT fr)
Ofl 55 I =
Do 55 J =
VLCIrJ) =
DO 55 K =

55 VL(IFJ) =
OQ 44 J =
VL (,IX ,J)
DO 44 K =

44 VL(MX1,J)

1 ,M X S 1 Z E
I , MX SIZE

1 ,NtRFNS
VL(IJ) + RE( KI )*RDIINJ(K,J)/DNM(K)*OMA
;, MXS I ZE
= 0*.,*)
1, NB9FNS
= VL(MX1,J) + AXEDGE(K)*RDIN(KJ)/DNm(K)*OMA

IF (ICRT.EQ.1) GO TO a00

CALCULATE INFLUt-CE MATRIX NEEDED FOR CONSTAN1 VOLTAGE CASE AND PLACE
IN ARRAY VL(,).

DOu a40 = l,MXl
DO 410a J a 1,MXSIZE

404 VK(I#J) = VL(IJ)
DOJ 403 I = l,MXI
DO 403 J = 1,MXI
VJ(CIJ) a (t,,*.)
DO £03 K = 1,MXSIZE

403 VJ(I,J) a VJ(IJ) + VL(IK)
DO £01I I = ,XKI
DO 4018 J a 1,HXSIZE

4£08 Vi (ij) a hL**2*AREA/JM4XH/Zb*VJtI,j)
DO iQ9 I a I,MxI

109 VJ (I,KXl) - HL**2*4.*HI*RMEAt4*THK/Zb*VJ(I, ,Mxt)
DO 407 I a Pr-LXI

407VJ(II) = VJ(II) + (1.,U.)
CALL CINV(VJMXI,I)

DO 412 J a 1,MXSIZE
VL(IJ) a ((U.JU.)
D t 4 K 2 h I a !X I

£112 VL(lJ) VL.(IJ) + VJ(j,K)*VKCK,J)

(INTAT hNhORMAL IEL OCI 1T S I fl I I 1 NhAT W N r FR. -~rr- S .kF A r- 4A i S

400 DO 4 1 = I,'XI
V1(I) - (I 0 . I0)
DO t1 J = 1,MXSIZE

4 VH(I) VH(I) + VL(I,J)
IF (ICRT.Ed.1) GO Tf it
DO 12 I a liMX1

12 Vr(I) = VHCI)*HL*E/-ZB
GR T[0 13

11 DC 14 1 a 1,MXI
14 VH(I) = VF(I)*CUR*AL
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13 DC 73 I a 1,Mx
73 VEt-(S) VH(I)

tBTAIN COEFPICIENTS OF VELaCITY EXPANSION IN MOUE SHAPES CFM() FRPM
SUBRGOUITNE MUS.

CALL ODS(VA,STRtRDNBRFNS,VELpCFMJ

USE COEFFICIENTS TO OBTAIN MODAL CONTRLHuiTIONS To MOTTO4AL I4PI-DANCF ak
ADMITTANCE 2A5J. SUM CONTRIBUTIONS TO OBTAIN TOTAL MOTIONAL TM-IDA&LL
ZHCTAF OR ADMITTANCE YMOTAF.

DO So I = INbRFNS
ZMACI) a CFI4(I)*4.*PT*RMEAN*(RINT(I)+THK*AXEDGECII)I

3t ZMOT = ZMOT + ZMA(I)
IF (ICRT.EG.1i GO TO 37
YMOTAF = -HL/(ZB*E )*ZMDT
YFAF a YMOTAF + Yb
D0 33 I = 1,NBRFNS

33 ZHA(I) Z_ A(I)*HL/(Z8*E)
GO TOr 3a~

37 ZWrTAF a HL/CUkRZmtT
ZEAt = Z0 + ZMOTAT
00 39 I a i,NtsRFNS

39 ZRA(l a } V - Il*HL/CUR

CALCULATE HUTTERNORTH AND SMITH vELOCITY IN AIR VdSA.

36 Z58 a Y*ttK/C(0LEGA*FMLAIt**2)
ZSBC a ZSB*C9tSU*Ct{Il t (U.,1w)*t(6~SD*CHit'-1}))
VBS a (ICRT*HL*CUR + (1-ICRT)*HL*E/ZEt)/CtME-A*RHfl*THK*

$(u...1) * k2Pl + ZSBC + (I-ICRT)*HL*HL*?,*PI*RMFAN*LTR/7FtI
VON = CAHS(VbSA)
VBA = CA (t;VEJSA)* I ./PI
IF CICtT.EQ.0) GrJ TO 101l

PwINT ALL AIR VELOCLTILS.

PR I NT 10 2 0, CURJFP t-(i R L'P
1020 FORMAT (1H1I 44X itCJRRt-tUP T DRIVE =aC(El4 .6 E IQt .IbXtHFR t -EFCY =

DE 14 .6 )
G 0 T I 1019

1018 PRINT 1021F,FRt-URV
1 021 FOR MAT IfH ILLXI-,HVft T Ar; nk7Vf -C ffViUboE . I ~wtr i FPN1-Jfrs ±

aThI4.0)
1319 PRFIrT 101L0
1010 FORMAT (/blXl11Lh0TPUT DATA)

PRINT I 0 2
1022 FORMAT (//49XS14NEFERENCE SURFACE VELOCITIES IN AIR x 41-urlL

$7X9riI'AGINAP Y7X9H4AGNT TJDE5X14 tHANGLE (EURFES)/)
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PRINT 1023,VBSAFVBHMVBA
1023 FORMAT 1IX21H6UTTERNORTH AND SMI1H11X5iHVELB3X1H=C(E14.bE14.b),

IE15OF7XF9,3/)
I =~ I
VELM(G = CABS(VEL (I))
VELAN a CANG(VFL(I))*18U./PI
PRINT 1011,FVELlI),VELMG,VELAN

1012 FORMAT (iXi IHlRL EIGSHIP2IX4HVEL(I2,3H) =C(t-4.bet-11.6fE I5.b,
$7XF4 3)

DO 87 1 a 2,MXI
VFLMG a CAtiS(vELCI))
VELtAN CANG(VELCI))*lbO./PI

87 PRINT 3i1,T,VtL(I),VELMG,VELAN
3U FORMAT (33XKHVELU(I2,3H) =C(t-l£.b,El4.b),E5.b,7XF9.3)

C
C [bTAIi9 INTEGRALS NECESSARY FOR CALCULATING SHELL STIFFNESS REACTANCE
C AND MEDiUM INERTIAL REACTANCE IN AIR FkOM ENTRY POINT IMPO OF SUBROUTINE
C EIGFNS.
C

DCI 678 I = 1NNfRFNS
87V CFHl (I ) = CFM (1 )./OMA

CALL IMPD
C
C CALCULATE SHELL STIFFNESS REACTANCE ZSTA AND MEDIUM INERTIAL REACTANCE
C ZKNA IN AIR.

VNM = 2.*CAS1(VEL(m1XI)**2*PMEAN*THK
Ot 661 Ia 1,JMAXYr

881 VWJM = TyM t (CoUT*FO + RIN*FI)*CABS(VEL(I))**2*LTH/JMAXti
VNM = VNM/(2.*RNhEAN*(LTH+THK))
_STA a 2.*PI*Y*RQLAN*h~/tI..NL*NtJ)*(UX2It2I+UX.I)

.% P1/n.A*(TrI/It-AN)**Y*RM EAtJAThK/(1*-NLJ*NU)* (v1XX2I.2dI-U lJXX
ZSTA = 2,*ZSTA*OtiA/VNM*(1.-hKSU*CHjR)
ZKNA = (JIEGA**2*MSTAI /LTH*2.*(U2I+M2T*RMEAs*k*2)/VoM*0'mA
TIL r1 A t U Cl rli f9 r.G TO. u 

C
C IF ONLY AIR RESULTS ARE LESIRLD THEN PRINT ALL f0 UTPUT UUANTITIES.
c

PRINT 1025
IF (ICRT.EG.O) GO TO 7b
PRINT 1I 1° Ipzh rTA,ZEA

I101 FIfRMAT(29XEL2HMOTI~1tAL 11PEDANCE 1N AIR I6X7nZmOTA :C(EI£1.6,t-u.o)/
$24X27Ht-LECIRICAL I(PEUAtDCE 1N4 A14 lXbSZEh -CtlEI14.rEI4.o))

GO TO 79
7b PRIrNT 1l12,Yr-OTAYEA

1102 FOIRNAT(29X2tHMOTIONIAL ADMIrTANJCE IN AIR 1?SXPHY1NOETA aCU-Itcli.bJ
$/29qŽ8HELECIRICAL AOMITTANCE It. AIR liX5HYEA -C(t'lJFI£1m))

79 PRINT 1027,ZC,Z LFEm,SRTBZmp,ZZNPP,CHlE
IF (ICRT.Eu.u) G3 TR 82
PRINT 1D3oLMOC
PRINT 1012
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PRINT 1103F ZMOTAF,ZEAF, Z8
1103 FORMAT (29X2SHNtJTIONAL IMPEDANCE IN AIR I8X7HLhMTA a

IC(EliJ. bEI14.&)/
S&4x27HELECTRICAL IMPEDANCE IN AIR 18XKHZEA aCE14.bE14.el/
29KX28HBLOCKED ELECTRICAL IMPEDANCE lSBX4ZB =C£El4.6bElt4.iU
GO TO 86

82 PRINT 10404ZMSC
PRINT 1012
PRINT I 104F YMOTAF, YEAFtY8

1l104 FORMAT (29X2bHt-tMItNAL ADMITTANCE IN AIR l7X7HYH0TA a
$C(E1'4.6rEl£1.b)/
$29X28ftELECTRICAL ADMITTANCE IN AIR 1IX5HYEA =C£E14.b.EtE14.rt
S29X29HBLOCKED ELECTRICAL ADMITTANCE tl.7X4KYB C(E4.b.t1£.b))

86 PRINT I105,HLFUHFJHEjZNAtZSTA
1105 F1RMAT(29X24HTRANSDUCTION COEFFICIENT 22X4HAL =CJHlL4C.tE14.t1f

Sa9X3OHPERMEABILITY DUE TO HVSTERESIS 16X4HUH =C(El4.b,E14.6)/
$29XISHTOTAL PERrEABIL1TY27X5HUHE =C(E14.brEl4.b)/
i29X29HMEDIUM INERTIAL REACTANCE AIR I5XbHZihAaC4$6 t~,4.b)
$2RX29HSHELL STIFFNESS REACTANCE AIR ISX6HZSTA CdE14.6&,E14.b61

Tm= TP'ELEFC(K)
PRINT 98,TM

98 FORMAT (IX4HTIME FB.ZJ

C GO bACK Tt READ ANOTHPE DRIVING FEQUHLENCY.

GfO TO 49
C
C CONTiNUE CALCULATIONS FOR LATER BY OCITLINING fRUE SUtRFACE RAIATIrON
C GREENS f-UNCTLON tC,) FROM SU6DOUTINE 5BSI AND THEN CLLCULATItiW REFERENCE
C 5URFACE GREENS FUNCTION GS(oJ.

a t CALL Sw4rP

D7 71 it - (IJF +( LCL
$-G(IiLCM-J)*MIM)*FCI
DLtr 75 lf"IXStZE
GSCI,'-IXI)_ o.t6
DU 75 J a MI , lM/E

75 GSCI,1'4X) a tS(1,MXI) + G£LCt4I-IJ*ROM - G(IFJJ*MIM
DO 74 I a lMXI
DO 74 J _ |,FXID* 74 1 . - Gd Cit7L

DA z Xt 2 = :, I, A S L 

7e V G IJ2 a VGr(IJ) t Vt£IK)*GS(KFJ)
DO 72 1 - 1,MX$

72V 6t(I, )= VS£II} + (1 ,U*)
DO 19i I - I,mxI
DO 1 98 3 = 1, MX I

8 VA(IJ) a VG(=,J)
DO 199 I = 1,MKi
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199 VA(iMX2) a VH(I)

- S:OLVE SIMULTANEOUS EcUATIONS FUR NOtNMAL VELOCITItS vELtL ii 6ATt-N CI
,, REFEHENCE. SURFACE tANDS.

CALL SIMCX(vA,llSTRMXIVEL)

CALCULATE MODAL COEFFIENTS CFM #, MODAL CONIHRIUTIONS 1 IATER AOTIbNAL
C IMPEDANCE OR ADMITTANCE ZMW, AND TOTAL MOTIDNAL IMPEDANCE ZMOTwF OR
C AUMITTANCE YmOTF. ALSO ObTAIN MAGNETIC FItLD IN COIL HR AND ELECTRICAL
C POAEH PINF.
C

CALL M'OS VA,STRHDF NBRFNSVEL CFM)
ZPOT - (O., o.)

C
PRINT 1-i24

IUt24 FORMAT (/f49X37HREFERENCE SURFACE VELOCITIES IN hATER//148X'4HNEAL
$7X9HIMAGIhARY7X9HMMAGNITUDE5Xl4HANGLE(DEGREE5)/)

PRINT 1023,VbtS ,VBM,VBA
I _ e,
VELMG = CAMS(VEL(1))
VELAN = CANG(VELLI)J*l18t./PI
PRINT 1011FIVFL(C),VELMGVELAN
DO 77 I 2- 4,X1
VE LMG CAFS(VEL(I))
VtLAN a CANG(VEL(Ii)*180./PI

77 PRINT 34£,IViL(I) VELMGVELAN
DO dl I = 1,JMAXH

VELS(I) = -FI*VEL(I)
Bl VELS(LC.I -i) = FU*VE-LLI)

UO i3 I a l XL, : E
63 VELS(I) = VEL i.X1)

c
C flS8TAIN TRUE SUtjRFACE PR ESSUR-S tN tiANtIS SP, ) F R M t-:TR? PIO JT F IEL il OF
C SuBROuTTINE SHIP.
C

CALL FlELD(G)
C
,A r A I I SHEL. C C ur I i T T C C 1 C A Z T A -M iCI 7 A T A iF 1; M 1 r T I. J A I A A r T A :1 lf 7 a w,

C IN NATFR. ALSO CALCULATE RADIAlT N TiMPEt)AlUCE ZL
C

00C 679 I = 1,N6RFNS
679 CFMCI) = CFr(1)/CUA

CALL IMPD
ZL PA/VNM

ZST a 2.*PI*Y*RMEAN*THKf/(I .- tUJ*N)*(UX21 tdI+tUXWI)
$+ PI/b.*(THK/RMEAN)**2*Y*RMEAN*THK/ ( 1.*-NLJ*NU)* (AXX2I1+.e.2I-uXe;XXiJ

ZST 2.*ZST*OMA/VNfr*(l.-BKS(4*CHIR)

U.N a OhFGA**2*HSTAT/LTH*2.* (L2I+u21*R~t- AN**2VVNO*OMA
C

r CLALICr ATE1-l ?JI PtAT ii iT- .Ti AeivD SMITI, WIi ATiiLI'.
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RML : REAL(Zt+Z4AD)
AIML a AIMAG(ZMNZRAD)
ETA = FEAL(ZRADJ*(REM*HEM + XEr4*XEM)/((Rt-L + REALtLC))*U¾4Ls-eiL +
SAIFtL*AIHL) t (Rt-M*Rt- - XEM*XEM)*HML + 21*REM*XE"*AIML)

PRINT 1025
1025 FORMAT (//57X21H6UTTER..RTK ANtD 5SMTH//SSX£1ktEAL ?XPHMAG INMY /)

IF (ICRT.tE.0) GU TO 1116
MOTW = aE9M*LEh/(ZLT+ZRAD)

2EEt- t * ZMOTW
PINS = CASS(CUR)**2*ZEE
RPINT 102t',PINBZRAD,tTAZMOTAZEAFZMTWE ZEE

1026 FMRMAT (IPXISHELECTRLCAL PROutE 2SX5HPIN :C(514^eEL4.&l/
$29XK9HRADIATION IMPEDANCE 25XbHZRA& =t(EI4.t,L14.&)/
$29KX7HPPOrER CONVERSION EFFICIENCY IMX5HETA :t-4.b/
$29X25HMOTIUNAL IMPEDANCE IN AIR IXKHZNOTA 1CdE14.X'FE1.tt3/
Y29x27IELECTRICAL IMPEDANCE IN AIR l8X5HZEA =at£14.b,Et4t,&)/
%2QX27HMnTIONAL !I4PEDAuCEt IN wATER lbx7hlZmtTe :C(EL4.bEI£.o)/
A29XK2HELECTRICAL IHPEQAtqCE IN sqATER lbX5HZEE :C(E14,E1L.hD

GN TO 1017
1 0 16 YMHT*% = -(Y8*ZEt-)**2/(Z¶+Z7EM*LEM*YR+ZRAI)

YEE a Yb + YMNOTN
P186 a CA65 (El-l*rYfE
PRINT OSbPI4tTZRAOETAYFASYEAYMFt-E

l03e FORMAT (aX16HELECTRIGAL POwER 29XSHPIN :Ct-4.,t1.bI/
S29Xl9HRADIATION IMPLEANCE 2SXbHLRAF) =C£El.6,L14.b)/
329X27HPiwE9 {WR if!t-NSIOi> EFFICIENCY 18X5HIETA E14.b/
.bI9XqX2bi~tTIMTRAL ADMiTTANCE IN AIR I7x7HYHOTA .C(Fl4.6Et£.,3/
b29X289-tLECIRICAL ADMITTANCE IN AIR I7XbHiYEA :C(EI4.t,614.6S/
$29XLb8HCTt 'i04AL ADMIATTNCE IN MATER I'_X7HYftT C( =C(E14.6FEl.c)/
s2QXsu0ELECTRICAL ADMITTANICE IN WATER ZSyeHYEE C(EIUnt-14.M)

1017 PRINT 1O2TFZCF /LFZErSRI~sZMPZMPPCHIE
1027 FIMRNAT IRX1LCHUR IMPEDANCE 32X4MZC aC(E£1.bst-I,1.

i29X30F1+00PPE LOSS, LEAKAGE InPtL>NCL 15XbHZEL- =CtLt4,rF '4t,)/
£2'K2£1r¶TRA~iSDUCTIU rCEFFICIENtIl xNHZt-s aCvcl4.bE ItuI/
£29x3b4HLL-CTRO4ECK&:ICAL COUPLTrNlG COEFFICiENT 4KX31K a=.Eib/
329X27litLECTROMECI-tANICAL IMPEI)sCfE RKXSHZPI _C dECtbEI-.}t)
$29X20gNt-ECHANICAL IMPEOANCE 2Ž£XBhLMPP; aC(E1£.s;E14.t)/
SQX14HEDLYDY CJHkENT FACTOR 2SXbhChItE C(EID.oLE4,i6)

SR (CKRT.L'iu) GO TO 1026
PRINT 1i3D,IMOC

10US FORPAT (29X140u4TTAL 'ELEtANICAL INPEA)NCE OIPt>4 ClkCUIT "X

FRVbTt;e 102UCuRtt-'IDR) 

Gt? TO 1039

1 026 PRINT tIL Q 1, zSC
I 04- FORMAT (29QLIIHTPTAL MELCANICAL t4PLL'ANCE Sd101T CIRC1fT SY

6HrZMSC C =C(FI4.bt14.b))
PRil4T IC2I.FFFRELS;D

1039 PRINT jUIo
PRINT IuIl
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1012 FORMAT (/b1XlIHNRL EIGSHIP/)
C
C PRINT TRUE SURFACE PRESSURES AND VELOCITIES ON SUiRFACE $ANQS
c

PRINT 1041
1041 FORMAT (/bXi32HRING SU-FACE//28XI7HSU-HFACE PRESSURES 47X

sIlrISURFACE VELOCITIES /1X4H£BANL9X4HREAL7X9HIM$AGINARY7X
$9HMAGNITUUE3XI4HANGLE(CDEGREES)11X4HHEAL7X9HIMAGINARY7X
$9HMAGNITUDE3X 1HANGLE(UtGREES)/)

Do 78 I = 1,LCMIAXr
SPM = CAB5(SP(I))
SPA = CANG(SP(l))*180./PI
VLM = CABS(VELS(I))
VLA = CANG(VELS(I)l*180./PI

78 PRINT 1042,ISP(I)lSPMSPAVELSClI),VLNVLA
10o2 FORMAT (2XI,£UXC(EI4.b,E14.6)E i5.b.2XF9.3FIOAC(El£41.bE4.b),

$E15,bF2XF9.3)
C
C PRINT NODAL CONTRIBUTIONS TO MNTIONAL I'IPFDANCE (IF ADMITTANCE.
C

IF (ICRT.EQ.I) GI J 0 1053
DO 1032 1 = 1,NBRPFNS

1032 ZMw( IJ = ZHI (11)**HL/CUH
PRINT 1031, (ZA(I3,ZMM(I)FIl=,NBRFKS)

1031 FORMAT (/27X*MODLAL CONTRIbUTIONS TO AIR IMPEDANCE*5x*MODAL CONqTR1B
IUTIONS TO MtATER IMPEDANCE*/(31XC (£14.bEI4.b),1XC( Ell4.bE14.b)))
Gfl Te 1054

1053 DO 1U52 I = IkNFRNS
1052 ZMh(I) = ZhMi.l)*HL/(Zb*F)

PRINT 11151, (ZIACI ] ,ZMW(I),I=al ,NbR&FN1)
1051 FORM*AT (/27X*MODAL, CONTRIbUTIONS TO aIR ADMITlANCE*5X*MOO}AL CONTRI

lUTIONS TO 4ATtER AUPITTA CCE*/(SIJX(El4.bIEI4.b) ,1XC(ElL4.b,EX4.o))

C
C CALCULATE A!4t) PRINT VARIOUjS ElGSHIP OUTPUT QUAt4TITIFS.
C

[054 EFF = REAL(P&)/RE4,L(FPINF)
PRINT 10t34QtPINFPAEFF

1044 FORMAT C//29X1bHELECTRICAL PfthER 29)(bHPIN =C(Etl.b,Et4.b)/
I29Xj4HACt[.lSTIC PrInER 32XK4HPA tC(Ej4.bELt4.UJ/
,fl9027HPOi.E.L rNF'iJLDC5.& ECrTrIENCY I .-X5 r,. = ,u]

CALL FARFLO{I)
IF (ICRT.Ei;'O) GO TO 1048
Pkl8r IU£4,ZmCTAF,ZEAF,ZIMOTWF,ZEEF,ZH

IU45 FORMAT c29X25t'MOTIVNAL IMPEDANCE IN AIR 1RX7HZMOTA a

C(El14.0,E14.6)/
$29x27HELECTRICAL IMPEDANCE IN AIR 18X5NZEA =CEtl4.b,EI4.b]/
S29X27HMOTIONAL liMPEDANCE IN MATER 16X7HZr'TvO. CCt-l4£.bI4£.6b)/
i29x29HELEC TRICAL IMPEDANCE IN NATFR 16KSHZEE =C(E14.bEI1.4.)/
$29X2eboBLOCKED ELECTRICAL IMPEDANCE I18XK4hZt3 =CCEl£1.OE1.bJ

CHA = CABS(CUR)
TRP a 2o.*ALOGCt1FFO/C.HAI

81



HANISH, KING, BALER, AND ROGERS

TRA - 2a.*ALOG1o(FF90/CHfAJ
GO TO 1049

104& PRINT 1055,YMOTAFEAFpYmTMF,YEEFYT
1Q55 FORMAT (29X2bHMOTIONAL ADMITTANCE IN AIR I7X1HYMO1A a

5C(E14 bE14.b61
S29X286HLL£TRICAL ADMITTANCE IN AIR 17XSHYEA CCE14.&,L4.b1/
S29X28NHMfTON AL A>MIITANCE I N WATER 1X7HYMftMT =CCEt4,.,E14.6bt
S29X30HELECTRICAL ADMITTANCE IN RATER 15X5HYEE aC(EI4.tEl4.&1/
S29X294SLaCKED ELECTRICAL ADMITTANCE 17XUHYB ZCCEI4.6,E14.&}}

Vla _ CABStE)
TRP = 20.*ALOGl0(FFU/vTA)
TRA = 20.*ALOG10(FF90/VTA)

1049 PRINT 1047. iL;HL,hR, TRP,TRA,LUH,UNE,ZKNA,ZSTAtKtnZST
3047 FfRMAT (29X19HRAUIATlON IMPEDANCE 27X4NZL =C(El4.bE14.b)/

ia9X2aHTRANSDUCTION CeEFFICIENT 22aX4HNL =C(EltJ.6,E14.b6/
S2QX22HMGNAETIC FIELD IN COIL 24X4H4R =E
iŽ9XS5NTRANStITTING RESPONSE IN PLANE tDbI1QX5HTRP :EI4,(t/
s$9X3ZHTRANSMITTING RESPtNSE AXIAL (DR) 13X5HTRA :E14.6/
S29X3DNPERMEABILITY ~tU TO hYSTERES15 IBX4HLR :C(E1.bE4.b)/
S2PXI.NTOTAL PERMEABILITY27X5NUhE =C(EI4.hfEI.46)/
$29X29HMEDIUM INERTIAL REACTANCE API R5XbHZKNA :C(Elz.&tE14,1/
S2X29MSHELL STIFFNESS REACTANCE AIR ISX6HZSTA -C(E14.bE14.b)
S29X2SHMEDIUM INERTIAL REACTANCE 2OXSHZKN =C(E14.cFl4.6b/
329XŽ5HSHELL STIFFNESS REACTANCE 2OXSNZST =CCEi4.b,E14.o})

C
C CALCuLATE AND PRINT RADIATION DIRECTIVITY PATTERN AT IFOtn E4<ALLY SR4&CtE
C ANGLES FRf¶M SUbkBUT INE F ARFLG.
C

IF (IFD.NE.U) CALL FARFLP(IFUS
TO = TIMELEFT(K)
PRINT 99,1TM

C
C GO BACK TO READ ANOTHER DRIViNG FREIQUEiCY.

GO TO 49
51 STOP
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S1;bNOUTINE BEHSL (x,bJ,BJ1 , YO,Y1 1
1FtX.GT,.3.)GO TO I
xT = (X*XJ/9.
eJO:(I. t XT*(-2.2499997 + XT*k1.2bSb2U0 + XT*( -.Slb3bbb t

I XT*(.0444479 + XT*(- .00394414 + xT*.000210u)I))))
i3JI= X*(.b *XT*(-.5b2'49965 t XT*(.21093573 t XT*(-.0395e28* I

1 XT*(.00443319 + XT*C-.00031761 + XT*.00001109)))))
RETURN

1 XT = 3./X
Fo = 79786U5ob +XT*(-.OUOOOO7/ + XT*(-.J055o7oJo t XT*(-.'J0u095l
1 + XT*C.00137237 + XT*C-.000728U05 XT*.0001447b1))))
F1 = .7978845b +XT*(.0UUO1lSb + xT*C.U1b59bb/ + XT*(.uu1T71US t

I XT*(- .002o')Sll + XT*(.UU113os3 - .000e0053*XT)))))
TO a X-.7653981b + xT*(-.u41166397 + XT*(-.0ou003%4 + XT*(.OU2b25l3

I + XT*(-.U0UU412b + XT*(-.(0U029333 + *00013558*XT)))))
Tic X - 2.35619449 + XTk*.120496l2 + XT*(.uOv5b5O *XT*(-.u0637M79

1 XT*(.OOo74348 + XT*(.00079824 -. OOu2qlbb*XTJ)J))
SX a SORTrX)
SX a 1./SX
BJO a SX*F-*COS(T(I)
bJI = bY*Fl*C1tS(TI)
RETURN
E rj 0

SUBROUTINE bESI(XbJl)
IF(X.GT.3.)GO TO I
XT a (X*X)/9.
BJI= X*(.5 +XT*(-.5b2149985 t XT*(.21093573 t xT* -. 03954489 +

I XT*(.0044331l + XT*(-.00031761 + XT*.00001109)))J))
RE TUJR'j

I XT = 3./X
Fl = .79786456 +XT*n.ODOuOlSb 4 xT*Uob¶590b1 t XT*(.090171t;5 +

I XT*(- .0(249511 + XT*t.OO113653 - .D0az0033*XT))))
Tt: x - 2.35619449 + xT*(.12499t12 + XT*(.000056b5 +XT*(-.Uub37879

I + xT*(.ooo7434a + xT*2.O0079824 -. 00U291bb*XTU)))
Sa = SGRT(X)
SX = I1. /Sx
HJI a SX*F1*CMS(T1)
RETURN
ENTRY BESO
IF(X.GT.3.) Go T3 5
XT = (X*X)/9.
rJIaCl. + XT*L-2.24199997 + xT*t1.2b56206 ± XT*( -. 31636-bb 

I XT*(.0J44L479 I XT*(- .0039444 t XT*.OUD2lOU))))))
RETURN

5 XT a 3./X
Fo = .797T84S6 +XT*(-.00000077 + XT*(-.0.55d7L4u + xT*(-.o0009,12

1 + XT*(.00137237 + XT*(-.UOU7edys 4 xr*.ou00lo476))J))
T v = K-.76539816 t AT*(-.4116 6397 + XT*(-.00003354 + XT*T.u0202573

+ XAt(-.U0U54125 + XT*(-.00029333 + .DUJl I
SX = SURT(X)
Sx = 1 ./SX
bJl - SX*FU*CDS(TU)
RETURN
END
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SUBROUTINE CALBES
DIMENSION PZ(20)IPLZ(2U)hPR(2D),PLRC2taOXI (S),uF (2)
DIMENSION 8IU(,3Ž,2BI l((10 ,32),G10C(10,2)hGI I1(U32J
DIMENSION GSU( 10,321,OS1t(10, 2 BS(t0,s32)dSI (10,323
CCtMON/EL4A/PRPLR,PZPLZ/PIT/JMAxJMAxHIMAX/RCC/JTOP
CO 'MaN/S/ TOD (I rl0p 321 r Tlt(,10,3oI2) I Q, 32, 10) ISIGMA{ 52) RESTC 12t6
COoMO;4/6/GTDCO, ID 32) ,T 1g(11,30 , 3Ž1,RUST 1. (2860
COMMON/TOY/N)ID 1, NQD2,N1 03/bOLD/GSG, G51 /PLK jI/H, A ,F< ,PI /dLK2/XI, ,wF
COMMON/BLK3B/HI U, Ai /EBOLD/GI0 ,GI 1/7 lDVFAST/9L43/RSot>,l
COMMON/RAD/RIN,4OUT /GDOS/G0m5
DIMENSION GGMS(lt32)
NNOL) 1
FKFK a FK*FK UQ001516
FKFAST = 2.*FAST*FK
DO 9 L=lN
SIGMACLI - ((L) + Q.5 * FK
QZ(Lpi a FAST * (XI(L) XT(L) -FKI

a= SIGMA(L) * SIGMAiL)
(; = SRT (FKFK - G0) 00015/00
GGMSI,L) a_

T=rOARUT T TI = D*KIN
CALL BESL(T,345JDOSJI YG,YU) aD0I aQ0
CALL 6E5L(TI ,EIJUHtIJl*YOyU
BItI5,L) - BIJO $ BII(1,(L a HIJI * D
RSS(IL) eiSJO t IQltb40)
bslI(L) B-SsJI * Q
BT1(1,l,L) a iiIJI A I WF (L) / U
BTIMA-X + *t 1.I ) BSJI * RuT 4 WFIL) / U

9 CONT I NUE
0015l ICEZ2,JT~lP
Dfll Ilb IMl, 
QZ 0' , ICE) - Z (tip ICE - 1) + FKFAST
RitO _ (.41(M,.ICFE)

aUR = RHO*PrU U 1 T10zu
GMS - S>IRT(DR 4 -K F FK) 7200
GOMS(ICEM) a 6FS
TM = OMS*ROUT T SM a RHHM*RiOl
TI; = GMS*NI\ * SIN a RHOARIk
CALL H1E7SL(!"5TUGST1IYl2Y) o 0u7/iJ
CALL SESL T(rM,L5TUBSTI, Y2,YdJ (1176W
CALL SESL ISIMrITO,GII, Ity0)
CALL BESL(TIMITURITl ,VYO)
HI{41CE,Mr) a OlTo 5 SII(ICEAJ) = Ill * D5 S G IotIICErM) - DIru
GILLLCL,M) a i0171
bSi(ICE,Pl) a- T 0 0h IIMISII
bSi(ICE,m) a 1S1 * GMqb
GSU{ICEMh) a 5 (1T I00 165 t
GSi(ICE.M) a 05T1 (01) GIb 14n
BTCIICEm) - KIN * BlTl * NF0t) G OMS

bTlIURAX + itICEM) a ROUT * sST1 * nF(i' / G1S
GTtI(tlCE,M) P RIN * GITI * VF(Ml) / RHO
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GTILIMAA + I,ICEM) - HOUT * GSTI * vF(M) / RHO
lb CONTINUE
15 CONTINUE

DDELR a (ROUT - RIN)/1MAX
DELR = .5*DUELH
RL a RIN - DDELR
DO 5 IMP=I,lNAX
RL = RL + DUELR
DO I L=IN

U - GGMS(I,L)
T= I)*PR(IMP)
Tl= D*CPRIIMP) - UELR)
CALL EESOTiT8tI'Pl,L))
IF(IMP.FQ.13 GU TO 1
CALL PESlLTltT1I IMP,lL))
BTICIVPlL) = BTCI"PploL) * RL * wF(L) / u

I CONTINUE
00 b ICEŽ2,JTNP
Dn b Ml,oN
RHO - QZ(,ICE)
GMS a GGMSCICEMJ
SM- U MO(TMP3 Z SM1 - RH-*(PRtCIUP( - DiLR)
TM a &MS*PR(IMP) $ TMl a GMS*(PR(IMPJ - OELN)
CALL SESO(TM,bTO(IMP,ICEM))
CALL BESO(SHGTo(IMP,ICEHJ)
IF(IMP.EQ.l) GO TO 6
CALL SESI (TMlhTl(IMP,ICEM)J
BTl(IMP,ICEM) = BTI(IMP,lCEfm) *
CALL bEStcS(M3,GT1(ImP,ICEM))
GTIMI:3P,ICE,M) = GTI(IMP,ICE,N) *

6 C IN INUE
5 CONTINUE

DO 2o ICE a 1, JIOP
1) 0 22 M = r, l

Do 22 IMP a 1, IMAX
HTI tiIP,ICEM) = OTI (Iu'P+l, ICE ,M)
IF (ICE *EU. 1) CO Tn 22
Gil CIvP,ICE,r2 a GTI(IMP41,ICE,%'

22 CONTINUE
21 C~tTINUE
20 CONTINUE

RETTURN
ENV

RL * WFF(M) / GMS15

RL * i'.F(MJ / RHO

- iT DIC I,16 ILf )
- GT1 I',ICE p
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SUbRfOUTINE CALTRIG
COMMON/MLK2/XInF/BLKI/HNRFKPI/STORSCTB/T1tSINtTCOSTHEXP

nin t r NTuY/TNw4 i,&tSYM iL[R±IDI ir/AS I
DIMENSION T85IN432),TiCfS(32)fTHEXP(32,lO),XIC3?),-IF(32)
EQUIVALENCE CTCS(I)PTUEAXP(1 U
CONO N /F5/FkF KFKFASTTFK
COM10Nf/P IT JlMAX ,JNAXH,IMAX/DEL/DELR,£ELZ
CONMON/STORSCST/STSIN(3j?,2 ), STCOS(32,f21 )
DIMENSION STEmPC32),CTEMP(32).ETEMP(32ItOI
CONMDN/5/LTQ (I,10,I323 ,BTI(IlII,32) Q0Z(3Ž,I0)SI t¶A(i2) ,ESTCIe)
COMr4ON/b/6T0C1, 10b 32) STEA8F'C32, 0. 10
EQUIVALENCE(STSll~l ),T551.'C1 )), (STC05S(i),TSCSCI())
ELPV ALENCE (STEXP(Il)TSEXP (I))
DI MENSION TSSIN(32,21)ITSC OS(32&2I TS FXP (32eu~tII
F FrF F rr F r. - v .5 -F U Fsrnr..J U -v i

T = U0.25 FKFAST
RTPKSJ - 1.0 ,t (TPK * TPh)
N N- D1
A -H + m

0i( .400 C a I, N
B a A * SIGF'A(L)
TSSIN(L) = SIMt() * TFK
THCOStL) a COS(fS) * TFK

3 0 0 CtINTINUE
A = -41,0 * FAST * H
8 a Fi * A
roriLT - EYP(6)
Dn SU3 = 1 , N
H a A * SIGMA(M)
TNExPCM,2) = EXP(8) * TPK
00 30? ICE = 3S jo
THEXPFt9ICEJ = TBEXP(M,ICE-1) * THIFAL

302 CON1 tl'UE
30t C lUTINUE

RE TvR M
ENTRY S1TRIG
HZ - U.5 * C.ELl
D0 350 L a j, N
A = HZ * SIGMA(L)
STSIN(L, I SIW(A)
STC*'S(L,l) a CS (A)
PROD = a TS&LU,1) * STCDS(L,1I
STEMP(L) _ PROD + Prrrfli
PRIOD STCOS(Ll) * STC'5S(Ll)
CTE'4P(L) = Pkt + PROD - 1 0
STSIN(L,I) _ 5TSlN(L, 1) ' TFK
StCISCLti = -STCOS(L,l) * TEK
00 351 JR a ?, TMAX
STSIN(LIR) = STSINVLlR-I) * CTLMPCL) + STLDSl(LC,-1) * STEi.P(LX
STCOSCL,IWI a STCfOSCLIR-l) * CTEmP(L) - 51514L,111-) STEMPG(L

351 CLNT iNUE
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350 CONTINUE
HZ = -HZ
STNMULT = EXPCHZ * FKFAST)
DO 352 M = 1, N
STEXP(M,1,l) = EAP(HZ * QZ(Nl)) * TPK
00 353 ICE = 2, 10
STEXPA(,lICE) = STEXR(MlICE-t) * STMULT
ETEMPCMICE) = STExP(MlICE) * STEXP(MIlCE) * NTPKSU
DO 354 JR = 2, JMAX
STEXP(m,IRILE) = STEXP(HIk-lICE) * FTEHiP(MICE)

354J CONTINUE
353 CONTINUE
352 CONTINUE

RE TURN
ENTRY SSTRIG
00 370 L = 1, N
DO 371 J a 2, JMAX
STSlNtL,J-1) a (STSINCLPJ-1H-STSIN(LJD) * AF(L) / SIGMA(LJ
STCOSCL,J-I) = (STCrS(CJ-l)-STCOSCCJ)) * *iF(LC / SIGMA(LC
DO 372 ICE = 2, l0
STEXP(L.J-l,ICE) = (5TEXP(LJ-lICE)-STEXP(L,JICE)) * AFCL) /

T OZ(L,ICE)
371 CONTINUE
370 CONTINUE
3 7U 0 fNTINUkE

RE TURN
ENTRY TSTRIG
JMAXP = JMAX + 1
DO 1100 L = 1, N

TSSINCL,I) - .a
TSC47S(L,I) a TFK * WFtL) / SIG)AlL)
DO 4UI J = 2, JMAXP
TSSINCL,J) = TS5IN(LJ-1) * CT&MPCt.) + TSCDS(,.,J-1) * STEMP(L)
TSCOS(LtJ) = TSCOSCLJ-l) * CTEMP(L) - TSSIdtLJ-1 * STEIrA(L)
TSSINCLpJ-l ) = TSIi(!.L;J-l - 1SSIN(L:J]
TSCJS(LJ-1) = a5C61(LJ-t) - TSCOS(LJ)

401 tONT lIJUF
40U CONTINUE

DOm 4102 N a 1, fN
DO 1403 ICE = 2, lo
TSELX(M,l,ICEJ = RF(1) * (S1.0 - ETEMP(NLCEJ) * TPK / &/1(¼T1CE)
DO 4011 J = 2, JMAX
TSEXPCM,JICE) = TSEXPCH',J-l,ICE) * ETE.,PCMILE)

£40 4 CfmNTINLUE
403 CONTINUE
402 CONTINUE

RETURN
END
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SUSRBUTINE CFINT(A,6,CXANS)
COMPLEX ARGI, ARG3, Fl, F3
C ON M NICE /ICE, r E XI / tE! JTOP 1/ &v E /ISA V E^ ExjR,EX ri LI
DIMLENSltN AlRG(C2)r A3RG(2)or FFI(2), FF3(2)l SAVER(2)
EDUIVALENCE (ARGIAIRG), CARG3,A3RG), (FI,FF1), (F3,FF3I
OATA (PIl - .159i5494RO91
IFU(CE .LT. JTf5PI) GD TO 40(0
FACT -
IFLAG = (
NFLAG a 0
GO TO I
ENTRY CFONE
IF (ICE .LT. JTrPl) GO T~ 100
FACT = 1. / X
IFLAG = I
NFLAG = D
(20 10 1
ENTRY CFZERO
If (ICE *LT. J4TI1) GC TO 400
FACT I I. / X
IFLhA = I

1 CONTINUE
FM = P1 / SURT(1B * Cl
AIRG(l) = A 4 X
AIRGkCY = - P(4 - C) * x
A 3PGII - AlsGCl)
A3RG(2) = - + C) * X
IFCIFLAG E-. 1) GO TO 2
CALL EXI(ARG1,Fl)
4qSAVE = ISAVE s (2AVERN() a EXMZR $ SAVL9() a EXMZl
rALL EXI (ARb',F 3}
GOt (0 3

2 CALL EXIi(A%.4, F3)
ISAVE = NSAVE t EX-fZR = SAVE(4J) f EXKZI = SAVEI(d)
CALL EXI2AHRGI, Fl)

3 CONTINUEI rr C'i F , A .* *NS -FM- 1F'

I fr4FLAI; *, ) M S = FM * (FF (1) + FF3 5(2
4i(5 = AN S * FACT

I401 4145 = 149(

RE TLR¢1

C THIS SU6RNUT INE PREPARES INPUT TO AND fUTPUT FReV4 SUUEROUlIE OtINC
C iHICrI IN4VFTa MA TIX ( J(8

TYPE CONIPLEX ti0.
DIM"ENSION 5f NU),L (I(212>oDI
4(2 1 J a IN3b
(20 1 I = t ,hS

1 BCI.NS*CJ-I)}} = 3LI4ND*(Jifl 
CALL N'iNC t(, Nb, ND0,uCM)
DO 2 JJ a 1,NS
j NStl-JJ
Dfl Z II - NS
I a 45±1-l

2 B(I4r0*(J-I)) = BI+Ns*(J-13)
RE TURN
EN8
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SUBROUTINE COMPBES
C THIS SUBROUTINE CALCULATES COMPLEX BFSSEL FUNCTIONS FOR ORDER 0 AND I OF
C THE FIRST KIND AND SECOND KIND FOR COMPLEX ARGUMENT X,Y. SUBRfUTIIrE
c COMPbiES REQUIRES THE FIVE SUBROUTINES MLT, DVD, SMT, PSUBV, AND USOBV.

TYPE REAL JOR.JUIJ1R,JllJORPR,JUIPR,JIRPRJ1IPN
COMMON /BLK/ X,Y,JOR,JOIJlRJllYObYOIYlk,YlI
XK1l1.414213562373
EULER=0.577?15bb4901
PI=3.141592653b
TOL=5.0E-10
j Xr t o .tA), b.Y.D.UR.A1 S(Y).GE.9.U)GO TO 100
RHa=SLRT (X*X+Y*Y)
RbV=RHOM2.0
IF(RrO.NE.D.O).GO TO 1

JOI=JlR=Jll=Y0l=YlIa=.0
YOR-YIR=-0I l OE3U 7

RE TURN
C SERIES

1 JCI=JC2=JC3=JC4=FIJO=FXA±FXH=U.(2
FRJO=XKKzFACTOR=l .0
COSPHI=X/RHO
lFfCO5PHT-CT.1UJCOMSPHT=lw0
IF(COSPHI.LT.-S .U)COSPHl=-l.0
SINPHI=Y/RhO
PHI=ACOS(CtSPHl J
IF(Y.LT.0 .o) PmI=PIP Fl-PH

3 Ar.GLE=XKK*PHI*2.o
COS2KP=CO S(ACqGLE)
SlN2KPsI=5"(ANGLE)
FACTOR=-FACTOR*RCIV*ROV/(XKK*XKK)
A=FACTOR*C 052KP
b=FACTOR*bSN2KP
JQR=FPJV+A
IF(JOt. NEU*.*OR *.ABS(A/,lOR).LT.tICL) ]Cl=l
JOI =F IJOFh
IF(JOT.EtJ.0.U. N. AbS 8/JUIJ .L-.TOL)JCŽ=I
XA=FXAAXKK*A/ROV
IF(XA.EQ.O.I.0R.ANS((XH-FXA)/XA4).LT.TOL)JC3:l
X6=FXOJ+XKK*F/tROV

IF CJCI .FL~.1.AND.JC2.EQ. 1.AND.JC3.EU. 5. AND.JCU.EcJ.IG 1)6( [i 

XKK=XKK+ 1.U
JCI =JC2=JC3=,JC14ZU
FRJU=JOR
F IJO=Jul
FXA=XA
C vfl -v~j
GOTO 3

2 JlN--5IIJPH1*XB-COSPHI*XA
Jll=SlNPHJ*XA-CDCSHj*xb
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XKK-l.i)
JC5=JC6=FXZ=FXAWD
XLR2=LOGFP ( ROGV

RTK=Q.0
7 ANGLE=XKK*PtlI*Ž.0

C OSY=COS(ANGLE) 
SINYaSIN(ANGLE)
XMKP=-XKKP*Rrd*RH5/(14,*xK1*XKK)
RTIRTK tCl V/XKK }
XZ=RTK*XMKP*COSY+FXZ
IFtxz.EQ.0w.0tRAiS((txZ-FXzI/XZI.LT.TtLJdrfli
XQ=NK P*R7TN*SINV+FXA
IF(XU.EGC..0O.N.AHS((XU-FXUJ/X0I.LT.TULIJCb=I
IF(JC5.Eu.1. AW&.JCtb.EQ.t)GO TO 4
XKKaXKKt 1IU
JC5=JCbzk
FXZ xZ
F XU= ((
GO TO 7

4 YR= (2.0/PI ) * (JOR* (EULER+XLR2)-PHI*JUI+XLI
YDIaA2.oPI)*(J0I*CEULEN±XLR2)+PNI*JI4R4XUi
JC7zJC8=SKF=U
XWK=I . (
FKF=ROV
FXN=Rmv'ctsCSPhI
FXP=RnV*sjHl('I-

q ANGLE=(XKK+XKK+1.)}*PI4I
CfiSY 2C OS(A':CELI
SI Y2=aSIN(ANLE}
FKF=-FKF*Yf4U*RHt/tq.O*XKK*(XKK+l.U))
SKF=SKF+1 .o/XKX
SMKtUU*SKF0F+l,G(XKK+1.D))*FKF
X)4=SlNSK*C0SY24- XAN
IF (XN .EUd , AtBSC (XN-F XAt)/XN) ,LT. TO IJCT:l
%P=SMY. *SIit eF XP
IP(CXPEQ.O.0.(VR .AStCXP-FXP)/P).CLT.TOtLJC8I=
IF(JCT.EQ.L.ANU.,JCB.EO.I)GO Tt3 5

JCT7=JCeaU
F A N aX
FxP=XP
GO TO 9

5 YTR=(e.U*UIR*tEULER4XLN2)-P-U*JI I-COSPRI/NHO?-XNI/PI
YI laCŽ.D*IJ It nEULEk'4XuRe)4PHI1*J lN4SI*SPH3/Rr3)l-XP )/I J
RE TUJR

C ASYMPTOTIC EXPANSION
100 IF (V .GT .0.0. t CV .EQ.U,0 .AND.(( .GT .0. U) 1(20 TO IV1

x=-x

YV- Y
JE X a I
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101 JEX=O
102 SD=X*X+Y*Y

RHO2=SDRT (SQ)
SIN2=Y/NHI2
IFCSIN2.LT.O.9999)SIN?=a.O
TMA[=2.0/(PI*SQ)
TMARTTMAI*X
TMAI:TMAI*(-r)
CALL SRT(TMAR,TMAIAAR,AAI)
EY=ExP Y)
EMYEXP t-Y)
CUSHI=SINHI=EY/2.0
C0ShIPR=FMY/2 . 0
SINHIPRz-COSHIPR
SJNR=SINCX)
CeisR=COS Cx)
SCAO=COSR+S IN
bBRzCMSHI*SCAD/XKl
BHRPRaCMSHIPR*SCAD/XKl
68 lSINHI*(COSR-SINR)/XK1
BBI PRaSINHIPR*(CCSR-SINR)/XKI
f Vo~ " -u V V f U I n -r Vt Us Jv I Af 

CCRPR=CdSHIPR* (SIIRN9-C OS R)/ XK 1
CCI=SINHI*SCA0/XK1
CC IR=SINHIjRk*SCAbU/XK
CALL PSuJV(CD.,X,Y,0DR,UDI)
CALL P5uHV(1io,XpYFFRFFI)
CALL $1SU8V(9.( ,X,V,EEREEI)
CALL 3SU 6 V(I. ,XYGGM lGI)
CALL 'ALT($bRbbIDDR,DDI,FRRdRI)
CALL 'ILT ( bERPR ,BIPRD9R, ODIFR P RFRIPRJ
CALL 'CLT(CCCCCIEERsEE,SER,SEI)
CALL CLT(CCCRPR,CClPR,EEREEISERPRSEIPR)
THR:FPR-SER
TFl1=F RI-Se I
THRPR=FRRpR-SERPR
THIPN=FPIPR-SEIPR
CALL MCLT(AARAAITHRTrIJuRJGI)
CALL MLT(AAP,AAI,THRPW, THIPR,JllRPR,JOIPR)
JoR=JUR+J0RPM-SIl42*J0RPR
JUI=J0I+J(IPR-SIN2*JDIPR
CALL MLTC(CRCCIrFFRFFIFRRFRI)
CALL lRLT CCCRPRCCIPPFFM4,FF1,FRFRPPFRJPR)
CALL MLTI (bR.Bb1,GGRGGI,5ERSlI)
CALL MLT(CHRMR,hbIPRGGM,GGI,SERPRSE1PM9)
THK=F RR+SEN
THI=FRItSEI
T H PR=FRRPN +5 ERF 
TmIPR=FRIPRt5EIPR
CALL MLT(AA,AAlITHR,THI,JIR,JlI)
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CALL MLTCAAR tAITHRPRTHIPRJIRPRJiIPR)
JIR=tJR+JIRPR-SIN2*JlRPR
I .. -J T It T vC ... , .1 NLwID 

CALL MLT(CCRCCIDDDRDDIrFRRFRI)
CALL CLTCCCRPR,CCIPR,DD1% DIIFRRPR,FRIPR)
CALL fLTCBBRt~ dIEEREEISERSEI)
CALL rLT(CBRPR,BSIPREEREEISERPRSEIPW)
THR=FRR*SE R
THI=FPI+SEI
THRFR=FRIRPtSEkPR
THlPR=Fql9PPt5ElPP
CALL 4LT(AAR,AAITHRThIY(}RYoYl
CALL 1<LT(AANcAAI, THRPR,THIPR,YORPRY(2IPR)
Y(R=YVR+YURPR+SIN2*YU(RPR
YU:=YtsT fY9'IDP+SlN2*Y'9rPR
CALL KLT(CCRCClGGRtGGlIFRRFRI)
CALL MLT(CCRP1,CCIPR,GGRGGI,FRRPRFRIPR)
CALL MLTtP,(5FFFRFE I,SERSEII
CALL HLT(BHRPR,5EiPPFFRIFFIS{RRESEIPR)
TKR=FRR-SFR
TH I-F1-SET
TI-tRPR=F RkPR-SERPR
THIP R=FWI PR-SF lPR
CAL NL T T(AA.A Al W , TMffIYVy1HyI f
CALL MLT(AARPAItCRPRThIPR,YIRPR,YIIPRI
YjR=YIktHRHYP SIN2*YIRPR

v y s TV T 41 Ef I Fl DL r P.tsYt 

EF (JEX .EG.U)NETCR&
J i :-J I
V U N = VOR -JO I -2 U I
YirE=Y (2+JUR 4-ON
VI P-( i R-J 1-J iI
VI la-V 1 J IR±J 1(
E Ri(
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SUBROUTINE CSSM

COr-iMN /ilCELCtErNjUXl
DIMENSION SIvC1O,20),IIV(l0,2D),5SV(rlO20)iSV(1CJO2D)
DIMENSION SIM(IO.20),IIM(1O020')SSM(1O2012,ISM(IU,20)
TYPE COMPLEX SSVSIV,ISVIIVSSMSIMIS$MtIIM
DIMENSION PZ(2Q),PLZ(20),PRC20)FPLH(201
TYPE REAL IlIVIIRVISIV,ISRVISB,IIb,IITIST,lIIIIRISIISR
DIMENSION SSh(10)ICIB(C0),SIB(l0)0ISt8(lo)
DIMENSION GSOCt1OD2)GSlIC1O,32),XI(32JFw(32) 1SUlMT(lQ)
DIMENSION BSO(1Uo321),Sl (10,32)
DIMENSION tItilU,321,B1 Cl1,3Zi,GIOC1I,321,b1 (10,32)
TYPE COMPLEX SS,II,YAKC,UNMI,UMSS,USlIS
DIMENSION SSTLI0)plJTClU),SITCIOI,ISTC10) ,GGMS(10,32)
DIMENSION BVMT(1O),W)UMT CiO),tXPFi(32)
COMM14N lE PS /E PS
COMMON/RAS2/RINtROUT/TOY/NODI,f\UC42,NUDS/JDE/JTOP/bOLD/GSOGS1
COMMON/PIT/JMAX,,JMAXHIHAX/BLKA/PRPLrPZPL7
COMMONq/SSV/SSV/IIV/IIV/SIV /SIV/IS VISV/GGHSG6MS
COMMION/ELKB/SSM/SIM/SIM/IIM/IIM/ISM/ISM/FS/FKFKFFKFAST,TFK
COMMON/BLKI/HA,FK,PI/bLK2/XI,NF/BLK3/bSO,BSl/TIDY/FAST
COMMONJ/ttELD/6IDGI1/BLK3R/HIDtdI1/DEL/DELR,DELZ
CBMmON/5/EiToC 1 10, 32),BT1(1T ,12,32),U;Z(32,10),5 IGMA(32),RLST(128)
CnOMmON//GTuolCl,32),SSEXP(32,20olo)
COMMONl/S TRSCSTSSSI N(32,211 ,SSCOS (32,21)
N = NfQDl
ARGP = .b*DELZ
ZERO = UO.0
TPK = ,25*F XFAST
ZU - M- . 5*DELZ
SSIaSS(4aIfIIII9=SII=SJRaISI-ISR0.
U0ll = OhlS a UMSS = (v.O,0.O)
0( 1 L =l,N Ou00U940
SIGMAP = ARGP*SIGMA(L)
EXPFl(L) a FXPF(-QZ(L,l1*ARGP)
TRIGFP a 2.*CMS(SIGMAP) - d.
TRIGFI a 2.*SlN(SIGNAP)
YAK a TFK*wF(L)/51GŽIAtL)
YAKN =-YAK*TMIGFM
YAKI = YAK*TRIGFI
YAKC = CMPLX(YAKH,-YAKI)
551 - SSI BSU(lL)*BSlCl,L)*YArI
SSR a5R+ HS0(1,L)*BSlCl,L)*YAKR
IIR = IIR - FIU(l,L)*BIUlIL)*YAKR
III III - iIo(lL)*Bfll(lL)*YAKI
S aI SII- BS'(,L)*BtJ(1,L)tVAKI
SIR - SIR - BS0(lL)*HlllL)*YAKR
ISI a ISI 4 Iu(l,L)*8S1C1,L)*YAKJ
ISR ISR + bIBlI,L)*BS1(1,L)*YAKR
UO-I ULIII + YAKr*RtIJ(ltAi*^kfripi A

UMO S UMIS + YAKC*B1I(I,L)*5jS(1IL)
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UMSS = UNMSS + YAK.CABSU(ltL)*bSOtiL
I CONTINUE UkI(900

SUMTCI) a REAL(UMSS) I SUMT7() = REALCU4LII a DUQ(TM) = kEAL(UM(S)
SST(lI = SSR $ IIT1})= IHR S SIT(Il) SIR $ ISTCI)= ISw
EXFACr - EXPF--FKFASTkARGP)
DO S01 ICE = 2, 1(
Sl£2MS=aIMTV Si-lVMT - 1IM! S -- It

SUMMIT = SUMMITB = SUMmITO = U.
DC' 375 Mai,N vft(2113&(}
EXPFRIC) _ EXPFl(M)*EXFACT
EXPF2 = 2.*(EXPF1(0t) - t.)
YAK a -TFP*WF(m)
Y&AK - f.rvgXt.YVAW

YAKRG a YAKP / QZO-¶ICE)
YAK - YAK + fAK
sUmSS =$0UMSS SS0cICEM) * hs1(ICEM) * YAKRG
SUMSS a SUMS5 G GSUOICE,M)*GS1(ICEH)*YAKR
SUmII SUM11 - BI(2(ICE,M) * biICICEiAI * YAKRG

SUMSI = SUNSI - 8S(2ICE,M) * BII(ICEM) * YAKRG
SUMSI = SUV5I + GSO(ICE,MI*GI1(ICE,¶)kYAK
SU-IS a SUMIS + RIDCICFM) t* S1(ICE,MJ * YAKIG
SUM 115 = SUIMS - G I ( ICE ., 4)*GS I I CIE,)*YAK
BSBS BSS(2ICEN}*BS0(ICEr-N)
615s Bz oClCEm)*pSo(ICE,m)
b181 = EICIEM*RI0ICEM)
SUMMI1T SUMMIT + bSbS * YAKRG
SU$MITB - SUMMIT1 + BIB5 * YAKHQ
SUMMIT a SUMMIT)D 4 i15 * YAKRG

575 ChffTINUt cu2004tty
SSICICEI = SST(ICE-1) + SMS5
IIT(ICEI a IlT(ICE-l} + SUK4II
SI , (ICE) - Si ICE-t0 + SUMSI
ISICICE) a IST(ICE -1) + SUmS5
SUMT(ICE) SuMT(iCE - 1) + SUMMIT
BUMT(ICE a RUl!t(LCE - 1) + SUMMITB

501 DUMI(ICE) = DUVT(ICE-I) + SUM4MITD
AA a 4.*REtMT*RnUT
P APGP ( t 33(so2
PP a* (2(2.314ov
UK a AA/(PP + AA)
SDK - SORT(OK) uvvIi btyt(
CFŽ _R -P*SDK*ELLIPK(CK)/(PI*AA)
SSW= ROUT*(55T(JTOP) + CF2 + CF2)
AA = RIN*R I*4.
OK = AA/(PP t AA) (2113135Lw(
SDK = SQRT1)SI
CE? -P*SDK*EtLIPK(DKI/(PI*AAl (111(1t1(140

IIR= RTN*t lTllf JT OP)- CE? - CF2)
5SI RaUT*SSI I 111= RINII $ SI l RINt*I :a ISNMOUT*1ST
ICE a (0
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FL = CICE-l)*FKFAST
NOEXI = 0
CALL CFINT(ARGPROUT,RINeFLCFIS)
CALL CFINT(ARGPRINROUTFLCFP) $
SIT(ICEI a SIT(CE) + C[FI + CFSI
IST(ICE) = IST1ICE) + CFIS + cFIS
SIR = RIN*SIT(ICEJ $ ISR = RbUT*IST(ICE)
ISR a ISR - 1.0
JM = 9
FLAB = FKFAST*JM
CALL CFZERb(ARGPROUTrHOUTFLAMCPI
CALL CFZER0(ZEROR3UTROJT,FLAMCM)
CFI = 2*(CP-Cm)
CALL CFZERO(ARGPRINRINFLAM,CP)
CALL CFZERO (ZERO, RINrINFLAMCM)
CF2 = 2*(CP-CM)
CALL CFZERO(ARGP,ROUTRIN,FLAMCP)
CALL CFZERO(ZRO,9ROLIT,RIrmFLAMlCI)
CF3 = -2*(CP-CM4)
ANSR = SUMT(ICE) + CFI
AjSRb = BUMTTICE) + CF2

ANSRD = DUMT(ILE) - CF3
(Ql =-AIMAG( tj-Illl
IIV(1,l) = RIN*CMPLX(ANSKB,(Ij
(I =-AIMAG( UMIS)
15V(1,1) = R(lJT*CMPLX(AN$RUOL)
SIVt(1,1I = RIN*CMPLX(ANSRDfI)
(1 a-AIMAG( U0ISS)
SSv(1,I) a RnhT*Ci-PLX(ANSR,0I)
IIM(1,1) =-CNPLX(IlRIlIJ + (o.S,0.01
S5rU, 1) a =-CMMLX(S5R,SSl) + (0.5,U.DI
SIM(l,l) - CMPLX(SIRSII)
ISM(1,1) = -CtPLX(I5RI5I)
U(i o6 J=2,JMAX
2 a FLZCJ)
ARGP = Z0 - Z - DELZ
ARGM = Z0 - L
SSI=5SRaLIl=;aRSIlaS IN aIS1= ISNOQ

SSIV=SSRV=IIIV=IIRV=SIIV=SIMV=ISIV=TSRVa O.
DO bl L=l,rl
YAKR = -SSCOS(L,J-1J
YAKI a SSSIN(L,J-l)
ISR = ISR + 6bl0,L)*bSl(1,L)*YAKR
ISE = ISI + bIO(1,LJ*EsSl(11,)*YAKI
SIR : SIR - PF.((l,L)*BI (2,1 ,A*YAKN
Sll = S311- HSUCiL)*8ilisiLi*YAKIt
III = III - bSo(1,L)*blI(ll)*YAKI
IIR = IIR - bID1,LJ*RII(1,L)*YAKR
SSR a SS + 8$U(lL)*J*S1(1,L)*YAKR

aSI 591S + b5S(1,L)*'Sil(2,Ll*IAKI
II1V = IIIV + bIO(1,L) * BIo(l,LI * YAKI
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IIRV a IIRV 4 EIO(1,Ll * 810(lL) * YAKN
ISRV =- ISDV 4 bilU(itfl RSO~C(¶ -t 1 *~KI SI = J I S I V +^ I t t I 1, L ) 82SO n 'I1 L I * Y A V, 1519l = ISIY t SIJU,L) * 6SC1rL * YAKI
SSRV = SSRV + bSU(I.L) * 3SO(IL) * YAKR

61 SSI9 = SSIV + 6S(IL) * 6SU(IL) * YAKI
SII = ISIv S 5ik(v a Isk
FACTI a PI * (25 (ROUlT - RIN)
F A - C A v* J

SST1) a SSRB I I r(1>= I1l i SIT1) SIR A I
SSB(l)z SSRV $ IIB(1)= IIRT $ SIb() SIRV $
ICE = t

2 ICE = ICE + I
SUMSs=suMiI=S0NSI = SUNIS 0,,
VUMSS V Y tI-YUMSi 9UiiS C (i*
DO 376 m=I,14
VAKR a SSEXP(NJ-1,ICE)
VuNS$ a VUMS5 t BSU(ICEMI*BS((ICEM)*VAKR
VUM1S V VUMIS + MI(2ICE,}*BScEt)*VAKK
VUmII -VU'mIL + (Io(ICEM)*$8UI(ICEh)*VAKR
S L5i -= SU ti - BSU(2iC'EM) f LAIl(I(CE,Mi * VAK•
5WK15 = SUM1S t BI10ICE,") * BSl(ICE,5-) 4 VAK
5J1s55 - SUMSS t BSG(CICEr4l * HSI(IEfH ft VAKH

5ib SUFII = 50M61 - HIU(ICEM) * 6II(ICEtm) * VAK(
vl'lS I = V U-MI S
SST(ICE) = STSCICE-I) + SJU5SS
IIT(ICF) = IlTCICE-i) + S0i(5
ISTIICE) = ISTUICE -1) + SUV1S
SITtICE) a Slr(ICE-1) + SUMSI
SSL(ICEI a SSh(ICE-1) + VUNSS
IIRIICE) = I16(ICE-I) + VU9/Il
I 5 t (ICE ) = IS5UcICEz -11 ] VUW1IS
SIB(ICE) } 51ht(|C-l-It VUMSI
FL = (ICE - 1)*frKFAST
FLT FL + FACTl
ERFC = (FACT/FL)*(EXPF(-APGS*FFL) - EXPF(- ARGH
E(FC a ERFC/SIt(ICE)
ERFC = AtS(F9FC)
IF(ERFC.LE.E9PS) IU T 3
IF(ICE.GE.IU) CC' TO 3
GO TO j

3 51 5 RIUT*SSSli I I I= RIU4-III 5 6II= R';:*-S1 1 
NOFXI = O

CALL LFITNT (arKM. d1 , RC'tui FE- rFMl
CALL CFIN7UAM(2R, kIN, ROUT, FL, CFPI
SiT-(ICEI = SIKFICE) - tCFP - [FM
CALL. CFINT(AR(iP, RIN, RIN, FL, CFP)
NQTEXl a i
CALL CFZE40(ARGF, RIO. RIN, FL# CP)
3flXt - 'J
CALL CFINT(ARGr, (4)14, HIN, FL. LfE)
NIEX} = I

ST {L ISI m
15h (1) = 1-SFv

*FLC )}

I SI a R(UT *IS I

96



NRL REPORT 7964

CALL CFZERO(ARGHp RIN, RIN, FL, CM)
IItEICE) = IIT(ICE) - (CFP - CFH)
IIBtICE) = IIB(lCtE + (CP - CM)
NOEXI = 0
CALL CFINT(ARGP, ROUT, ROUT, FL, CFP)
NOEXI = I
CALL CFZERO(ARGPr ROUT, ROUT, FL, CP)
NOEXI = 0
CALL CF;5NT(ARG-tri RDOUTw RGUTi rFLt CFM)

NOEXI = I
CALL CFZERO(ARGM, ROUTr, ROUT, FL, CM)
SST(ICE) = SST(ICE) + (CFP - CFM)
SSBCICE) a SS8dICE) + (CP - CM)
NOEXI = 0
CALL CFINTCARGP, ROUT, 9IN, FL, CFP)
NoEXI = I
CALL CFZEROCARGP, ROUT, HIN, FL, CP)
NOEXI = 0
CALL CFINT(ARGM, ROUT, RIN, FL, CFN)
NMEXI = 1
CALL CI7r POCARtks(: RLfTi kIVT FL, C-M)
IST(ICE) a IST(ICE) + (CFP - CFM)
IS(IICEI = ISbtICE) + ([CP - CM)
SI6CICE) = SIBCICE) 4 (CP - CM)
SSR = ROUTl*S5TICE) $ IIR -IN*IIT(ICEI
SIR = RIN*SI1(ICE) $ ISh a ROUT*IST(ICE)
SSIV = ROUT*SSIV $ IIIV = RhN*IIIV $ SIIV a RIN*SIIV
ISIV = ROUr*iSTV
SIRV = Rl%*SIbHICE) $ ISRV = ROUT*ISSt(ICE)
5SRV - ROUT*SSBlCEEJ S IIv- MJN*IIFR(ICF)
SS = CMPLX(SSRSSI) $ II = CFPLX(IIR,III)
5$MllJ}-SS

ISMC 1.J!- [cmpLX
Sit(1 ,J)I hP
II H 1 ,J 3 aII
SSV( lJ)I -CMPLX

Ilv (II J) - -GMIPL xISvll,J)_a -[HF-LA

SIV(1,J3: -CHPLX
IF(J.GT.JNAXri) GO TO bo
SStl(Jf1)=SS 1jJ) $ SSV(
SIM(J.I)=S Ihl JI) S ISV(
iIvLJ,l)ziIv1lJ) g SIVM

b6 ClNTINiUE
DO 12 J=I,JFAX
JILT a JMAX-J+1
DO 11 M=2,JILT
IFQ-.GT.JMAXH) GO TO 5,01
SSM(MFM+J-1I) = SSM(1,J)
SSVtM,MtJ-l) SSV(.,J)
ISM(M,M*J-) = ISM(t1,J)

(TIS, ISI i

XCSIR,5II)

(sSpFVSIV)
CIIPRv IIIv)
(xtIR9, IIv}
(SIMVSIIVl

Jl)=SSV iJ)
J. L)=ISV(1,J)
J, 1J=sIV C1 ,J)

:5 ISM[(41 =IStl ,J)
5 IIM(Jt 1 J- i11])

97



HANISH, KING, BAIER, AND ROGERS

Isf(M,M4J-l) a IIMz iJI
IIV(M, M4J-1 } = I I V(IF Jj
SIN(mm+J-1I) = SIM(lJ)
SI V(MMJ-I) - SIV(1 j1

601 CONTINUE
IF(M+J-I.GT.JNAXH) GO TO 11
SSN~(M4-J-lf-E) a 5854(1,5)

SSV(M+J-1,MI = SSV(1,J)
1St(M+J-IM) ISM ii 
ISV(htJ-1,N) a ISO(1,J)
IIVM-r-J-2,N) a SiV(I,JI

SlM(M+J-2,N a 5EIWpJ)
SIVCM+J-1,II a SIv( 1J)

i CUN TINUE
12 C N T I NUE

E N 
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SUBROUTINE CSTM
COMMON/ICE/ICENOEXI
TYPE COMPLEX STVITV,5TMITM
COMMON/EPS/EPS/JOE/JTOP
COMMON/STV/STV/ITV/ITV/PJ/STM/ITM/ITM
COMMON/RAD/RINROUT
DIMENSION ITM-2,101,(TVC(20,10,$STMC2D, l0I,5TV(20,lO)
COMMON/BLKA/PPPLRPZPLZ/PIT/JHAXJMAXHIMAX
DIMENSION PZC?)0 ,PLZ(20) ,PR(20) ,PLR (20),GGMS C 10,3e)
DIMENSION BSOI32O,) ,ARS ICt 10,321) ,bI OI,32,) ,8I i1(,32)
DIMENSION X((32),NF(32),SUMV(10)
DIMENSION GS(10,321GS1(I10,32,UBUMT(01 ),SUMT(l0),BUMV(1()
TYPE COMPLEX ANSANSBVNSVNS8
COMMON/FS/FKFK,FKFAST,TFK/GGNS/GGMS
COMMON/DEL/DELR, DELZ/ fOLD/GSO,GS1/BLK1/H,A,FK,PI/CLK2/XI, vF
CONUff~N/5/STO(i0,i1032),HTI(tli p,32),Z(32,1oi),SIGMA(321,RESTt128)
COMMON/TOY/N,NN, NNN/BLK3B8}10,B1l1/BLK 3/NSOb51/TIIY/FAST
COMMON/6/GTD(10,1O,321,STEXPC32,20,10)
COMMON/STORSCST/STSIN(32Ž,21)STCOS(32,21)
PIrTWO = 0.5 * PI
Rl a A

DO 1000 JRa2,1MAX
R2 = PR(JR)
RL = P2 - HD
RU = R2 + HE
DO 1000 IR=1,JMAX
ARGP = H - P7iT1{

SUE1R=SOMI=sM a =-RSUMIb = VUMR=VOlI =VUO b=VU9MI aB= 0.
D I L C 1 N,
BU = HTItJR,1,L)
VAK = b50(,L) * HU
VAKH a HIO(l,L) * 8u
YAK = VAK * SIGMA(L)
YAK8 = VAK8 f SIGMA(L)
SUMR = SUMR - YAK * STCOS(L,IRH
SUMI = SUMI t YAK * STSIN(L,IMI
VUO'R = VUMH - VAK * STSIV(LIR)
VUMI - VlJMI + VAK * STCOS(LlW)
SUMR6 = SUM-RB - YAKb * STCOS(L,1R)
SUM-I = SUMI 8 + YAKB * STSINtLIR)
VUMRN = VUMRb - VAKB * STSIN(L,IP)
VUMI6 = VUMIB + VAKS * STCOSCLIR)
CONT I NUE
P = HI
IF({2.LE.Rt) R = R2
IF(R.FQ.D.) R: = ELH
FACT a 2./CX(R*PI*ARGP)
RM = RI
IF(R.EG.Rl) 9N a 92
FACTI = PIOTvO / AMINICROUT - R2, P2 - R1N}
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EFACTI a 1.0 - EXPF(-ARGP * FACTI)
SUMTCI) a- _SUMR
BUMT(1) a - SUMR1
SUMV(t) a VUMR I BUNYCI) a 3 UVHp
FL a .
ICE a 1

2 ICE a ICE + I
VUMMIT = VUMrmITB = a .
SUMMIT = SUMMITS = G.
DO 375 9 =aI,N qutsttAio
bJ = STEXPCmIRICEI * BRTI(JRICEM)
VAKR a BSOiCCEM) * BU
VAKHB a BIO(ICE,M) RU
SUMMIT = SUMMIT * VAK9 * ;Z(m,ICE)
SUMMITB = SUMRiTS + VAKRB * ElZ(CICE)
VUMMIT = VUWU4lT + VAKR
VUMMITb _ VUMMITS + VAKMb

37S CONTINUE
BUMVtICE) a aUMV(ICE - 1) + VUWIMITE
SUgV(ICE) = SUNYCICE - 1) + VYJMIT
SUMT(ICE) = SUmTCICE - 1) t SUMMIT
BUM-T(ICE) a BUMT(ICE - 1) + SUMMITS
FL - FL * FKFAST
FLT a FL + FACTI
EWFC a= 8S(FACT * MM * EFACT1 * EXPF(-AHGP FL) / (FLfSU{'tT(ICE)))
IF(ERFC.LT.FPS) GO TO 3
IF(iCE.GE.JTOP) GO TO 3
GO TO 2

3 CCNTINUE
ANSI =-SUNI
ANS9 = SUMI(ICE)
ANSI$ = - SUMIB $ ANSRB = HUMT(ICF)
N5EXI = (
CALL CFINT(ARGP, HU, (4UT, FL, [FU)
CFST = MU * CFU
aNexIl = I
CALL CFCqE(ARGP, HU, QtT, FL, CFU)
CFSTV - RL * CFu
No1 X I = Q
CALL CFINT(ARGP, RL, ROUT, FL, EFL)
CFST = CFST (RC * CV-)
WIty'J = I

CALL CFONE(hPGf, RLt MOUT, FL, CFL)
CFSTI a CFSTV - (NL * UFL)
NOEXI = (2
CALL CFINTtARWPf RU, RiN, FL, CFUE
CF I T = RU * [EiL
NOEXI a I
CALL CF5NE(AhRGP, ?U, RIN, FL, CFU)
CFITY = RU * CFU
NOEXI = 0
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CALL CFINT(ARGP, MLC WIN, FL, CFL)
Cf-I1 a CFIT - (RL * CFL)
NOEXI a
CALL CFONE(ARGP, WL, RIN, FL, CFL)
CFITV CFITV - CRL * CFL)
ANSR a ANSR+CFST $ ANSP6 = ANSRH + CF IT
STM(IR,JR) = CMPLX(ANSRANSI)
ITMClPJR) = CMPLX(ANSWB,ANSIb)
SUMV(ICE) = SUPSVLICE) + CFSTV

UIJMV(ICE) = UM-V(ICE) + CFITV
VNS = CmPLXC-SUMV(ICE),VUSMI) b VNSA a CML-LX(-BUMV(ICFJ),VUb'I)
STV(IP,JR) = VJS $ ITVYIM,JR) = VNSH

1000 COrNT INIULE
END
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SUBROUTINE CTbM
COMMON/EPS1/EPS
CCO-MON/5/BTD(1U,12,}}32),BiTI(1,1(,3?rs),Q1z3?,IDJSIGNMA(3,Ž),WES T}l2(4
CtlMMstr/6/GTO ( 10, to, SZ1, GT1I(II, I,,32) ,USTI(S8d60

COfMi1NJ/BCLKI/5HArFKPI/PIT/JPJAXJMAXH,IMAX/TTV/TTV/TIDY/FAST
CefrMO10etg/BR?,iSF/TOV/NQD1,N2,3i/BLK(sJB/IoBIt/hiL^3/a~so 9 sI
COMMO14/BLKA/PR,PLR,PZPLZ/DEL/DELRS)ELZ/fCLCS(b/USIGS/1.4Ct/JT(5P
ClOMI-¶N/FS/FKFK,FKFA$T,TFK/T9V/TBV!UJ/TRM/GG(MS/GMS

I TBV ( I Or 1, ) p ,GG4S( 1o 0521
TYPE CaMPLEX TTVT1t4TtV
DIMENSION XI(132l1WF(SX),SUMTCl (),GSU(tU,32), SGi C I Uo,3r21 l (10),

COMMMN/STORSCTI/TBSIN,TBCoSTBEXP
DIMENSION TBSIN(32),TECOS(32),TBEXPt(32, I)
EQUIVALENCE (TBCOS(1)pTbEXP(1))
TPK = O.25 * FKFAST
PIGTwOY = 0.5 * PI $ ITMOI = PI i PI
N=NQD I
MD - .5*DFLR

DO 7 JRaIIMAX
R2 a PR(JR)
RL ?2 - HD
RU - 42 + HD
DO 7 IR i,IN4AX
I1 = PR(Ik)

UL-ISu=SMR=S uMIe=SUM4G-SUIlb=(2
DO 1 C -l,5'( oIo9L
YAA = BTO(IR,1,L) * BTI(JR,1,Lj
VI YAK * rbCOS(L)
VY YAK * TBSIN(LI
stjmlo S-'ASIlD - Vi
SUMHB a SUMRs VR
SUM-R = SUM-R - VI * SIGNA(L)
SUKI = SUMI + vY * jIGNA(L)

1 Uom = UM) + YAK
UMI = U-41*TFK
N = iI
IF (R2.LER;I N a =?R2
IF(R.VI.0.I R = IELR
FACT = 2./(M*Pl*ARGf)
RM = nI
IF(R.ELJ.RI) RmN H?
FhC r i - Yr i Iwe / ADi5ARSCnd-4i I -
EFACTi = LU - EXPF(-FACTI * AkGP)
UmT(I) U . $ SULM T ( -BUMPR $ UNT (I) I - SUUfB1
FL a 0.0
1CE 1

2 ICE ICE * I
1MM34T = SUrlmlT = SUrMITS = 0.
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DO 375 M=al,\ (2U(2Itso3 
YAKR = ECTD(IRICE,#) - bll(JR,ICE,M)
VAKR = YAKR - GTu(JR,ICE,M) * GT1(JRICE,M)

IMMAT = UirMI r VAKR
ARTISTB = YAKR * TBEXP(M,ICE)
ARTIST = ARTISTH * OZ(MICE)
SUmMIT = SUM;4IT + ARTIST 00012300

375 SUMMITH = SUNMIT6 + ARTISTE
SIJMT(ICE) a SUMT(ICE-1) + SUMMIT
81-IMTr(trE - h IMTTrt ,cfl IM S TMMItU

UMTCICE) = UMT(ICE-1) + TPK * UMMIT
FL = FL + FKFAST
ERFC = ABS(FACT * HM * EXPF(-ARGP * FL) * EFACTI /(FL*SUMT(ICE)I)
TESTER = ABS(1.D - SUr-T(ICEJ/SUMT(ICE-I)I
1F(TESTER.LT.EPSAND.ERFC.LT.EPS) G6 TO 3
IF(ICE.GE.JTOP) GO TO 3
GO TO ?

3 CONTINUE
ANSR = SUMT(ICE) I ANSI = -SUJMI
VNSI = -SUMIb S VNSR a - bUMT(ICE)
T8M(1RJR) = CMPLX(ANSA14ANSIJ S TbV(iRJR) = CMPLXC(VNSRVNSI)
OK = 4.*Rl*RU/(1 + RU) * (RI + RU))
CU = CHl+HU)*ELLIPECDK) + (RUJ-Rl)*ELLIPK(DK)
DK = 4.*RI*RL/C((R + NL) * (Rl + RM)
CL = (Rl+RLJ*ELLIPE(DKJ + (CL-RII*ELLIPK(DK)
CF = (CU - CL] / Th(PI
AMSR a - UMT (ICE) - CF

7 TTV(IR,JR) = CM-PLX(ANSRUMI)
END
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SUBROUTINE CTSM

TYPE COMPLEX TIVTSVTIN,TSM,ANS,ANSE,VYS^,VNSb
DIMENSION TSMC1I 0,2U)TI(10,?o),SVnlo,?uTIY(Irr,ŽD)
DIMENSIN PZ(;U),PLZC2UNPM(Ž14}hPLR(20)
Cl¶MI4N/EPS/EPS/JOE/JTOP
[(5NMON/RCtl/5,A,F1<,PI/RAO!RINNOtUT/FITIAi-¶A(,JMAxs-,IMAX/L]sK/Ie
COMM/ON/TiM/TI-/aLK /TSm/TI/ /TI SV/TSV/ BCL< A/P tPLRPZ,* LZ
DIMENSION BS(l0,3?hBSI(ID,3?IEXC3?)
DthmENSION BI(2( t,32) 1 b1IC D~2,G0C1,32 1,141 (1V~bitl,S2)
DIMENSION SUMTVCiUIBUTV(tU),Xl(3?,iFW),SUMT (1yDMPMI (10)
DIMENSION US(2(l0,21mGSl(1O,3?hRGS-S(123Ž)
COMMOl/5/bT(2t0~,io,2),5T2ll,1(½32,Qg,.z(32,iUJSIGMAt(SŽIWEST(Ie8l

CMMON/Bie~lL~iy/0l,QEl/DEL/S)ELR,LtELZ/NcjLU/GS0,USi
Cf'r¶m-O1i/BLK3/bS/SBS/lTIDY/FAST/FS/FKFhFF<FAST,TFK
CO -5140N /b BC id KP/ 1(, By I / TOY /N, NP4, N NN /BCK? /X i, 1-4 /Qdb La(r GGM S
CONMm-NSTORtSSTJT5SIN(3?,ŽlI,)TS[OS(3?dsi )
TPK a 0.25 * FKFAST
PIOTWO a 0,5 * PI
Epsl = O.4Duu
DU 2 I IIf I ,AX
R = PRtIi
JR = I
DO Ž0 J- 1,JNAX
L. - 1C1L..FK JJ

ARGP _; H - Z - DEL?
IF(J .EG, 1) ARUP = U.
APRS a H - I
SUMR=SDMI SuNhRE5SlJFrI B51}RlVz2-tI Y=S~i- RIVSY=u14T da-b
DO I t =1,t QN 2uoYgcl
ThIGFR = TSCOS(L,J) * bTMTIRtliL)
TRILFI = TSSINCLJI * 8l0(IRIL)
SUM-N = 5UWR - TRI(SF * BS1(tL)
SUMI a SURI * TRlGFI * 3Sl1(IL)
SUMkb = SJMRIi - TRIGl uF 511 1(,L)
S UM II.O - sr, = TR I GFCI * FI lt I L
51 1 I rV =SO I T R I F It uVtJ I L

505419 a ScMIV - THIGFI * BSOCIL)
SUMWBV a SUMkf3V - TRIGFR * BI((lL)
SUMIBY a SUMISv - THIUFI * 60(ILI

I CC'NTUIUE
SIMT ( I ) a SU-PR S E4U T ( I SUWRH
SJMTVll) = Sur4RV I BuMTV~l} = SUM-RHV
IF(J.EU.lJ I 20 T-f SS321
FACT = ./(4*P,*ARGP)

54321 COMTINUE
FACTI a PITve / AMINI(MOUr - R, H - PRi-I
EFACTI 1.0 - EXPF{-AR(P * FACTI)

>57D - Rii4*S; -iim
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ANST = ROUT*SU$R
FL - 0.0
ICE = 1

2 ICE = ICE + 1
SUMMIT=SUhMITR=VUMMIT=VUMMITB=u.
DO 375 M=aN 00011130(1
GMR = BTO(IRICEM) * T6EXP(MJICE)
ARTIST = BSl(ICEMJ * HM9
ARTISTB - II(ICE,I) * GMR
ARTISTV - GMk*BStl(ICEI)
VRTISTB = GMPR*6IU(ICEM)
VUMMIT = VUAMIT + ARTISTV
VUMM-ITb = VUMMITB + VRTISTR
IF(J.EQ.l) GO TO 93
GO TO 94

93 GS = GTo(IRICE,MI*.F(M) *TPK
GSGS = GS*GSI(ICE,M)
GSSSI = GS*GIt(ICET4)
ARTIST a ARTIST - GSGS $ ARTIST8 = ARTISTB - GSGSI

94 SUMMIT = SUMMIT + ARTIST
SUMMITB= SUMMITU - ARTISTB

375 CONTINUE 00012400
BUMT(ICE) = BUMTICE-I 4t SUMMITB
SUMT(ICE) = SUMT(ICE-1) 4 SUMMIT
SUMTVYICE) = SUHTV(ICE-1) t VUM-51T
RUMTVCICE) = BUMTV(lCE-1) + VUMMITi
FL a L. + F<FAST
IF(J. E.IJ GO TO 9S
FLT a FL + FACTI
ERFC a ABS(FACI * EXPF(-ARGP * FL) * EFACtl / (FL * SUMT(ICEM))
IF(ERFC.LT.EPSI GO TO N
IF(ICE.GE.JTOP) GO TO 8
GO TO 2

95 ANS4 ROUT*5lJ'.T(ICE) + .50
ANS5R = RIN*bULiT(ICEI
TESTER a AUS(.0 - ANST / ANSR)
TESTF9B a ABS (I 1. - AiSTB / ANS~u)
IF(lCE.GE.JTlPJ GO rTo 100
IF(TESTER.LT.EPSi.AND.IESIERB.LT.EPSI) GO TO luG
AFJST a AitSR
ANST a ANSPB
GO TO 2

100 CONTINUE
NOEXI = u
CALL CFINT(APR(7, ROUT, PCR(C9), FL, CF[)
SUMTCICE) = SUMT(ICE) - CFM
NrEXI = 1

CALL CFZERO(ARGm, RfMUT, PM(IR), FL, CF[S)

NOEXI = 0
CALL CFZEMO(ARGP, R9UT, PR(IR), FL, CF-)

SUMTV(ICE) = SUmTv(ICE) + CF- - CFMt
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CALL CFINTCARGM, RINt PR(TRI, FL, CFF)
BUMT(TICF) a bUMT1CEj t CFM
htOE(XI = a
CALL CFZERO(ARGMo PIN, PR(IR), FLt C-)
RGEXI a 0
CALL CFZERt(ARGM, RIN, PR(IR)p FL, CFPI
BUMTV(ICE) a BUMTV(ICEi + CEP - [FM
GOt TO 3

e NOEXl - 0
CALL CFIRT(ARGP, ROUT, PR(IR), FL, CFP)
SUtMTtICE) = Su[4T(ICE) 4 CFP
NOEXI = 1
CALL CFZERO(ARGP, ROUT, PR(IR), FL, CFPI
SUMNVTICE) = SUD4TV(ICE) + CFP
NFEXI = 0
CALL CFINT(ARGNt, ROUT, PR(IR), FL, CFMN
SUMT(ICE) a SUMT(ICE) - CFK
NOEXI a I
CALL CFZERO(ARS)M, ROUT, PR(IR), FL, CFF)
SUNTYTICEI = SUM-VTICE) - Um
NOEXl = 0
CALL CFINTCARGP, RIN, PR(It), FL, [Fp)
BUMTC(ICE) = BUMTCICE) - CFP
NfEXI a I
CALL CFZERO(ARGP, RiN, PRUiR), FL, CFP)
BULMTVhICE) = bUMT1ICE1 t CFP
NtIEXI a I
CALL UFINTIARGM-, HIN, PR(IR;, FL, CfN)
8UT(ICE) = HUM0TUlCE) + £Fh
NVEXI = I
CALL CFZERQ(ARUN, HlN, PRCIR), FL, C[M)
BUHTV(ICE) = FIUNTV(ICE) - CFr-

3 C5NTTIVUE
AMS = CMPLX(SUMT(ItCE)SUNI
AMSB a CMPLX(RUMT(ICEl,SUt-IBJ
VIS =CNPL(X-SUthTV(ICE),SUMIVl
VOiSb =CIPLX(-bUMTV(ICE),SUMIBV)
TSr4(lj) a ANSt*RIUT TIM(IJI = RMri*Ar4Sb
TSV(I,J) = VII5*ROUT T TiV(IJi = plo*V'4sl
IF(J.EU}.l) TSM{CJ) - TSMCI,J) 4 0U.500

20 CONTINUE
P
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SUbROUTINE CUHIC(A2,AeAOsRT)
C THIS SUBROUTINE SOLVES THE ClUBIC

DIMENSION RT{b)
TYPE DOUBLE DRfQRSGDuORR
RTC2) a RT (4) = RT(6) a

AA = *8bO0254037
A23 a A2/3.
O = A1/3. - A23*A23
R = (A1*A2-3.*A0)/b. - 423**3
QRSr3 = Q**3 + R*R
IF (GRO) 30,S1,32

32 DR = ndLE(R)
ORSWU = Q**3 + DR*OR
ORR a DSORT(QRSQD)
Sl = CUBERTF(SNGL(DR+QRR))
S2 = CU$ERTF(SNGL(CR-ORRJJ
RT(l) = 51 t 52 - A23
RT(3) = HT(5) =-.5*C5i-S2) - A2
HT(4) = AA*(SC-S2)
RrT(u) = -RT t4)
GO TO ID

30 QR = SURTFC-QRSGI
PHI = ATAN2(CRR,R)/3.
Z = CUBERTF (S'JRTF (R**2-QMSL3)I
SRS = 2.*Z*COSF (PHI)
s54S a 2.*Z*SIr4F(PHIJ)
RT(l) a SPS - A23
RT(5) = -. 5*SRS - A23 + AA*5rft5
RT(S) = -.5*5PS - A23 - AA*SMS
GO TO 1U

31 IF (R.EU.0.) GO TO 33
SPS = 2.*CURERTFCR)
MT(i) = SPS - A23
RT(33 = RT(S) = -,5*5FS - A23
GO TO 10

33 RTMi) = RF(3) = RI(5) = -AP3
10 RE TURri

END

EQUATION X**S + AE*X**2 + A1*X + AO = a.

3

SURROUTINE DVOYXAYAXdyBXC,YC)
DEN 0M=X B *XB +y * YB
XC=F(A*Xb+YA*Y8/U0ENOm
YC=(YA*XB-XA*Y6)/DENOM
END
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SUSNOJTINE EIGFNS
C TtflS SUBROUTINE CALCULATES ELASTIC RES(rANCE FRFGUENCIES FRk(3), Mi-/VAL
C 5HAPE5 RD(,) AND 4XEDGE(T, ANO INTEGRALS OF RADIAL MOJAL SHAPFS R)(94(,)
C AND RINTtl, IT USES SUEIMOUTINE CJBIC.
C THE EiUTRY POINT IMPO NEAR THE END OF THIS SUBROUTINE IS USE[) TO aRTAIM
C VARIOUJS I!ITEGRALS NEEDED TO CALCULATE SHELL STIFFNESS REACTANCE ANL'
C MEDIUMt INERTIAL REACTANCE.

TYPE CW-'PLEX A-s4,BBoBNCIC3,CNCS,,7,t.4,CV-nUUCfahDNLXR,
lS)TDDTRM-NTHEEEMENEPr-IERPPGRARRNRTRsTIRTŽ,RTRSF-T.TT~leTt
?UJ U?2r,* M5, U S, UX, U X 2 .PM v D 2UX , UX 1X X Xw, W.a. , H , hS, mX Xt' XX 2 , ,4 X XA<
DIMEI4SION AA(9I,AX('s, ID)A1<EDGE(9II.Ai,3fl853(9.3),3W(Q,3),CVr-fl ),

lCU(3),CN(3flDETR(2I,EN(;)},F(3),FR(2),FRQ;(91,(2c'sbNA(9ldtk(9j,
2HAR(9,3),R0(9lIM(I(,ID),RIN(qlWlT(9J,RTC3),MTM(3liTT(2I

TYPE REAL LTS-,NANH,NU
EQUIV&LENCE 0TfOjR)
COMM (N/ ThT/ CFM, Ut 21,,021 1.0X IW ~XX 21, X ~x t 

COMRON/BLK1/HDŽ,RNEAN,.FK,PI/YMS)/Y,NU,RMO,!<DS
COMMONX/MODES/FRUR(,9RsiN,NBMFNS, TVSNP T 5, AXLDGI ,RINS
NIT = 30
LTH = Z.*FHD2
A = REAN
PRINT Iq

j9 FORMAT 14H344X*CALCULATlON OF MOQAL ShAPE FUNCTlONS)*
PRINT eOA,THK,LTN4,RHI,NU,Y

20 FORMAT (//S6X*lNPUl PARAMETERSA//29Xl lHMMAN RAF)IUS58X
7H-RMEAN ZEo4.b/

&2QXIbEMRA0DAL IlICKNESS35X5HTHK E1l4.L/
$29X12HAXIAL LENGT-F3PX59LTH = EI4.¼6

9XqWsLŽENSItT YX5HRnO =EI( 4.b/}
$29Xl4HPFIISStlS 4 RATIIO38Xf4HNU E 14.b/
$29X45NYOUMNGS TMODULUS AT CfINSTANT MAGNETIC INDUCTION 0X3rtt E14.b)
PRIN&T 5(255

5(2Sb FORMAT (f//I

C READ TN Nf4RFNS, FREQUENCY INTERVALS, AN]) IMG FLAG.

REA) 99,NTBRFNS
99 FORMAT (I i )

DOI 777 M1X = 1,Nh5hFN5
IX a 11XX
IF PIX.GT ll) F'KriT 5o57

5057 F(5RrAT (MHl)
READ 9,FM(1),FrRtŽI p l!G

9 FORgAT (?FIU.5,4XII1
INX a I
IT = U
FREf) = FR(l)
PRINT 52

52 FORMAT (51X*INITIAL FREQUENCY INTEkVAL*//)
£4? CONTi NUE
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C CALCULATE BOUNDARY CONDITION MATRIX B(t) AND ITS DETERMINANT DTRMNT.
C

DELTA a RHO*A*A*(i.-NU**2)*FREt**2/Y*4.*PI*PI
BETA a THK**2/C12.*A*A)
AZ = DELTA + 2.*NU
Al = (l,-DELTA-NU*NU0/BETA t 1.
AU = (DELTA-DELTA**f)/HETA + DELTA
CALL CUbIC CA2,A1,AO,RT)
DO 1 1 u 1,3
SFf = CSGRTRT(I))
EN(I ) = (RTCI )+4DELTA)/(NUftSRT-HETA*SRT*RT (I J )
D = SRT/A
RTRUI) a D
MAR ClxAI) = D
EPP = CEXP(LTH/2.*0)
EPM =1.,D.)/EPp
TM a bETA*EN(I)*RT(I)/A-NU/A*FN(jI) + U

8(I.IJ) ( (EPP + EPMJ4*TM
TM = EN(I3*0t(ttrm'A
8(2,I) = (EPP + EPM)*TM
TM = ENtI)*D**+OD*D/A

I L(3t1) = (EPP - EPM)*TM
OTPMINT =b8{l)ftb(*tiC9) + bs4)*bC6)*5sC3) + iC7)*b8t)*B(6) -

$'3(31*P(5)*B(7] - KtibJ*B{b)*tF3C) - t(9)*B(2)*$C11)
UET = REAL(DTRMNT)
IF (IMG.EQ.lJ DET a AIMAG(DTRMiNT)
IF {JNX.LE.2) PRJNT 5u,FREGDTkrNT

SO FORMAT (23x*FNEQJENCY =*E1b. 10,5X*DETEMMINANT =* (E i.1?,E1b.1UJ)/)
C
C APPLY INTERVAL HALVING.
c

IF (INX.GE.3) GO TO 141

DETPRINX) = DET
INX = INx + 1
IF l(Ir.XGE3 Qe Tfl iJQ
FREFQ = F-R(INX 1
GO TO a2

41 IF (IT.GE.NIT) ro TO (43
IT = IT + 1
IF (DET*oFTrSH(I8GTU. GO TO 45
OETRP2) = DET
FsCd?) FRELW
GO TO 14

45 DErH(1) = DE7
FR(I) = FREU

4141 IF (DETR(II*UETPC2I.LT.D.) GO T5 (b
FREQ = .5*(FH~i)+FR(21)
2 T70 T42

C
C 01-TAT- SCALED MOUAL SHAPE COEFFICIENTS FOR AXIAL CUC) ANM RA-EAL Cv4()
C NrCTIOrJ.

109



HANISH, KING, BAIER, AND ROGERS

C
43 Ff11 a Ac

F f2) Al
Ff3) a AD

FRQ(IX) a FREU
DN = ( I1)/{(3)
(21) a (3(4) - f)N*bE(b)
(31 = F3CT) -Oa*6(q)

DN = 13C2)/B(31
GC2) = H(5) - DN*B(hi
Gf4) = a5(8) - DI si(9)
Rri = -G(3)/Gl)
RT2 = -G(4a/G(2)
CUfi) = (-b(9)-b(ftRTII/8C31
ctf ) a RTi
C U13 ) _ r; 1 !J,)

c) f Io.,G.)
Df 3l I - I,3
CW(I) = CU(I)t*EN(I1

3I Cl = C1 + CWM-)
DO 215 I = 1,3
CUMI = cotili/cl
C2t5 awSI} Cw(fT/Cl
21 CwC1) i = IP3.
BUfIxI) = CUfI)

210 Esw(IXI) a CWfI

C PRINT fUT VALUES RTl AND RT2 FOR USE IN CHE[1<INQ VALIDITY OF RESONANCE
C FREQUENCIES AN9 NODAL SHAPES.
c

PRPI5T bOPTIHT2
60 FOkMAT (/I7X*CJNfVERGEIE CHECK*//5xS1hRr C(E 1,..EA8.ItFUSStMT

I =aC (011$ . I Th 1$et . lg) / )

C RESCALE MIDAL SHAPES SO THAT jeE INTEGRAL OF IHE mDAL SHMPE tivR TWE
C ENTIRE LEI.GTH OF THE SHELL IS NUMERICALLY EQUAL TF7 THE LFQT54 OF flit
C SHELL, THEN PHINT SCALE] MODAL SHAPES.

AN = (D.,U.)
Rpl a (0. 0.)
5) a1 I a 1,3
DO 21 J - I s
T I = T2 LTH
OR a RTR(I) + CINJGfRTM(J))
IF ITTAII+TT(2).EQ.O.) GO TO? 2
EPP a CEXP(DR*HtD2)
EPN a (i.,0.j/EPP
Tt a (EPP-EPM)/UH

22 DR = RTRf -) CONJG(RTP(JI)
IF (Tt(I)+TT(2).E O.5. ) G C T 23
EE = CEXPfDR*OD2)
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EM = (C.,D.)/EE
T2 = (EE-EM)/DR

23 AN = AN + CU(I)*CCONJG(CU(J))*(TI-T2)
21 RN _ RN + Cw(I)*CONJG(Cw(J))*fT1+T2)

NA(IX) = CA8StANl
NR(IX) = CABSCRN)
ANRM = SGRTF(lhD2/(NA(IX)+NR(IX)))
AA(IX) = ANRH
XLZ = -LTH/(4.t*NPTS)
XL1 = -2.*XL2
PRINT 158,IX

18 FORMAT 1/24X*SCALED DISPLACEMENTS ALONG LENGTH FROM NEAR CtNTER TM
$ END FOR N-OGAL SHAPE NUM'3EP*12)

PRINT 53
53 FORMIAT (//3lX*POSITI'IN ALONG AXIS*5X*AXJAL DISPLACEMEFTr*dX

i*RADIAL DISPLACEMENT*/)
DO 61 I = 1,14PTS
X XL2 + I*XLI
U a = (t.,U.)
DO 62 J = 1,3
EPP = CEXPCRTRCJ)*X)
EPM = (l.,0.)I/PP
U = U - CU(J)*(EPP-EPM)*ANRM

62 h = V + CwJJ)*fEPP+EPMI*ANRM
AX(IX,IJ = REAL(UM
RDCIX,I) a MEAL(W)

61 PRINT 35,XAX1XIII,R5)IX,I)
35 FORMAT C33XEl2.1, 13XE12.4s13XE1R.4J

X = LTJh/2.
u a (U.,0.)

a fO.,D.)
DO b5 J = 1,3
EPP = CEXP(PTRCJ)f*x
EPa = C1.PU.)/EPP
IJ U - CUCJ)*CEPP-EPM)*ANRM

LS A a A t CVI(J)*(EPFP4EPM)*ANRM
AXEDGE(IXJ) = REAL(U)
oRL a REAL(W)
PRINT 3bXAXEGE(Ix)J,ARL

3h FORMAT C20XL12HEND OF SHELL IXE12.4,13XE12.4,U3XE1 .Q4)
C
C CALCULATE INTEGRALS OF RADiAL M5VAL SHARES R(IN(,J '10l [ INt0.
c

DO 304)1 I a 1,M'TS
bG = LTHf/?.*NPTSI*C1-l)
ED = LTH/(2.*NPTS)*I
RN a C0.D.i
DO 305 J a 1,3
EE a CEXP(RTRCJI*EDI
EM a (l.U.O/EE
EPP = CExPf(R(JJ*erj
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=PY4 (I.,0 )/EPP
3(5 RN a RN + C fJ)/MTR(J)*CEE--i-ERPfIftANPM
,F4 q UOIINMIX, i) = RECALf JN)

DP 3(2 J = 1,5
EPP a CEXP(RTkTJ)*LTH/2.)
EPM = CI.,0.)/EPP

300 Rt _N k t C+ tvJRTRJ)*fEPF'EPt*ftk
Rid-TfiX) = RE4LfRN)
PRINT 54

514 FtIRHAT f//b4X*REStINANT FHEQULJECY*/)
PRINT 50,FREGIOTRMNT

777 CONTINUE
Go TO 7

46 PRINT 55
55 FORMAT (f//l2*UO SI GN DIFFERENCEftI

5T OP

C C&LCULATE Auim PRINT INNER PPIMDUCTS OF MODAL SHAPE.S

C 7 PRINT '3
L FuRMAT (//43,i* PRMALIZES) INNER PROJDUCTS OF MODA4L Sr-HAPES*ft//&X

S12FIMOSDAL ShAPFESlX*VALUF OF INr'-Ek PRk-ODUCT*/
DO 95 K a 1, X
KP = K t 1
DV 95 L a Kt iLX
Arv = (D.j-U,)
kN = (Uv .)
DO 96 I = ,s
1r) 95 J = 1,3
tEP = CEXP (fPARLK. I)4-CONJUfRAMCLv,J) )ft14522j

aPM (l.,U.)/EPP

EL a CE XP (fMAR (, I )-C flrtaf; fPAMLL, JI))f}A*tNdi
Ho= (I.,C'.)/rE

AN a AN + suLfK, I )*C2NJUG C HUL ,JJ )ftf EPP-LP)/f (PAK'(, I
34+C6C'JC,(kffAk J I j I - (EF-EM)/ fPAP (KK,I )-C:[UJG kAR(LJD)

95 R1K R t-N + KI ) *C4JB1( BLUJ) *t (E P-EPM fA (.ARif (K

54LE = REAL fAN+MN)/SURTIF ( (Nt A(K) +Ntk(K )*(C4A(L4+-tq4L) ( )
95 PRINT 97,K,LREE
97 Ff553AT4 (i44Xj2,* A0NUf*ltS18XErle?.4RE T URtN

. 1, C Li L A I z V ^ 5A '.F~ I T Y 0 I n T L J' R % -' L Cl - 11 " 'D I D H 'I 4 '1 L L T + e i A .C-

C ANU M-DIUKi l NERTIAL REACTANCE.
C

Er F RY I MPS

,0 [FitfI) = CFMIItt)*ArACI
U((2 = 0/ a = ^ UX2 a ,'2 a UX ,X =t

0(2 81 K = tN5LNFNS

1 1 n
tlG4
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DO 81 L a 1,NbRFNS
Cl C2 = C3 = C a4 = C5 - C ; (Q.,U.)
DeV 82 1 a I 3
5) 0 6 J = 1,3
Ti = T2 = LTH
DR = RAR(K,I) t CONJG(RARCLPJ))
iF (TTCl)+TT(2I.EQ.U.) GO 7TO 83
EPP = CEXP(OR*HC2)

apM =l.,o.)/EPP
II (EPP-EPM)/DR

f3 OD a RAR(K,I) - CCNJG(RARCL,J))
IF fTT( )+TTT(2C EQ.U.J GO TO 84
EE CEXP(DH*HD?2)
EM = (1,0.)/EE
Ta (EE-E")/DR

84 Cl = Cl + PU(KoI)*CONJG(lUC(LJ))*RAR(KI)*CONJG(RAR(L,J))*(T1+T2)
C2 = C2 + Bu(Kl)*CONJG(bU(LJ))*(TC-TTJ
C7 = ts"(KI)*CONJGCBC(LJ))*(Tf+T2)
C3 = C3 + C7
C8 = 8U(K,I)*CONJG(HC(L,J))*RAC(KI)*1CT IT2)
C4 = C4 + Cd
C5 = C5 + (RAR(KlI)*CONJG(RAM(LJ))f**?*C7

52 C6 = Ci + CONJG(RAR(L,J))**J *C8
UX2 a UX2 + CFf(KJ*CONJGCCFM(L))*REALtCl)
l2 a U2 + CFM(K)*fCNJGtCFM(L)L*REAL(C2I
waM =2 + CFM(K)*CONJU(CFM(LI))*REALCC3)
UXM = UXS - CF-(K)*CiNJG(CFM(L.))*REAL(C4)
AlXXAZ a wXX2 CFtIS(K)*CONJG(CFM(L))*REAL(CC)

81 UX6XX = IJXWXX - CF5M(K)*CONJG(CFM(L)I*REAL(Cb)
UX2I = CABS(LUX2I
1121 = CAaS (U2)
"2I = CABS(02)/LA*AJ
iJXei = REAL(UXP.)*e.A*rLI/A
;tXX21 = CABS(C.XX2)*A*A
UXwXXI a REAL(UAXwXxJ*2.*A
END
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SUBROUTINE ERING
TYPE COMPLEX GM-ISN,SIMITMTtIfT,SSMTSMSTMS~irTsrOMS mot,

$ANS,VTVvVSVI,ISVSIV,ITV,TIVIIV,SSY,TSVSTVtSiHV,TBV,SUF'J,TTV
DIMENSICN GMf3O, 60D jDM(6D,0D),S55r' ID,20l, SSV t I a, 2o) tREST (foooJ,

ITSM(iS),20),TBM(IOit10JSTK(¶20,1o0iTTV(lo .IolTSv (otzo),TsAVf (I,1(2>,
2 STVC2(2,10),ISMCIO,20),ITMS-2(2,~iD),IM(1,20I,TIMfIU80,eo.tI-ttuleo)
£ , I59 1VI20),SIVCIUS 20) IT Vf(2, 101, TIV( 1,(2O)
4 ,IIV[10,2{flPLZ(2G),PR(20)fPLR(2OIPzZ(2I

CCMM' N/DFEI/)FLRDF 7/H IA.R'PtPRP7,R L7/LC/LC5AtXMLIrMAKN
CEM- /SSV//5V //TTSV/S Y/5T V/S TY /5, YIS V/ / TBV/TBV /T VIVTT V
CtIMMON/lSV/ISV/5IV/SIV/ITV/ITV/7IV/TIV/IIV/IIV
CMMMONIT0TIM/T I/SIM/SIM/ISNf/ISM/lITM/ITr-/l IVmIIIM
C O>¶$C'/LK D/TSK/DJ/ TBM!PJ/STH/sLE/SeSM-/VEL/VS, V !VEL V/VT

COMMDN/PIT/JMAX,Jr-AXStIMAX/RAD/HRN,R(UTf/5!t)(/6/G4,,REST
CO9M-t,/TlIlY/FAST/RCC/JT1R/BLKt/HA.FK,PI
FhA a FK*A f DELZ = H/JMAXH $ DLLP (ROUT-RIhj/IMAX
DO I .1 a, JrAXH
hC - JAX + I - J
Pf(d) = H + .5*DELZ - J*UELZ
PZ(KCI ) -P{(J)
RLZ( a= P7 TJ-*(*DELZ

I PLZCKC)=PZ(KCj - .S*DELZ
DO 2 E=-,iMAX

2 PR(l) _ RIN - Sf*DELR + I*SELR
CALL CALBES
CALL CALTRIG
CALL CTBM
CALL STTRIG
CALL CSTM
CALL SSTRIG
CALL [SSm
CALL TSTsIG
CALL CTSM
DO 6UUO IaUpLCMAXyH
D' t,0DO J=1 ,LCFAXN
G4(IpJ) a ((.0,0.)0)

60 ( D211,J) = (O.O,0.0)
IF (RIF!.E& }..) G T)O 80
DOf 64 I=tIMIAX
DO 64 J= 1,IMAX
GM(JMAXtfIfJMAXH *Jl = TTV(i,J)

b4 CONNTINUE
oC 31- 1 iJfrAXsi
hITE : JFAX¶ 4 1 - I
h nI JJ -I -z ItMFAAXI

DM(I ,J) = IIM-(KlTE,JMAXti +l -J
SMFEIJ) a IIVCV(ITEUJAXM *l - J)
GQ(ILCItAX + I - l) = IIV5<lTE,JMAXh 4 J)

£2 DM(I,LC,-'AX + 1 J) = TIM(KITE,JMdXk t J)
Gf' 3j UzlIlMx
GM(I,.TMAXV*1 -) aITVCK1TEJ)
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33 DN,(IJMAXH+J) a ITNI(KITEJ)
DO 34 J=l,J@'AX
GM(I,JMAXH+IMAX+J)= ISV(KITE,J)

34 DM(I,JMAXH+IMAX+JJ= ISM(KITE,J)
DO 35 J=1,IHAX
GH(I,JMAXH+LCMAXH+JJ= ITY (JMAX +I-KITEIMAX+I-J)

35 DM( IJM-AXH+LCM AXH+J)= ITMU(JMAX +I-KITE, IMAX+1-J)
31 CONTINUE

DO 36 I=1,IMAX
KOOT = JMAXH+l
UM(KOITKOOT) = (0.5,0.0)
DO 37 J=1,JNAXM
KITE = JUMAXH t I -i
GM(RKOT,J)a rIv(I,KlTE)
DM(KROCTJ)= TIMC(I,RKIl)
GHM(KOITLCMAX +I-J)= TIV(l,JMAXH+JJ

£7 DM-CKOCT,LCMAX +i-J)= TIN1(I,J1iAXH+J)
DO 38 J=aJMAX
Gm(OrlT,JM4AXll+IMAX+J)= TSV(I ,J)

38 DM(KOOT,JMAXH4IMAX+J)= TSMCIPJ)
DO 39 J=l,IMAX
Gm- CNtTLCMAXH+JMAXH+J)= TeM(I,IMAX+1-JJ

39 DM(RlK TLCMAXH+JMAXH+J)a TBMCI,IMAX+I-J)
36 CONTINUE

DO 40 I=l,JMAXH
KWOT = JMAXH + IMAX + I
DO 41 Jal,JMAXH
RITE a JMAXH4--J
GlI(XOITU a S= V(IPKITE)
DM(KOnT,J) = SIMITrITE)
TM (KROlT,LCHAX+i-J)= SIrl(I,J!lAXH+J)
GM(AOOTLCMAX41--J)= SIV1I,JMAXtr+J)

41 CIINTI\UF
Dl '42 J=l,IMAX
DM(KOOTJMAXh+LCMAXM4+J)=STM(JM1AX+I-I,IMAX*1-J)
UP'(KOOT,J JAXh+LCNAXH+J )-SIY (JMAXt1-I, IAX41-J)
GH(KOOT,Jb'AXH+J)= STV(IJ)

42 DM(KOOTJFAXH+J)= STM(TIJ)
DO 43 J=aJMAX
[,MtrK05TJNAX +lMHAAJ) = SSv Ci,J)

43 DM(KOOT,JMAX+IMHAX+J) _ SSM(IJ)
40 CONTINUE

RET TUR 
80 DO 64 1=1,1MAX

DM 84 J= IIMAX
84 GM(I.J) = TTV(IJ)

DR 71 I=1,IHAX
UM(CI, I) a (0. , .o)
DO 72 J_1,JUmAX
GM1(IIMAX+J) = TSVCIJ)

72 DMCI,IM-x+J) = TSM(l,J)

00 71 JalIMAX
GrMI(,JMAX + IMAX + J) = TEV(IIMAX + I - U)

71 DMCI,JHAX + IMAX + J) = TBM(I,IMAX + 1 - J)
00 73 I=1,JMAXH
K= IMAX + 1
DO 74 J=1,IMAX
GMCKJ) = STV(I,J)

74 DM(KJ) a STM(I,J)
DO 75 JS1,JMAX
GM(KITMAX + JJ = SSV(IJ)

79 DM(K,IMAX + J) = SSM(IJ)
DO 73 J=ITMAX
GM(KCJMAX+lMAX+J)a + STV(JMAX 41'-1IMAX + 1 -J)

73 DM(KJIMAX+IMAX+J)a + SrM(JMAX +1-IIMAX + 1 -J}
ENO
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SUtiRDtTINE EXI(lZ ANS)
Cf1MPLEX 2, ATvS
CUMPLtEX 2Z# AANS
DIMENSIftN 3(Z2), SDM(2)
EfOIVALENCE (ZZ,6), (AANS,SUM)
CD MMD h/SAvE / SAVE E X M-ZRi-X M 
CTNENSI5N FACT (4U)
DATA CISTDRE = 0), (PITYT0 - 1.5707 46b3od)
IF(ISTOPE .E . 1) GtF TG t410
Dof 32i 0 = 3, 40
F ACI (1N a - FL(IAT( N - 1) / FLFtAT (N * Til

Is? t JE a
'410 CUNTIUwE

K = I

GAM-IA =0th7Žl55b4s9
12 a z
P4I(2 a Htti) M Ui)
b2ti = (el l CI)
U a mi lb1 t 0252
IF(U.GT.IUDtD) COeTS 000
ISAVE a (

IF(PtE t .GiT. u202) SU = (1) I 0.5 * 62B2
IF (0161 .LE. 82B21 SU a AHSI B(2) + 2.5 *
EN = h.50 + 3.5 * SU
Nlj EN
IF (NN ,GT. 45) NN = 40
5uM-(}I = -B(1) $ 5UM(2) = -B(a)
IEREMR a -- (1) 5 TERMI - -b 2)
DOl 30y :4 = 2, NNs
X = (TERMR*Hl(i) - TERMI*B(2)) * FACT(N)
Y = (TERMW*0(2) + Ti.RMI*( 1j) * -ACT (h)
TERMk = X
TEPm1 = Y
SUM-Cl= sumSfl) + TERMMSUPFil a SQNM(2) + [14W

30 CONl INUE
ELNRZ = 0.5 * ALDGi(')
IF' (rt1 .NE . 0.0) ELN]? I ATANiCLI22 / b( I
IF(0(1) I E(2,, Q.0) ELNIZ = SIGN(PjGTv;fl, 6(
SUriCI) = -GAMMAT- - ELRZ - S4(l)
5LM052 - -ELNIL - SU(MlC)
AN5 = AA;45
RE T uR

4U05 CDNTI'4lE
ISAVE = I
tOEOuD = 1.u / U
SJMCiI) a I.0 5 SU' 1C = a
IERmR = 1.0 $ TERM) a 0o.
EEM4EE = LI 0
Df' 310 N z = , 4

ti uCl)
31Bi / b(2) I

J)
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SUBROUTINE EX12(ZrANS)

CbMNMO/SAVYE/iSAVE.EXMZR ,x MZI/ICE/ICEpNOEXI
CfIMPLEX ZANS
COMPLEX 12, AANS
DIMENSION 8(2) , A(2)
LOUIVALENCE (ZZ t), (AANSt, A)
AA6S = ANS
ZZ Z
KRa
TESTI a REALCZZ)
TESTZ = AIMAG(LZ)
IF(TESTI .EG. 0 . .AND. TEST2 .EL. 0D0) GO TO 1
IF(NOEXI .E(J. 0) CALL EXICZL, AANS)
X = AC1)*h(l) - A(2)*b[Z)
Y = A(1)*B(,) + A12)*HC1)
IF(IS&VE .E(J. 1) GO TO 400I

E = ExP(-h(lJ)
EXMIR = E * COs(,s2))
EXM1I = -E * Slr4Ck(2))

40t1 CNN WIHUE
ACI) EX.ZR - x
AC2) = EXP4ZT - Y
ANS = AA.NS
RF: I UR;I

I A(I) = I.0
A(2) = 0.0
A,4= AAN5
RE TuUR
E ND

EEMMEF a EtMMEE + 1.0
FFF = tEMmEE * '(NEDU
X = - FEF * CTERMR*B(1J t TERMI*HB(2J
Y = FFF * (TEmMM*d(a) - TEROI*A(1))
TERMR = X
TERMI = Y
SUM(C) = SUN(l) .TERMR
SUM(2) a SU tJM2) 3 TEtMM-

31t CONTIN UE
E = ExP(-BT())
X = t * cosA2))
Y = -E * SIN(H(2))
EXMZR =X
EXMZI Y
FACTR = (X * 6{ + Y * 8(2)) * CNFOU
FACTI a ( * 13(1) - X * C'(2)) * ONEOU
X = FACTR * SUM-Cl) - fACTI * SUM (2)
Y a FACTR * S'M(2) + FACTI * SUM(1)
SUM(1 =) X
SUM(2) Y
ANS = AANS
MET URN
ENT
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SUBROUTINE FARFLU(NPTS)
C THIS PRMIGMAM CALCULATES THE FAR FIELD PRESSURE DISTRIFU!ION IhV
C 06 REFERENCED TO D DEGPEES (RADIAL DIRECTION) FOR NPTS*1 EUAJALLY
C SPACED ANGLES FROM 5) DtGREES TO 90 DEGREES (AXIAL DIRLCTIaNl.

COMMON/FFANGL/ FFuApFF9OAN
DIMfENSION PlT(P~t0) ,PNSC~o4,P9u1 15)),ANSIEO)
CtM 'ON/LCCLCMAX,LCMTAXH/RAD/REN,ROUT/T/ANS/ANS
COM-MOM-/LK1/NHiAiFKfPI/DEL/DELRDELZ/BLKA/fR.PLRPZ;ZPL2
COMm-§N/PIT/JMAX,JMAXHrIMAX/VELO/VEL/RRCC/RRCC/FFPR/FFi4FFlI-N
TYPE COMPLEX 1,EETFFTERNOCADDETISUMIFFVTFFYSBUI7SUC'UtCtP

Is CEMo PT PP INS, POUT , ANS, ISUK., ADDlT, ARG IVEL.vVDCT,9 VIS, VoUT, VT TrP,
2 VYVT
DIMENSION VEL b(C), POt (I0),IVINS(201,VYCUT (2e(), iTftP C D)YIAOT (Tu)

DIMENSitN PZ(240) .PLZ DhPRt21)),PLM (2D

LUATA(ALICE= bbMsbbSb)

IF (nPTS.L,.I) Go TO 42
PRINT 43

43 FORMAT (//S4X28HFARFjEIED PATTERN AT INFINITY//39X*( DEGREES ES SRPO
$ADS(De. 90 DEGREES IS IN AXIAL L)IRECTIfftA*/45X*AN\GLE*1 $XkPRESSURE
SN D3*3X*PHIASE ANGLE OF vRE5SRE*/)

42 I = .,4.) $ RHfC - MRCC*l
DD I./C2.*NPTS) S DELIH = DU*PI $( DELTHU = iB50.*DD
NP? a NRTS-1 *$ JMAXT = JUMAXH
IF(PIN.EQ,.0 ) JMAXH = o
DO ° Ja=,IMAX
P601 (J) a ANS(LCMAX - JMAXH + - J)
VBOT(J) - VELCLCMAX - JMAXH + I - U)
VT(IR(Jt VEL(JMAXri + J)

2 PTOP(J) ANS(P-IJ0aXr*J)
DO 3 J=lJt4AXT
POUTCJ)a ANSCIMAX+JMAXH+J)
VOfUT(J)= VEL(lP-AX+JUMAXK4J+
VOUT(JMAX 4-1- U VEL( LCMAX +1 -JUAXk-LIMAX - U)

£ P:3UT(JMAX tI-U) = ANS( LCMAX +1 -JMAXH-¶-IAK - J)
JtVA~ri a J-AAXT

IF(RIIJ.EU.U.) GO it? 95bb
00 96i JalJvAxtH
PINS(I) = AtJJMAKXHN+-U)
YIN5(J) =FLCUTMAXH+M-J)
VINS(MAX+h - U) = VELCLCMAX -JM-AKH + JU

9b5 PINS(UMAX4I - J) = ANS(LCttAX -JMAXH + J)
GO TO 9Z1

9v6 DO 969 J-t pJt4AX

VINS CU) = ((2.0,0.01
'hR PlNStU) a (0.~0,.0)
970 FFI= .5*FK*DELL

RPC = FK*RO3UT S RI = FK*RIN
CALL CALL HESL(RIbSlRJlTylYU)
0 a RSp*RMUT 3 61 a 85= *1314
6UI a RIN*tJI $ tijOUT a RCUT*hJO

S I =bS'0o.
203 BUJJUT = iJhUT + *6SO tIJI = bJI + I*Hal

SUM = (0.Ut oD)
D' £7 K¼i,UMAx
ADOIT a (L4J!0T*MP,,jT(K) - hI*PjPhS(K))

AUUIT 1= RhMC*YIVNS3r)*6I + Vr¶( lK*t+)
ADDIT a ADDIT - ADDITl

17 SuM- = SUM t AUDIT

FFI = FFI*SLm I FFyT = tO.U..o}
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DO 30 K= 1, IMAX
PL = PR(K) - .5*UtELM RU = RL + DELR
TU = FK*RU S TL a FK*RL
CAl! PPSI ( TUilU) I CALL ES1 TL.Ill

38 FfvT = FFVT - (VTRP(r) + VIBOT(K))*(kU*ij - RL*BL)
FF0 = CA85(FtI + FFVT*.5*RHOC)
FFOAN = CANG(FFI + FFVI.5*.*ROC)*180./P1
DEG a 0.0 i FFOM = 0.0
IF(NPTS.6T.1) PRINT 33r DEGFFOMFFDAH
DO I jUlNPTS
IHETA a J*DELrH
IF(J.EU.NPTS) TMt-EA a 99.*PI/j tr.
COSTH = COSCIHETA) $ SINTH = SIN(THETA)
ARGi = -I*FK*SINTt
TT = NI*CC'S5TH
CALL WlSLlTT ,S'I,BJ1,VYUY1)
ul a R ,41*SI
TT = RO*COSTH
CALL RESL(TTrS2,6J2,YDY1)
UJI= Rrlt*bJI $ tUJIUT = RDUT*BJ2 s BO =WoUl*iS?
BJOUT = a JLDT*COSTH
bJI = BJI*COSTH

207 FFI = .S*I*(CEXP(AMGI*DELZ) - 1.)/SITITH
SUM = (U.D000.0)
0 4 K=a,JMAX

CEM = CEXF(AHGI*PLZ(K))
ADDIT = CRJrUT*POUlTK) - dJ1*PINS(K))*CEM
ADDITI (VnlUT(K)*b-' t VINS(KJ*BI)*RHOC*CEM

4 SUM = Srf + AD)[lT -AUDITi
FFI= FFI*SUm
SLIM = (0.0,0.0)
FFTb a .5/COSTH
ARGI = ItFK*H*SINTH
CEMI = CbXPC-ARGI)
CEP = CONJG(CLCEM
(0 5 K=i,IMAX
RU1 = PM(K) + .5*1DLR S iL _L= Pk(K) - .5kDELk
TT = FK*9U*CB5TH $ TTL = FK*kL*C(STH
CALL tJES1(TTiu) i CALL bI-S1TTLHL)
RUBL a LU*'LU - RL*dL
AD -IT _-T*.zTlT.*,,Dhaj9TL.irCr, - YTfiL-,
AUDIT] = PHfIC*(CTbP(KJ*CEM + VHY TCK)*CEP

5 SUM = SUM + (AUDIT - ADOIT1)*RUHL
FFTL( = sDN*FFTE
FFM = CAuS(FFI + FFT13)
FFANq = CANG(FFI + FFTI4)*1do./P1
IF(J.EG.IPTS) FF9O= FFM
IF(J.E(.NPTS) FF9OAN = FFAN
DFG - J*UELTmi)
FFM = ALICEALDUF(FFri/FF0)
IF CNPTS.EW.1) GO TO I
PRINT 33, DEG,FFM,FFAN

33 FORMAT (26X3FŽ2.2)
I CONTLINUE

E N
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FUNCTION FNCX)
DIMENSION AK (4)s ,BK ('0 AE (4)2 ,E(4) ,A (4) ,hU4)
DIMENSION FA(4'),FB(4),GA(LGb(4)
DATA (FA=36.027264,265.167033o335.677£aD,$&. )249S)
DATA CF8a40.1431,22.,2491SYD.236Ž65) 1 57.1Q5423)
DATA (GA a 4?.2J2SS(277BsS2.016496,21.821894)
DATA ((26=46. 196927,462.'46595(, 11 1'4.97eeb5,'449.b9o5a>)
DATA CF2=.2SUD5)0000),(F4-.0lU4te6lh(Fba. o(u23i4C'I)
DATA(F6=D.D 200( 3100Dt(F1I=-.U5O)G2D8),(F-S=-.9vSSS555556)
DATA CFS=U.U5)1&t6bbT, (FTa-.OD(2DS3tib), tF9aO.Di5)00030b)6, (f'tI=
I-.osO(25000o23
DATA (Asa D09,{ubo£'4'4259, L.U3590092363,5. 0742'263T13,5.QT'451146212
DATAt 6K=.12u9&59£597,o6S(2248575,, ,.332B35b 3'tD.oo417675)12
DATA(&Eto.'aQ32514i463,D.D62SbDI02dtD.5)ctST£6Ssq6,.o t~s5Co45j )
DATA C6Ea0.24996S~b310,U.0925)5ol8U£7,5.504Ub99b7S26,(.DQ5a64496393

ENTKY CI
IFLAC, = I
IF(X.LT.1.} GO TO 1

21 XXfX*X
FDEN = FB-4B + XX*CF
FNUr = FA(4C + XX*(F
F = FNUM/(X*FtEN)
GNUM = GA(4U + XX*(G
GDEN = G614) + XXw(G
G = GNUvt/(XX*GDEN)
TF(IFLtAG.EU.U3l GOt TO
FN - F*SINEX) - b*CO

6b(33 + XX)
A (S) + XX

A(3) 4+ XX
B(S) + XX

26
3( I

RE T Ri
i XX x*X

CH - xX*(Fd + XX*(F4 t XX*(FS
GAmMA = .577295664
FN -: ̂ ;At + L'CGF'Xj + CH
RE T 0kM
ENTRY Si

IFLAG = (2
IFCX.iT.1.) Gt T[ (29
Go TO 27

co ri - - F'*CflS G- SlNXAI

RE TURF 
29 xx *x

PI a .141t592b55t
SH X*(1. + Xx*CF 4 *
Fa _ Sh - ,*SPI
9 F.TURN
ENTTRY ELLIPK
HOLDA=I.3bk29043o12 z HOLLIB a

DO 2 J=1/4
AUI = AX LI)

2 b(U) - PK(J)
G C Tl 4
ENTRY ELLIPE

HOILUA = i .0
HTLO = 0.0
DM £ J=3,
A (U a - AA .1 1

3 B(J) = FE(J)
4 Q = Q4 = i . - X

FACT LGGF(l./3)
D I i J-i,4
riOLDA = H-OLUA + &(t *(4

II 0 = G Q'm
FN = -OLDA + dOLD6*FACT
ENO

*(FB(2) + *aX (FX BI) + XX))
*(FAC2) + XX*tFA(I) + XX)Ij

*(GA(2) + XX*(GA(13 + XXI))
k(Ub(2} + XX*CGaCI) + AX)))

t XX*CFS 4 XZ*(F1( 3))))

+ Xx*(F7 + X xY F9 4F i XXO- 1))))

: .8l

in^
-Lek£
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SISWROUTINE GGC
TYPE DOUBLE h.X
COMMOri/bLK1/H,A,FX,PI/TTOY/N'QU1,LL, Mm/SLX2/XlI'F
DIMENSION XI (32fl¼F (32)rv(31 )X(31)
DATA (PI a 3..14159265359)
DATA (X = 0. 1i4887i4i3b96 I1t310000 . 0.343395390129247t)u0U,

* 0.67440956M2990'24DOOOO.8bbSo33bbb68985D00O,
*U.9739 Qb58Sl7172D0OD0
* 0.07652b5211334973337YSDO00,0.227785b5S14 lb45k97SO5,0D0 0(

* U.b36053b58)726515025453LJ00, D.7463319UbQbOlD07925, '400,
* J ,d3Q1 16b9716 222188523£595O0fln, i. 9;i22342d2b1 32SQ5$t1nhO0UdJ i,
* Ut,397192727791 5791 280000, 099312k5991859U94247Bb~O.u,
* 0.9972638'16'494815^b5SDO0V, 0.98561151 4lS42bb33j4LOUQu,
*o.9547t22555675Ub43o77Do00, 5.9349D0b57593779bS89j75)005,,
* u.t9k3?11557b60521239b0)000 o6.8493b76137325699701 300o0,
* o.7944h37959t794q40b9bD000, O.7321821 18740o28ibB03cl)000o,
•0 1.o50630042b9£5021b520097DD00, O.8b J711,757204076232900D0o0,
* 0.5ub89990693222939002D000, 0,421351276130b353453b6uOu,
*o.3318686u2282127b4977D000, 0.23926736225213707454Q0u0,
* 0.14447196158279b49348DO00, U.48307b656877383162345)-5Ul)

fATAJA= D.2955C24i)7J4753t07Sf 0.2l92flflf3fl9D71Qi 0Q
*u.2190863b251'59b20000, 0.1494513491505810000,
*0.0b6b7134143D8668000,
* 0.152753387130725550S696L000,0. 42917298b4726037au78e'0DUU,
* 0. 1'42096I o93163k20513d90000,D. 13158H5,3B44917bb6 btI9810Ou
* 0.1 U6j9531915l14q73120L000, 0.10119301 1981 72LO4£5bo37D5)t),
* U.08327670l1767047'48725O1), ,0.0t2672008w33lo9o063570D0o0,U
*0.004001o429b003?b5 41331Doo0, 5)V17b1407135e1l131200u0,
* iU.7018b3ju0947009bb004(2-U00, 0.1b27Q3947309 )156700500t)Lb ,
* 0.aS392o53o 9 26ha594b5tU-0l0, 0.34273t6291302l433l12DD-0oo
* u.42e358sb022225bbs6osQ6D-001, 0.bO996059262S7bt/f,646D-uoo1,
*u.5(ib8409347b5355a71OlSD-05), ub58222227763obl4b 6 37D-uu1,
* (I-77?4S7Q4 18 8OiikOob?25D-0o1 , o078;9389578707u036'471L1-D0ol
* U.8331192422n94b75S222D-DO1, U.87152093004403all14212?-ul0,
* 0.91 173b769576e6847120-501, (0.93644399080604565,bj9i)-UD01
* o0.95s3872o79274q59419D-0G1, 0.9bS400b8514727805)bD-(201 j

PFK = 0.5 * FK
NNL = NP401/2 $9 N8L= 0
IF(NQO1.E.?U) '1BL = b
II-(N(JD)1.EU.32) (MC = 15
DMI II Ia ,dliL
K = I + ImbL
XI(l) = X(K) * 'IK
wF(l) = a tK)
Xl(I + hNL) = - X(K) * PFK

I I If I + ;NNL) 1-dK)
kE tUjM1
ENTRY TINE
TIMER = TImELEFT(K)
PMRjT 1, TImER

I FeRMAT(* TlME LEFT *F10.3* SECCNDS*//)
RETUR ?j

END
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SUoROUT I NE 003 C VA, 7ST6R, M),NF rNPTS, VYV ,AN5

C TH¢IS SJb*RUT IE WTAINS t(rE CEFFICICINTS OF VELOCITY EXP4AISbPvN 4A+S
C 1.4 fEPMS fF mfLDAL SHAPES.

TYPE COPLEX ANSrSTR,vA9vVY
D)I mNSIr)N A4.iS(1II) ¢Rc(,IO),STP(iCl43VA(1i,l),VY VC )
PI a 3.t41592b54
NP. a -F i ¢

N - oP43 = MxpTS/N4F

K = K t 
IF (K.GT.NIP) GO TO 3201
VA(K&,;N) = -VVV(JJ
DO £00 I = i,;NF

U00 VAC(Kt) a MD(IsJUI
301 CALL SIMCX(CVA, 1,STNf,4FANS)

tND

122



NRL REPORT 7964

SUBROUTINE NINCCANNDD,L,M)
TYPE COMPLEX A, D. BIGA p bIGAI rHOLDrB
EQUIVALENCE(BC)
DIMENSION C(2),C1(2)
EQUIVALENCE(BIGACIJ
DIMENSION A( ND,l),rLClM(l)
Da (1.0.0.0)
NK = -N
DO 60 K= ,N
NK a P'K+N
L ECK i = K\

M (K) a K
(K = 1t1(+K
blGA = A(KK)
BIGC a ABS CCII))
IF(AdS(C 12)).GT.IGC) tlOC = ARS CC(I2)

IZ = *Jl
DO 2u0 I=y,N
IJ TIZ + I
8 a A(IJ)
IF (ClOGC-ABS CC1)j) 101, 102,1(2

101 BlGC a AUSCC(l))
Gil Tri 15

102 IFCBtIGC-A§S(CC,)) 103.20,20
103 LBIGC a ABS(Cr2))

15 6I1A - &(IJ)
L(K) = I
N(s) a J

20 CONTI'-UE
SUO Ct.TINlJE

HIGAI = (1.0,O.O)/BIGA
J=L(K)
IF(J-1() 3B,35,25

25 KI a K-N
Do £0 I=a,N
KI = KI+N
HnLI) = -A(hJ)
JI = CI -KH-J
AAl )=A(Jj )

30 A1JT) = HTILD
IC I 1",

IFCl-K) 45,4B,3d
38 JP= N(CI-1)

pj t1i J=|,th
JK = 4KtJ
Jr = JP+J
HOLi a -A (JK)

A(JK) ACJI)
40 A(JI) a H;LJ
45 lFtClC (1 .)FUU. .ANU.Cl (2) .EO.5O. )4b,I8
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4,D= (2.0
PRINT 222p,)

2Ž? FORMAT (/5X*DETEMMINANT OF MATRIX BEING SOLVED BY '1UVC ISkFB.2)
s -1 Dp

46 DO 55 I=I,N
IF(I- K) 50,55,55)

50 LK _ NK + I
AINK) a -. IT;AI*ACIK)

55 CONTINFU
DO 65 I=1,R
IK = NK (4I
IKO 2 rA(IKI
iJ = I-N
Da' 65 J=1,N
IU = IU4-h
TIF fT crf>,YSl O GO TR kS

62 KJ - IJ -I 4K
A(lIJ) = 1OLD*A(KJ) t A(IJ)

65 CCNTINUE
KJ Z K-N

DO 75 Ui1,N
aj _ KJ + N

IF(J-K) 7US7570
70 A(KJ) a BIGAI*A(KJ)
75 CONTINLUE

D = D*BI(A
A(KK) = BIGAI

Al i9^N? T'IlrU

K N
100 K = K-i

IF(K) ll,1S(SO2,105
155 I= L(K)

IF (l-K) a20,120,1(o8
1(& JU - H4*{K-13

JR = N*(-1)
GOl I 1U J=l r;4

JK a JUtj
HOLD a A(JK3
JI UP-rUs
AUJK) a -A(JUT

110 ACJU) = HOLD
120 J=a MK )

IF(J-K) 1005,1U(0,2S
1 25 Ka = K--

DU 130 T<1,N
KI = KI 0,
H1OLD = A (KI)
JI = KI-K4J
A(KT) = -A(UI)

150 A(JJ)=HtLD
0 ToD IOU

15 RETURK
E "U
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SUBROUTINE MLT(XAYApX4,Y6,XCfYC)
XC=XA*XB-YA*YH
YC=XA*YB+YA*XB
END

SUBROUTINE PSUBV(VXRXI,DR.DI)
EPS=5.OE-3 1
K9=K l Ua=
HOLDR:HOLDI=l.UE307
CALL MLT (XR, XIXRXIXSRfXSI)
AK=O. 0
FVS=4. 0*V*V
AR=FORPVa1 .0
AI=FCRPVIaO.0

C HEGIN ITERATION wITH AK=
3 AK=AK+ 1 O0

FACN=(FVS-(U.O*AK-1,0)**2)*CFVS-(4.0*AK-3.0)**2)
FACDH=-2.U*AK*(2.0*AK-1.0)*64.0
FACDI=FACDR*XSI
FACLDR=FACDR*XSR
BRZAR*FACN
BI=AI *FACN
CALL DVD(CR,BI,FACURFACDIARAI)
IF (KQ)7,2,7

2 DR=:A+FORPVR
IF(DR.EQGO...OR.ABS(AR/DR).LT.EPS)GO TO 11
IF(ABS(ARM.LE.HOLDR)GO TO 6
DR=FORPVR

It 1 =1
GO TO 7

6 FORPVR=DR
h0LD=AAbS (AR)

7 IF(Klo 1lo,8,1o
8 DI=AI4-FORPVI

IFCDI.EQ.U.5.OR.ABSCAI/DI).LT.EPS)G3 TO 12
IF(ABS(AI).LF.HOLDI)GO TO 9
DI=FOPPVI

12 KIa=1
GO TO 10

9 FORPVF=OI
HOLDI=A$3S(AI)

10 IF(K9.EQ.l.AN0.Klo.EO.1)RETURN
GO TO 3
END
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SUBROUTINE SUBV(YV,XRXIrErEI)
EPSaS. GE-l
K9K loao
HOL0R=aKLDI= iDE3u7
CALL '4LT(XRXI,XMXIXSRXSI)
AK=a .5)

FVS=4. *9*V*V
UpRaFYVS-.iJ
UP I= a , 0
DERa8. *XR
QEI=a.0*XL
CALL DVYD(UPRUPIDERDEIfARAl)
F ORVYRaAR
FRQUV I =AI

C BEGIN ITERATION WITff AK=2 BECAUSE FIRST TERN IS NOT SANE AS FACTeR
3 AK=AI+l*,

FACN=(FYS-(a.*0AK-3.QJA*Z)*(FVS-(4.D*AX-K..)**2)
FACRa--(2*.*AK-. , )*(2. *AK-2. )*64.0
FACDItFACDR*XSl
FArDR=FALr R*XSr

BRZAR*F ACN
8I=AI*FACN
CALL DVD(tRBIFAClR,FACDIAR,AIl
IF (9)7,2,7

2 ER=AR+F§RUVP
IF(ER.EQf. .. OR.AkiS(AR/ER).LT.EPS)GO TO 11
IF(ABS(AR).LL.KDLDR)GO TOt 
ERF aRVIVR

1 K9=1
GO TO 7

6 FORUVP=ER
HOLUlN=ABS ARJ

7 IF(KlQo)balU
8 EI=AI+FOpGVl

IF(El.ED.(2.O.'iR.'oSCAI/E1}.LI.EPS)(G0 TO e2
IF(CA5(AIJ.LE.HOtLII)GO TO 9
EilFORQVI

12 I d=a1
GO TO 15

9 IRQYal=EI
HOLDl=ABS Al )

10 IF(Kh9EQ.i.AND.Kl@tEQ.1)RETURN
GO 70 T
END
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SUBROUTINE SHIP
C THIS SUBROUTINE OBTAINS THE TRUE SURFACE RADIATION GREENS FUNCTION G(,).

DIMENSION G(30,30)
COMmON/vNM/VNM
TYPE COMPLEX G,PA
TYPE COMPLEX V,SUMJRHOC,ANSVELrDMGMVELIANSIANS2
DIMENSION REST(4200),ANS(60),V(30),VEL(60),GMC3O,6O),DM(bU,6b)

1,VELI(30DbPZ(20),PLZ(20),PR(20),PLR(20),ANS1t30),AN52(30),AREA (bU)
COMMOfN/RRCC/RRCC
COM)ION/LC/LCMAXLCMAXH/BLKA/PRPLMPZPLZ/RCC/JTOP
COMMON/TOY/NUT),ISYMNOD3/PIT/JMAX,JMAXH,IMAX
COMMON/BLK1/HAFK,PI/DEL/DELH ,DELZ
COMMON/PA/PAPHOCA
COMH8tIJ/RAO/RIN,ROUT/MXU/JMXTMXD/5/9M/ANS/ANS/VELO/VEL
COMMON//GM,G,REST/TIDY/FAST/EPS/EPS/EPS51/LPSIJOE/JUTPI
COMMON/AREA/AHEA/NOPR/NOPR/PQR/POR
DATA(ND1= 32),(PI = 3.14159265559),(EPS = 0.001.,(EPSX = O.U001)
DATA(JTNPI = 1U) , CJTOP = 10)
ISYM' a 1 
LCMAXH = JMAXH + JMAXH + IMAX $ LCMAX = LCMAXH + LCMAXH
JMAX = JMAXH + JMAXH
A= .5*4RITJ+ROU.I)
FAST = PI * NJD1 / (8.D * FK * (ROUT + PI * H))
CALL G&C
CALL ERING
RHOC = FK*RRCC*(U.,-2.)
UO 14 J=1,LCMAXH

11 ANS1(J)= ANS2(J) = (C.0,0.0)
Dc 14 I=aLCMAXH
Otl)IJ) = DM(I,J) + DMtI, LCMAX + 1 -J)
GH(IJ) = GriCJ) + GM(I, LCMAX + I -J)
CGf1IJ) = RHOC*GM(IJ)

14 CONTINUE
CALL CINV (DOLCMAXHIO3)
DO 246 I=lLCMAXH
D0 246 J=l,LCIIAXH
G(1#J) a (0.Or.U)
00 7 Kal,LCMAXH

7 GCIJ) = GCI,J) * DMClKJ*GM(K,J)
246 CONr1NUE

RETURN
ENTRY FIELO0
0r 146 J=ULCMAXh
VEL(LCMAX+1-J) a VEL(J)
ANS(J) = (0.0O.QO
DO 10 K=1,LCMAXH

10 ANStJ) = ANS(J) t G(JK)*VEL(K)
746 ANS(LCMAX+l-J) = ANSUJ)

DO 537 J=l,JMAXH
AREA(J) = DELZ*RAN

537 AREA(JMAXH+IMAX+J) = DELZ-R*0UT

DO 53$ Jal,ImAX
531 AREACJUMAXHIA4UJ PR(J1*DELR

DG bi 19 J=1,LCMAiX
53q AREA(LCP'AX + I - J) = AREA(J)

SUMJ = (0lo011,(>)
DOn 401 JI,LCMAX
SiJMJU SUUJ + ANSCUJ)AAREA(J)*COJUGY(V&L(UJ)

401 CONTIM'UE
AREAT = A*( r+ 4 h t MCUT - RIj')
AREAT = AREAT . AREAT
PA = SLi'!J*) ,*PI
RHOCA = ARFA1*d,*PI*RRCr
SUMJ a (U.,O.)
Dr1 402 1 = 1,LCM-AX

402 SUMU = SU'J + CAdStVEL(I))**2*AREACI)
VNM a SUMJ/AREAT
LOD
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SUMROUTINE SIMCK(JRIG, NNMATMCT,ANS)
C TI-1IS SUBROUTINE SOLVES SIMULTANEOUS EQUATIONS REPRESENTED 8Y AUGMENtED
C MATRIX C'RIG(,1 WHIOSE AUGMENTED COLUMN IS MINUS THiE RIGHT HAND SIDE OF THE
C SIMULTANEOUS EQUATIONS.

TYPE COMPLEX MATORIGArSB B2a,-68,81(2,ei 1,B15,6I5tCCCC2,1i2oooeo
17 SUM E00(22410k
EQUIVALENCE(i2,C),(CC,CX),(cC2,CX2) U5)D20
DIMENSION MAT(MCT, Il)rOIG(NNi, fANS(MrCTflC(LaCX(2),CX2a2) 000026

15 FORMAT(25M THIS MATRIX I5 SIMGULAR/3 0 a028(22
HI IaC 1.0,0.0) 00ooo800
M7=MCT4l 000020(200(2

C PUT OPIGINAL MATRIX INTO MAT oQcy0(tef
NCT = ICT = MI
DO 2 JU=1ICT c2rok2P-So(
(O 2 I=ImC7 500040so
MAT (I, U)=RlGlGU) aS00S46(2

2 CONT IWUE 0ts1t047Q2
UCTaM4CT-I
DO 3 J=I,JCT uiuo9s
KKJJ+4 I 000t20(
UvaU
CCMAT (U J) U(20QSu-(
IF(CX(1).Er4.,0..AND.CX(a).EsQ.u.o7,'tda G0(205)6

C1 IF(JV.EL.M-CT)13j1±4
IS PRINT15 0(20985)

RETURN 000090s
IaS UyaUy+t 0(2010(200Q

CC2=MAT(JV,U) oc2(2(1(21I2(2
IF- (CX2( 1j.EQ.(2,O. AN.CX2Cl2>s).EDG.DC)I'1b 00ToO0t(s220

b DO 1iT UJUJNCT 05Q I 5Soo
RBh=AT (UUU) E00(1 4((u
MtAT(UUUJI-IATCU v,JU U Js0(2155

1 7 r¶AT(UVUU):H~b (2(2(2I )l5).t(
HI Ia-O l 05)(2 1(2/0

12 JSING=JUING-2 5)LI1 OV0bIkD
D0 4 X=XKKICT
b8-aMATC(KsU)/MATLJUJ) u(2°o0&
DO 5 L=U,NCT (222640(2

Ital=B8*MAT (CLd) 0)0065i
5 'AT (K,L)aMAT (KL)-31I0 G(W(2(ba L(
4 COtNTINUE a)5)00 ±tv 7(

C VALUE OF DETERMINANT aouo(268(UQ
3 I1 -B t 1 *I-sAT (U 0 (2t09 5)

bI1=B1la *mATI(KCTMCT) 00(207(25)0
LJn=-MCT 5)5)0271(2o

Moz--1 
oo~u gl tJ

C TO DO ONE MR MsORE BACK SOLUTfIONS k2(20472(2
DO 6 Pl-INCMT,NCT 0u00T 30S
JFIt4a=mCT$ Ix=0 (y2(JO(207±4P-(2

C HACK SOLUTIsTN 0uvuf75(1(
DO 6 INMzLWhMI¶ 0(2(21(76bU

bt- t nK Ck fINM 1 ri lii!t i -ni[

BoH-mAT (rOhINC) E}Y(2(7&(2(
B2;MAT (NM) 00(2(279(25)

IF-Il) 7,d2,T 0((010(2
22 Ix-ix+1 D5)a-O

GOTII S 00006it)£(2C
7 M-C'2A-JFIN }200084%

DO £4 INM4LOK,mO? (2(2(2(2850-
N~IABSCINN)00080

9 b4a84+1MsAT U4 ,N)*mAT (N,-IlNC} ( 506(
%a=BO-6a o~toesdo3

S I- (C(1).EOI .0.5.AND.DC(2).EQ D.0}129 (20(20-894>5)
29 uIAT(I-tMINCj=&NS (9)=0162 00O(9102U

6 CO N4T I NUE 0(009tau
RETURN 128 0f0tZ9 l 00(
END (20149u0
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SUBROUTINE SOLVECMCTMATDET,RRRAT1e)
C THIS SUBROLUTINE OUBTAINS THE DETERMINANT DET OF MATRIX MAT. IT ALSO
C CALCULATES COEFFICIENT RATIOS RR AND RATIOC].

DIMENSION MAT(1,4),RATIO{3)
TYPE PEAL MAT
JCT = MCT - 2
DO 4 J=1,JCT
KKaJ+I 170
IF 1MAT(JrJ).EQ.D.) 11,12

11 PRINT 5OJUMAT(JJ)
50 FORMAT C//lOX4HMATCI1,jHIl,3H) =E14.b ,2X7HTROUHLK)

STOP
12 00 4 K = KKMCT

B=MAT(K,J)/MAiCUJ) 200
DO 4 LUJ,MCT
BlD=B8*MAT(JL) 220
MAT(KL)=MAT (K,L)-6lO

4 CONTIJNUE
DET a hATh lI)*MAT(2,2)*(MAT(3t3)*NlAT(4,4)-MAT(i4J3)*NiAT(3J4))
RR a -MrATlC1,4)/MAT(4,3J
RATIO(3) = -flAj (3,4)/MATC3,3)
RATCI(23 = -(MATC2F33*RATIOC3J + MA1C(,4))/MAT(2,2)
RATIOt(1 = -(MAT(1,2)*RATlO(2) + MATC1,3)*RATIO(3) +f MAT(Ii))

S/MAT CI , 1)
RETQRN
ENO

SU8ROUT INE SkT CXAYA,XC,YC)
5S=SSRT(XA*XA+YA*YA)
XC=bLRTAABS((SS+XA)/2.0))
IFXA) I,2,f1

2 YC=-XC
RE TUR N

I YCzYA/C2.0*XC)
END
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SUBROUTINE THFREQ
C THIS SUBROUTINE OBTAIN5 THICKNESS CORRECTION FACTfCRS FI A0D Fa.
C CALCULATES SCALED DISPLACEMENTS ALONG THE THICKNESS OF THN SHtELL
C RADIAL AND AXIAL DIRECTIONS.

TYPE REAL iM,#IOIJ1,IlYIYI
COMMON /BLK/RrIMUJOIUURJ1,IJI,RYOtIYODNYIIt
COMMON /RAD/B,A/BLKI/HAZFKPI/YMD/Y,NUtRO,NDS/FUD/VFiF,
COMMON /FRK/FR
TYPE REAL KAPPALAMBODANULTH
DIMENSION C(,44,RATIO(3),FR(2),DETR(2lFXMAGC15)
COMMON/AA/OMBRSAB, ALPHA,BETA.DDrTTC1S, RATIO
NIT = SU
P12 a P1/i
LTH - H+H
PRINT 5t

51 FORMAT (lY-40X*CALCULATION OF THICK4tLSS CORRECTItN FACTFI4S*)
PRINT 1,ABLTHRHOrNUy

I FORMAT (//56X*INPUT PARAMETERS*//29X*'UTEP RADIUS*
538XbHROOUT =E14.6/
$29X*INNER RADiUS*39X5HRIN =E14.6/
S29X12HAXIAL LENGTH39X5HLTH = Et4.6/
S9X7HDENSITY44XSrHRHO aEl4.b/
$29XIQH4PISSONS RATIOSBX4HNU =E14.b/
$Z9X45HYaUNGS M-CDULUS AT CaNSTANT MAGNETIC INDUC7TON 8X3HY =El4.6

CALCULATE bOUNDARY CONDITION MATRIX C¼l).
SUBROUTINE CVMPHES.

IT ALSO-
1 &IOTh

aBTAIN BES5EL FUNCTIONS FROM

KAPPA a PI/SDRTF(C2.)
LAMbDA Y*t40/((1.+NU)*(l.-NtU-NU))
G a Y/(2,NRUl+NGc)
tMBRS a PI*PI*(LAMBDO6A+Gr)/4I.*H*H*RHO)
GIST a (LAMPDArG46)/RHO
C2ST = a/RHU
C3SS = 4.*G*(LAMBDA+GI/tRHO*(LAMBDA+G+Q))
ALPHA a CIS2/E35Q

INX' = 
IT a 
B9ET = FR SVC1 D

FRET) FHCI)
PRINT 52

b2 FORMAT (//St5*INITIAL FfEAUENCY INTERVAL*//)
42Ž CC'NTINU1
22 OMSQ = (2.*PI*FRE[B**2

P0 = OGMSQ/ObMbSQ
AP A ALPHA + ME ETA
PSI _ Sc)RTF((AB*RO-1.j**2 + 4.*ALPHA*BETA*RU*k,1.-HI))
DD a 1.5*JKAPPA/H)**2/bETA
O15W a QD*( &B*R1-I .*PSI)>
DI a SQRTFCD1S@Q
DETS = DD*(PSI+t.-A8*RO)
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D2 = SORTF(D250)
TT = H*CLAMKDA+2.*G)/CKAPPA*LAM3DA)
SIGI a TT*(D1S)-OMSQ/Cls)
SIG2 = -TT*D25u+eM5Q/CnSL )
XSI = D2/DI
GA a Oll*A
z = B/A
ETA = q'"SG/(2,*ClSC*DlSQ)
TA - ALPHA*ETA*GA/BETA
TC = TA*2
2 = GA
Im = o,
CALL COMPBIES
C(I,1) = RJ1 - TA*RJO
CC1,3) a RY1 - TA*RYO
rti3;!) Pii

C(3,3) a PY1
K = 0.
fa XSl*GA

CALL COMPBES
C(1,2) = -XSI*IJ1 - TA*RJU
C(i,4) = XSI*PI2*IYL + TA*PI2*RYO
CC3f2) = -SIG2/SIG1*XSI*IJI
C(3,4) = SIG2/SIG1*XSI*PI2*IYl
R = Z*GA
IM- a 
CALL COMPSES
C(f21) = RJI - TC*RJU
C(2,3) = RYI - TC*RYJ
CC'4,1) = RJU
C(4,3) = Rya
R = 0
IM = Z*xSI*GA
CALL COIRPBES
CC2,2) a -XSIkIJi - TC*RUo
CC2,4) = XS1*PI2*IYI + TC*PI2*RYD
CC4p2) = -SIG2/SIGI*XSI*IJl
C(4,#4) a 5lG2/SIGl*XSl*PI2*IY1

C
C OBTAIN DETERtMINANT DAT, COEFFICIENT RATIOS RAllO()f AND COEFFICIENT
C RiTIO RR FRO'im SUBROUTINE SOLVE.
C

CALL SOLVE (4tCDATRRRATTb)
C
C PRINT I'JITIAL FPEDUENCY INTERVAL.
C

TF (INXTI .2) PRIT !1pFPE,;iDtA
1B FORMAT (37X1IHFREOUENCY =El2.4,5X13HDETERMINANT =El2.4//)

C
C PERFORM INTFRVAL HALVING.
C
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IF (INX.GE.3S GO TO 4t
DETR(CNX) = DAT
IF (INX.NE.2) GO TO 4b
IF (DAT*DETR(I).LT.50) GO TO 46
PRINT 55

55 FORMAT (C//lX*INITIAL FREQUENCIES NOT VALID*//)
S T O P

146 INX = INX 4 I
IF (INX.GE.S) G[ TO 44
FREt a FR( INX)
GO TO 42

41 CtINTlNDE
IF (IT.GE.NIT) GO TO 43
IT a IT + I
TIF (DAT*DETR(lI.GT.Q) GO TO 45
DETR(2) = DAT
FRCŽ) = FREW
G[ TO 4Q

45 DETR1 ) = DAT
FRl) aI FREA)

44 FREU = .S* 1FRC (3)
G(2 10 142

C
C PRINT RESONANT FREQUENCY, 5)ETERMINANTAND RATIaS FOR CHECKING VALIDITY
C OF RESONANT FREQUENCY.
C

43 PRINT 53
53 FORMAT (//5SX*RES"(NANT IFREQUENCY*/)

PRINT l1SFREQDAT
PRINT 30,RATI(3) ,RR

3( FORMAT (/HK*CON'ERGENLE CMECKt/SLRI E'±o6b'SXER2 a~d.6
C
C CALCULATE AND PRINT SCALEC DISPLACEMENTS IN RADIAL ANLY AXIAL
C DIRECTIONS VP AND VZ.
C

H6 = (A-Fi)/10.
Aw 8 - bB
PRINT q

9 FORMAT (//29x*SCALED DISPLACEMENTS ALONG THICKNESS FROM INNER MADI
IUS TO OUTER RADIUS*//SbX*POSITION*lIX*RADIAL UISPLACE.M1•T*oX
2*AXIAL DISPLACEMEN4T*/)
DO 7 I = ,t i
AR aAR4 + 6FM

I = *A.

CALL COMPiHES
VR a -RATIO(1*DI*RU - RATIL(3)*i*l*RYt
Va = RATIT(t1*SlGt*RJO + R+TIOC)*SI(;*RYO
R = 0,
Im = 92*Aw
CALL COMPdES
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VY = VR 4 RATIO(2J*D2*IJl - D2*P12*IY]

VZ a VZ + kATI'23)*SIG2*PJU) - SIG2*P12*PYU
XmAGU() = VP

7 PRINT bA4,VRVZ
6 FI'M-AT (21X3SeXE1tb.3)

CALCULATE AN4D PR1NT THICKNESS CORRECTION FACTORS Fl AND FtN,

Fr: _ MAG(I)/XNAG(6)
FC a XMAGC11)/XMAGCK)
PRINT 91,FIIF

91 FORMAT C//51X*THICKNESS CORRECTION FACTORS*//±2XdHFI =Elbbt
*5x4HFO ELib.b}

21 RETURN
E1ND
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Appendix B

COMPUTER LISTING OF DTRMNT AN) A SAMPLE INPUT AND OUTPUT

The program DTRMNT is listed on the next page, and a sample output follows on
the subsequent pages. The sample input is

*06587 *00685 .09055 9400. .3 1.26E11
0 900 10

905 l 0 40 5
1060 6000 20

Note the inclusion of the Fortran statement FREQ = IFR X 10 in the program listing.
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 C. An examination of the output
yields five potentially valid intervals:

9200 to 9250 Hz,
9950 to 10,000 Hz,
21,400 to 21,600 Hz,

23,400 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 determinant.
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PROGRAM DETRMNT
DIMENSION 5(3,3)JENC3),RT(3)
TYPE REAL LTHNU
TYPE COMPLEX BCHK.D,DTRMNTENEPMEPP,RT,SRTrTM, RTR
READ 63,RMEAN,THKLTH,RHO,NU,Y

63 FORMAT (CEIO.5)
Pa: 3.141592654
A = RMEAN
PRINT 2O0ATHKLTHtRHMONUpY

20 FORMAT (IHI55X*INPUT PARAMETERS*//29XIIHMEAN RADIUS33X
S7HRMEAN zEI4.6/
S29X16RHADIAL THICKNESS35X5HTHK =E14.6/
S29X12HAXIAL LENGTH39X5HLTH = E14.6/
529X7HDENSITYQ4X5HRHO -E14.e/
529X14HPOISSONS RATIO3BX4HNU aE 14.6/
S29X45HYOUNGS5 MODULUS AT CONSlANT MAGNETIC INDUCTION 8X3HY =E1±46)
PRINT 5056

505c FORMAT (//)
88 CONTINUE

READ 9,K1,K2,K3
9 FORMAT (3I5)

IF (EOF,0)B7i,69
89 CONTINUE

INX =
IT = a

42 CONTINUE
DO 666 IFR = K1,K2,oK3
FREQ = IFR
FREO : IFR*10.
DELTA = RHO*A*A*C1 -NU**2)*FREQ**2/Y*4.*PI*PI
BETA = TH1(**2/(12.*A*A)

a2 = DELTA 4 2.'*NU
Al a (1.-DELTA-NU*NU)/BETA + 1.
AO a CDELTA-DELTA1*2)/BETA + DELTA
CALL CUBIC(A2,AIAORT)
DO 1 I = 1,3
SRT = CSQRT(RT1I))
ENM) = (RT(I)+DELTA)/(NU*SRT-BETA*SRT*RT(I))
D = SRT/A
EPP = CEXP(LTH/2,*D)
EPM = (1.,8.)/EPP
TM = BETA*EN(I)*RT(I)/A-NU/A*ENCI) + D
S(l,I) a (EPP + EPM)*TM
TM = EN(I)*D*D+D/A
8(2,I) C (EPP + EPM)*TM
TM - ENat I)*Df**l7D*D/A

1 8(3,1) (EPP - EPM)*TM
DTRMNT - BCl)*b(5)*B(9) + B(J)*B(6)*BCS) + b(7)*B(21*b(6) -

5B(3)*8(5)*B(7) - B(b)*BC6)*B~l) - Pd93*BC2)*B(±1)

666 PRINT l00tFREODTRMNT
100 FORMAT (31X1IHFREQUENCY =E12.4,5X1SHDETERMINANT =C(E12.4,E12.4)3

GO TO 85
57 STOP

END
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INPUT PARAMEERS

KEAN 4RA 11.
RADIAL TH10MNESS
AXIAL LENGTk
bENS I[ 
PSISENS RATIO
YOUKGS SUCULLS A'

VREDUENCY O &

Fr#CUENCY s 2
FRECUENCY 5 3
FRECUENCY 1 4

F MCUENC Y 5 Yj
!RE.CUENCY I 5j
FRECLENCY v ,FRECUENCY f tX

rNECVENC t I 8
FRRECtENCY f RI

FrECUENCY ft 1i
FRECQENCY F Ij
FREC UENCY s I
PrEICENCY p t
FRECJENCY i 1I

rERCUENCY 1 1,
RRECUENCY I 1
rPECUENCY Ft I
FRECUENCY * I,

FRECUENCY p 2
MRECLENCY F 2.

TRE.cLE'.NlCY a 2
MRECVENCY F 2
9'RfCUENCY 2
FRECUENCY 2 2
FR;WUENCY f 2
FRECUENCvY I 2
FRECUENCY ' i
FRECUENCY 3 2
rFECUENCY * 3
FRECUENCY * 3
FRECLENCY f 3rRECUENCY *t 3

FFECUENCY f 3
FfiECUENCY iF 3
fRECUENCY w 3
FPEUENICY 5 3
FTRE2UENCY ' 4
FRECVIENCY I A
FRECUENCY a 4
FriEfCUENCY f 4
FRECLENCY * 4
FFEC4ENCY t 4
FRECVENCY * 4
T;RE:CENCY f 4
ERECUENCY 4
FFECUENCY t 4
Frp4e NC Y w i
?RECUENCY F 5

r'ECUENCY t t 5
FRE5UENCY * 5

T CONSTANT MAGNETIC INDUCT1iN

,0000*002

,O80000*92
'000040 02
toooo'ooz
tooo#00a
ioooovooa

100GO*003
120GD*003
130GoO003
14000'Q03

0 04 003

,6200 0*003

;70004 003

, 800Q*Q03ve
r9000* 003

* 300Oa003

1 :°°O' 0e3

600 C'~ j003

*9C:t0*0C)3

*2 8000'003

,$O}o003ov

* J0000*903
*±000*203~v

*v i dl - 'did it

4 0000l*903
4 1080*003v
4 2400g *g 83
j 3po:p03~4000V*003

DETERRINANT '
DETERM!NINT J
DETERMINANT ;
DETERMINANT f

DETFRMINANT J
DETERMINANT f
DETERM[NANT f
DETERMINANT 7
DETERMINANT F
DETERMiNANT *
DETERMINANT c
DETER1N4ANT g
DETERMINANT F
DETERMINANT w
DETERMINANT
DETERMINANT=
DETERMINANT =
DETERMINANT a
DETERMINANT
DETERMINANT
DETERMINANT s
DETERMINANT p
DETERKINANT P
DETERMINANT Ft
DETEMIlNANT a
DETERMINANT c
DETERMINANT F

DETERMINANT '
DETERMINANT f
DETERMINANT f

DETiERMIANT f

DETERMINANT 7
DETERMINANT:
DETERMINANT f
DETERMINANT I
DETERMINANT f
DETERMINANT F
DETERMINANT '
DETERMINANT a
DETERMINANT A
DETERM:NANT '
DETERMINANT s
DETERMINANT a
DETERMINANT 1
DETFRM I NANT :
DETERMINANT
DETERMINANT a
DETERMINANT

DETERMINANT A
DETERMINANT f
DETKRMINANT A
DETERMIENANT ft

DETERMISNANT 

RMEAN a
tkK x

NU a
y a

6, $97000-002
6,850000-n03
9, 0955 f- 002
8, 400000.003
3,8u0o000-G01
a, 26098DG i

1,I1909011 Y ,8554'000
r7,aRt*Ct3 .. Z976*aGS

1t,5058*014 3,5721*.02
2,2543*014 2,2881.AM3
2,9976*014 A,973600i1
3,P33a*0t4 .1,1460-003
4.4613*0±4 4,2514*003
5,1784'014 .1,2e96*.03
5.8834*014 .1,1514*004

7,25074014 *4,67314003
7,9099*4014 1,6930*D003
8,5507*014 .8s5603*G03
9,17'±9,014 *Si,823*083
9,77184014 *9,0518-03
1,O34940±5.,950.00
1.0903*e±5 3,8324*003

1 432*015 .*,443aa004
1,935*015 .3,4365.03
1,24jj11&5 .1,7965*003
1.2659*015 .2,0486*004
1,3278'015 .1,t4s92*003
1,3667*015 .tl2546*004
1,4026*015 .3,80e15203
I.4314*848 .2.05t13.04
1.46 50.015 .5,078a0*n3
t. 49150I5 0930800682
1,5t47901 *t,8475a003
I,8347*405 .1,45006003
t,5514401S 1,750G*002
,5648*015 .,l18&6*004

1,3749*015 7,57055*03
i±381i&B 1 5 2,1360.00V 4
1,5t 55*015 7,5100.00,3
1,5859*015 8,7920.00.3
1,5832V015 2,5960*5)03
1,5774*015 .2,88106083
1,5636*015 3,7600*3GS
,5568*015 .2,12904003

1,5423*Ct5 .7,6160.3
1,5245*405 2,47826004
1,50343*015 t,4825*Qf04
1,4814*.0s .1,4515'0C4
1,4560'015 .1,0132*0C4
t,d1B3#015 .2,4429*004
t,3983+D15 .2,42860084
1,3661*015 .2,2944*004

1,2960*01.5 2.89600.82
1,P584*015 .4,59E00s 03
1t2191'0t5 t,1528?004
t.1t75*015 .2.3250*GG4
1,1366*015 2,1630*0q4
1,09t1P 015 119136Y004
1,o494e*05 6,29860403
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FRECUENCY I 5050004003 DETeRMINANT f 1,0052*015 6,5340*003
FREQUENCY * 5,6000+003 DETERMINANT f 9,6004*014 1,6780*004
FREQUENCY I 5i7000*003 DETERMINANT v 9,1445*014 .6,4300*003
FREQUENCY I 5j80004903 DETERMINANT f 8.6861*014 .1,2940*004
FRECUENCY F 5,9000'003 DETERMINANT * 8,2269*014 .7,96401003
FRECUENCY a 610000Q003 DETERMINANT ' 7.7686*014 .i1i3524004
FReCUENCY a 641000*003 DETERMINANT f 7.3128*014 6,0920*003
FREQUENCY f 6h2 0 0 0*003 DETERMINANT f 6.98610014 5,36804003
FREQUENCY * 6A3000'0O3 DETERMINANT f 6,4148*014 .5,0700*003
FREQUENCY f 6400o0*Q03 DETERMINANT F 5,9757*014 4.3660*003
FRECUENCY f ,15000*003 DETERMINANT 5 5,5454*014 .7,2920*003
FREQUENCY f 6,6000*003 DETERMINANT F 5.t246*014 6.6560*003
FRECUENCY ft 6;7000'03: DETERMINANT a 4,7153*014 1,7040'003
FRECUENCY * 6,8000*003 DETERMINANT a 4.3187*014 3,0580*003
FRECUENCY * 69000*003 DETERMINANT ft 3,9357*014 2,9700*002
FREQUENCY I 710000*003 DETERMINANT a 3,5677*014 1,96704003
FReCUENCY * 7,1000*003 DETERMINANT f 3.2t55'014 3,14004002
FRECUENCY P 7,2000*003 DETERMINANT f 2.8800*014 7,480o*002
FREQUENCY a 7J3O0*gO3 DETERMINANT f 2.5622*014 .2,2630*003
FRoCUIECY * 7.j4000*Ann D f'ERMINANT i 2.2626'054 .2s8560s00n
FRECUENCY * 7,5000*003 DETERMINANT ' i,9820*014 .4,90206003
FREQUENCY f 71600Q*Q03 DETERMINANT ' 1,7206.014 *t,9250*002
FREQUENCY I 707000+003 DETERMINANT t i.4790*014 .3,0315*003
FRECUENCY I 7,0ooo*003 DETERMINANT f 1,2572*014 .2,6880*003
FRECUENCY a 7,9000*003 DETERMINANT f 1,0553*014 .3.3713.002
FREGUENCY I 8,00000003 DETERMINANT * 8.7335*013 8.4569*002
FRECUENCY I 8,1i00*003 DETERMINANT 7,iiO3*013 1,3400&003
FREQUENCY * 8,200o*003 DETERMINANT f 5,6799*013 .1,23954003
FREOUENCY * 8,3000*o03 DETERMINANT ' 4,4372*013 5,3000*001
FRECUENCY * 8j40004003 DETERMINANT F 3,3754.013 2,0945.003
FRECUENCY U 8j5000*003 DETERMINANT ft 2,4659*013 *5,4400*002
FREQUENCY I 816000*003 DETERMINANT f 1,7590'013 .6,3800*002
FRECUENCY a S,7000*003 DETERMINANT u 1,1827*013 .3,0200*002
FRECUENCY 8e8000*3uo DETERMINANT f 7,4379*012 .7,i000*001
FREQUENCY P 8e9000*003 DETERMINANT f 4,2683.012 .1,0000*001
FRECUENCY * 9,0000*003 DETERMINANT * 2,1429*012 .2,9000*001
FRECUENCY f 9,0500*003 DETERMINANT t 1,4087*012 .5,20004001
FREQUENCY I 9,1000*003 DETERMINANT a 8,5469'011 6,2000*001
FREQUENCY F 9t4500*U03 DETERMINANT f 4.4681*01i .2,5000.001
FREQUENCY ! 9,2000*003 DETERMINANT a 1,47586*011 30000*000
FEECUENCY * 9,2500*003 DETERMINANT f -8,1181*010 .2,5000*000
FREQUENCY a 9,3000*003 DETERMINANT f -2.7136*011 2,0000*000
FRECUENCY v 9,350,*003 DETFRMTNANT N .4.id48*noi .5.noann.an
FRECUENCY a 9j4000*00g DETERMiNANT f *5B790*0tt 5,0000o001
FRECUENCY f 914500*003 DETERMINANT S .6,9546*011 .A,0000t*00
FREQUENCY * 915000*o03 DETERMINANT f .7,2690*011 .9,0000&000
FRECUENCY a 9,5500*003 DETERMINANT f -6,0924*011 .1,1000*001
FRECUENCY g 916000*903 DETER81NANT f O,OOOO0 on0 .3,1600*011
FREQUENCY p 9,6500*003 DETERMINANT ' 3,6242*001 .9,7741*011
FREQUENCY F 9,7000*003 DETERMINANT f 0,0000*000 .1,4709*Ji2
rF;EUENCY a 9750 s0nn,3 DETERH;NANT ' V i.j *,&i764t0;2

FRECUENCY * 9,8000*803 DETERMINANT ' .3,5604*002 .241435*012
FrEGCUENCY * 9,8500*003 DETERMINANT ' -3,5209*002 .2,1752.012
FRECUENCY T 9,9000'00z DETERMINANT f 0,0000*000 *1,8137.012
FRECUENCY * C9,500*003 DETERMINANT * -3,7589*002 *7,B8096011
FRECUENCY v l0O000*004 DETERMINANT f -i.1262*003 1,4423.012
FREQUENCY f 110050'004 DETERMINANT 4 -1,38794003 6,3317*012
FRECUENCY * 1,0±00O004 DETERMINANT f -2,03504003 2,2607*013
FRE£UENCY P iOl;50'00 DETERMINANT 4 3.1929*013 2,1602*003
FRECUENCY f 1,0200:004 DETERMINANT * 2,8765*013 o,oooo*ono
FRECQUENCY 1 1,0250*004 DETERMINANT f 3,1684*013 0,0000'000
FRECUENCY * 1,0300*004 DETERMINANT s 3,4378*0±3 1,07±54003
FRECUENCY F i0380*g04 DETERMINANT * 4,2208*0±3 Q,0000*Ooo
FREQUENCY * l,0400*004 DETERMINANT ' 4,9012*013 5,7433'002
FRECUENCY f 1,0600*004 DETERMINANT f 8,5701*013 .3,47200002
FRECUENCY f 1,8O00*004 DETERMINANT i 1,3914*014 1,6738.003
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DETERMINANT f 2,1233*Q14 1,9986.003
DETERMINANT ' 3.0860O'04 *2,7075.003
nETERMiNANT ft de(f34*ft4 .3;RAf7lanf
DETERMINANT # 9,ft398#014 *5,3433*003
DETERMINANT Lt Y,8993-014 *1,4367004
DETERMINANT ft 9,9250 t014 *1,82 509i004
DETERMINANT f l,2549*015 .1,9445.f04
DETERMINANT ft 1,S600'15 .1,5393*004
DETERMINANT x 1,9106*a015 .1,2a0*004
DETERMINANT ft 2,3091*015 .1,2522*004
DETERMINAkT f 2,!%757*601 .,8471*004
DETERMINANT f 3,S575*005 t,8199*C04
DETERMINANT f 3,&10±*015 8,2453*004
DETERMINANT ft 44159*015 .9,6643*004
DETERMINAN7 s 5,0748*015 .1,12&5.005
DETERMINAN7 f 5,7860*a15 6,5874*0a4
DETER1INANT f 6,01491*015 .1,5267*005
DETERMINANT D S mjjn5 756040n5
DETERMINANT f S,2±52*015 .5,7173*a04
DETERMINANT ft 9,%13G*Q45 .6,5084-Q04
DETIRMINANT f 1,00484016 5,4258*004
DETERMINANT f 1,1013*016 6,0635*.04
DETERMINANT w i1,003*016 6,7514*004
DETERMINANT w 1,3009*Q06 0,000.00oo
DETERMINANT 1,4023*016 0,0000*oo0
DETERMINANT * 1,5035*016 0,0000*00
DETERMINANT ft 1,6035*016 .3,1128*005
DETERMINANT t 1,7411*016 wt,9414*D05
DETERMINANT ft 1I 951*0i6 .5,8621*003
DETERMINANT ft 1,ft844*016 6,00434005

DETERMINANT 14672*016 .3,2263*005
DETERMINANT 2,1425*0$6 t1,0201*06
DETERMIkNADT P 2.fia8C'(UG *q 372-U

DETERMINANT * 2,1644*0i6 1,61,424004
DETERMINANT * 2,20BIEQii6 .,7648*0a4
DETERMINANT f 2,23a4*016 6,6229*005
DETERMINANT C 2.2539*016 1,4525*GR6
DETERMINANT f 2,7532*016 5,8766#o05
DETERMINANT f 2,2t351'016 6,2317.005
DETERMIN NT q Uol98* OI6OOoOO.O
DETERMINANTf 2.1426*016 1,8375*006
DETERMINANT i 2,t665*016 .4,3802*005
DETERPItNANT s i,9699*016 .1,4693*006
DETERMINANT ft 1.8526*016 0,00004030
DETERMINANT f 1,7148*016 5,o689*.05
DETERMINANT * 1,5571*016 1%,281*0o6
DETERMINANT g 1,3806*016 0,Q000*Go0
DETERMINANT f ,18a68*0j6 .1,44942*06
DETERMINANT f 9,7790&G01 *1,461Q0'06
DETERMINANT * 7,5479Q+0Is .,j23Z*0o6
DETERMINANT ' 91,272*015 .1,6390*006
DETERMINANT f 2,9297'015 .7,5556.005
DETERMINANT a 5,894*0L4 .7,4929.v005
DETERMINANT f -1.6529*0±5 .5,5553*)05
OETERM(NAN! -3,.7726*0t5 .7,137*0055
DETERMINANT R1 *3,6557*015 4,6562*G06
DETERMINANT -7,211z±&015 *1,150a*06
DETERMINANT ' -.63299*015 .&,8056*005
DETERMINANt -SR853*015 7,7945*305
DETERMINANT s .8,7372*015 .2,5734.006
DETERMINANT .7,Y7281015 3,16g3*006
DETER-Mi kNA a -E 4,51t*Pi8 -* *cati59a nn
DETERRINANT f-2,4082*U05 Q,G000*000
DETERKINAkT 2,X10C8+05 ii4ii7*00
DETERMINANT e ,7090*0C5 .6,297v*o06
DETERMINANT - 1e 444016 .1,2984*aG0
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FREQUENCY f
FREQUENCY Sf
FREQUENCY g
FREQUENCY g
FFREVENCY IFpeeverc 9FREQUENCY S
FREQUENCY *
FREQUENCY V
FRECQENCY S

FREQUENCYpFRBOQENCY S
FREOQENCY S

FRSQUENCY f

FREQUENCY t
FREQUENCY f
FREQUENCY Y
FAEOBiRdNCY *
FREQUENCY SFRwEctENCY ft

FREQUENCY ft

FREQUENCY S

FREQUENCY v
FREQUENCY f
FREQUENCY 4
FREQVENCY U
FREQUENCY I
FREQUENCY f

FREiENCiY t
FREQuENCY ;
FREQUENCY w
FREQUENCY ft

FREQUENCY aFREQU'ENCY f

FREQUENCY f
FREQUENCY f

FRECUENCY f
FREQUENCY f
FREQCUENCY f

FRQbUeNcy f

FRECUENCY f
FREOUENCY f
FREQUENCY f
FRECUENcY La
FRECUENCY S
FAECUENCY '
FREOUENCY S
FREQUENCY i
FRECUENCY t
FREQUENCY
fREQUENCY f
FRECUENCY S
FPEQUENCY f

FREQUENCY f
FREQUENCY f
FREQUENCY f

F~R:EQUNY ft
FReEQENCY ft
FREQGUENCY if

FR*QYJENCY S
FREQUENCY ft
FREQUENCY S

FRECUENCY ft

FRF&UENCY ft

1,1000*004
1,4200*04
1 .14000*004
11L600*054

* 100*o 004
14(0004004
1,2400*004
1,2600*004
10800*004X f 2ooo*qD4

1132ec*004
I,34004004
10 6 00*0004
1138004004
1, 4 000ooQ4
1,4200*904
& I d449Urt
± ,4 60 0* 04
1,4800*004
1j5000'004
1V.200*Q04
1,'54Q0 0'04
115650*004
i14ab0*Q04

i1665)0*004
1,6800*004

117240*004

tj .'Pikj titj

117600*U04
I ,7800'004
1,8000*004
18240"0 0u4

1,8400*6004

10O90 40'0*4
11,92*004

1 ,92Qo*Qo4

1, 94PO00'004
1 l,600%004

t J95a0*QQ4

1,900.00*D4
2tD20000004i0260a*G04

2,6oeG*qD4

2 0400.0U04

2,0100*004
21i000*004

2,1200*004
2~1400*0Q4
212630*004

t 2 1 0w 0 0 4

24800.oA04

2 1340Q*g04
2,36*00.04
213800*Q04
2,4000*004
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FRiCUENCY * 2,4200-004 DETERMINANT f 2,7597*016 .8,3915*006
FREQUENCY J 2,4400*004 DETERMINANT f 4,0674*016 ,.47894006
rRE-QENCY I 2,460D*904 DETERMINANT a 5,6607*016 0,0000o 000
FRlCUENb Y V i 24edI d004 DETERMINANT * 7,575540644iu;r4t40oV7

FRiQUENC) . 2,5000*004 DETERMINANT i 9,850640±6 4,4126*006
FREQUENCY I 2j5200*004 DETERMINANT 1 1.2528*017 9,3410*006
FREQUENCY F 2,5400Q004 DETERMINANT s 1,5651*017 0,0000*000
FREQUENCY a 215600'o04 DETERMINANT f 1,9270*017 8,2780*006
FREQUENCY f 2,5800*004 DETERMINANT f 2,3434*017 3,4938*007
FRECUENCY p 2,6000*004 DETERMINANT f 2,8200*017 1,72894007
FRECUENCY p 216200*004 DETERMINANT 4 3,3624*017 1,93564007
FREGUENCY a 2j6400*004 DETERMINANT f 3,0768*017 .2,2478*U07
FREQUENCY * 216600*004 DETERMINANT F 4,6699-017 1,9801*007
FRECUFNCY 8 2,6800*004 DETERMINANT a 5,4486*017 2,5784*007
FREQUENCY * 2,7000*004 DETERMINANT * 6,3200*017 0,0000*000
FRECUENCY f 217200*g04 DETERMINANT f 7,2921*017 2,10±9.007
FRECUENCY a 2J7400'004 DETERMINANT f 8,3727*0±7 1,2±16*007
FRECUENCY a 2,7600*004 DETERMINANT f 9,5706*017 0D0000*000
FRECUENCY f 2,7800*004 DETERMINANT a 1,0895*018 .5.4258*007
FRECUENCY * 2,80009004 DETERMiNANT f 1,2354*018 1,3974*007
FRECUENCY P 2a8200*004 DETERMINANT t 1,3958*018 2,2±41±007
FRECUENCY a 2j8400*004 DETERMINANT f 1,5718*018 1,3803*008
FREQUENCY p 2,80o0*004 DETERMINANT ' 1,7644*018 .7,4858*007
FREQUENCY I 2,P800*004 DETERMINANT f 1.0746*018 .17084*007
FRECUENCY a 290000*004 DETERMINANT f 2,2037*018 6,5768*006
FREQUENCY s 2j9200*004 DETERMINANT f 2,4528*018 .1,6490*008
FRECUFNCY a 2.040n0ona DETERMINANT a 2i72''*o'de Yanao.nnA
FRECUENCY f 2.9600*004 DETERMINANT 4 3,0158*018 .1,7307*007
FREQUENCY f 2,9800*004 DETERMINANT T 3,0323*'08 0,0000*000
FRECUENCY f 3.0000*004 DETERMINANT I 3,6739*018 6,1739*007
FRECUENCY I 3j0o00*004 DETERMINANT o *,0419*0E 1,1232.007
FRECUENCY m 3,0400*004 DETERMINANT * 4,4370*016 2.4439*007
FREQUENCY x 31,600*004 DETERMINANT 5 4,1629*018 *.5065*008
FRECUENCY * 310800*004 DETERMINANT a 5,3186*018 1,4409*007
rk'UENZYw ; * ;OSO-4004 DETERMlNANT f ;,auQ6i0fu iL56i.*007
FRECUENCY * 3,1200*004 DETERMINANT I 6,3282*018 .1,4813*008
FRECUENCY * 3V1400*004 DETERMINANT X 6,8849*018 9,68120GO7
FRECUENCY 5 3,1600*004 DETERMINANT R 7,4783*0±8 3,5253*005
FREQUENCY v 3,1800*004 DETERMINANT 2 8.1098*018 3,7732*005
FRECUENCY q 3,200*004 DETERMINANT 5 8,78±2*018 .1,8518*008
MCEQUENCY * 3,2200*004 DETERMINANT t 9,4937*018 2,1555o0n5

FRECUENCY o 3,2400*004 DETERMINANT P 1,0249*019 5,3380*007
FRECUENCY ' 3,2600*004 DETERMINANT a 1,1049*019 1.95334006
FRECUENCY f 3,2800*004 DETERMINANT ' 1,1894*019 2,9016*008
FREQUENCY p 3,3000*004 DETERMINANT ft 1,2787*0i9 5,5727*005
FAEQUENCY v 3,3200*g04 DETERMINANT i 13728*609 3,2312*008
FRECUENCY f 3,3400*004 DETERMINANT f 1,4720*019 3,4058*008
FRECQUENCY * 3,3600.004 DETERMINANT ' 1,5763*019 5,38204008
FRECUENCY * 30300o004 DETERMINANT ' 1,6859*019 1,8926*008
FRECUENCY a 3,4000004 DETERMINANT a i.A009*0.9 3.n4l7*co5
FRECUENCY I 314200*004 DETERMINANT f 1,92±4*019 5,2620*008
FREQUENCY s 314400*004 DETERMINANT I 2,0476*0I9 2,1956*008
FREQUENCY f 3j4600*004 DETERMINANT a 2,1705*019 6,8632*008
ftECUENCY ft 314500*004 DETERMINANT X 2,3173*019 2,4052*008
FRECUENCY w 3,5000*004 DETERMINANT f 2,4609*019 2.5245*008
FRECUENCY D ,52200*004 DETERMINANT f 2,6106*019 3,9087*0n0
FRECUENCY F 315400*004 DETERMINANT i 2,76630019 2,7584.008
FRECUENCY p 3j5600*u04 nFTRPMtNAdT a .lO*n.r4o *A I:fl..n*
FRECUENCY f 3 1 58oo*0g4 DETERMINANT D 3G0959'019 0,oooo&ono

FREGUENCY * 3j6000+004 DETERMINANT f 3,2700*019 2,2672-.O
FREQUENCY I 31620O*004 DETERMINANT ! 3,4501*019 3,2774*008
F;ECUENCY s 3,6400.904 DETERMINANT * 3,6363*019 3,4±54*008
FREQUENCY * 3,6600*004 DETERMINANT f 3,a286*019 2,0969*008
FREQUENCY a 30,600*004 DETERMINANT D 4,0269*019 1.2971'009
FREQUENCY t 3,7000*004 DETERMINANT f 4,2311*019 0,0000*000
FfMtUENCY a 3,7200*0o DETERMINANT a 4,44j0*0i9 2,4995*0o8
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FRECUENCY f
FREcUsECY S
FREUENCY 

FREQUVENCY fFRECUENCY T
FRECLENCY f
FRECUENCY f
FREQUVENCY f
FRECUENCY f
FREGUENCY fFREQUENCY f

FRECUENCY I

FREQUENCY fFRE4QENCY f

FRENQENCY f
FREQUENCY f
FREQVENCY r 

FREQUENCY I
FREQUENCY f
FREQUENCY f

FREQUENCY fFREQUENCY a
FREQUENCY t
FRECUENCY a
FRECUENCY S
FREQUENCY I
FREGUENCY I
FREQUENCY f
FREQUENCY ft
FRICUENCY 9L

FREQUENCY f
FREQUENCY t
FRECrUENCY I
F2RBQENCY f
FREQUENCY f
fRECUENCY Y
FRECQENCY a
FREQCENCY f
FRtcUENCY £
FREQUENCY f
FREQUENCY f
FREQUENCY w
FReQUENCY f
FREQUENCY F

FRECUENCY f
FREQUENCY ft

FRECUENCY f
FREcUENCY f
FREQUENCY f

FREQUENCYI
F REQUENCY ft
FREQUENCY V
FREQUENCY f
F EECOUE NCY I

FREQUENCY ft

FREQUENCY ft

FREQUENCY ft

FECE5UENCY f
FREQUENCY ft

FRECUENCY I
F AEcUE NCY I

DETERM 3NANT
DETERMI NAN!
DET ERM) NAN!r
DOTERM3 NANT
DETERMINANT

DETERM INA NT
DETERM1NANT
DETERMINANT
DETERMINANTDETELKRM! NAN!
DETFRMI NANT
DETERMINANT
DETERMI NANT
DETERM NANT

DETERMINANT
DETE RM NANT
DETERM NANT
RETERMINANT

DETERK! NANT
DETERMI NANT
DETERMINANT
DETERMINANT
DETORM INANT
DETERMINANT
DETERMI NANT
DETERMINANT
DETERMINANT
DETERKINANT
DETERMINANT
DETERMINANT
DETERMINANT

DETERMINANT
DETFRKINANI
DETERM NAN!
DETERI NANT
DETERMINANT

DETERMINANTDETERMINANTDETERMINANT
DETERMINANT

DEOTE RN I NA NT
DETERMINANT

DETERMINANT
DETERMINANT

DETERMINANT
DETERNI NANi

DETERMJ NAN!
DETERMINANT

DETERMINANT
DETERMINANT
DETERMINANT

DETERMINANT

DETERmINANT
DETERMINANT

DETERM[NANT
DETERM NANT
DETERMINANT

DETERMINANT
UETERKINAN7

DETERMI-NANT

DETERKM 1 NA!

DETERMINANT

DETERMI NANT
DETERMINANT

t 4,656601G9
f 4,8776'Qt9
ij 5,i33*qioi9

f 5,8713*019
ft 5,8119*019
ft 6,0 566.01i9
Pt 6,3051"019
ft 6.5569*019
* 6,8±16*019
R 7,06 g8*019
a 7.3278O019
A 7,5881'019
f 7,A449*o019

8 8,1100.019
f 8,3702*01'9
F S,6289*019

5,389_2tv 

ft 9,L±32*019
a 9e 3869*019
A 9,43Q5*i3L,9 a s t 9

39,18677*019
f t 1. 097*e20g

9, 1403±9*020

| 7,40G2*a19

Nt 1,0530*20

15, 1173,0' 02

5 .0697*010
1 ,19 07 *020

f t 11388*0e20e

ft 1.3,11*020
t. l,161±'20

1,1743'#020

ft 1,1771*020* t14 7 3 9 4 0 C2 0V

t 1,1v 377*20
5 ±4441.0e20

1.04t77*020
ft 1,01.07*020
ft 9, i769*E19
f t 9,f2407*01

' 5,7741*0±9
f t 5.17*019z
ft 4,j07j9*Qj9

ft 3,1670*019

ft '3,8497*018v~

ft .1,7487*019

' .3,2076*019

ft *1,0039XQ20

ft .1,2042*020i

St 1.4139V'V020

1.0 95 1'009
4, 2143'008
0, 0000'000u
*4,6264006d
2, 2959*088
.4, 9538*v00
0'0000~000
0, 0000'3000
0.G0000000
2 ,8133*00a
.9,8210*008
.4,2407o*o8
0, 0000*0 00

.5, 0412' 008

.6, 4766*0f08

.1,1726*009

.1,6484*009
w ,'2Cg.&nni£

.7,2881*006
0,0000*000

.9 1 0174 *00O6
t1,893*009v
0,0000*000

.3,2375&009

.4,6054*009

.2, 452IA009

.3S 9S7 50 U09
.1,7497'009
f31 0498*009

W1 6995*009

4,3287*008

0,0O04000
0,0000*000

*6,6334*009
.2,5961*009
.2,0854*0085
0,0000*000
.2, 8932*009
.9,2993*009
.4,2384*409
.4 ,4385* 009
.4,6196*009
.4.8089.009

1,3752*0 0
.6,2329*007
0,0000*000

.1,2187.010

.1, 2607*0t10

.2 * 1154*010

.7, 2952'009

.7 , 5453v*009

.7 ,9538.*0u9

.2 f,04835*0

.S,4302+009

.2'i61,90*0l0

.9,4133*u09

.1,4487*0I1c 00 0 0 * 0 0
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317400*004
3,7600*004

3,8000*UG4
3,8200*004
3,8400*004
3,8660*004V3)s&o*ao
3,8500*Q043s9000*0Q4

3,t9g0*004
3v94)0*004
319600*004
319600*V04
4,0000*004
4,0ZQ0*004
4, 04a00g04
4,0600*004

4±1200*904
4 ,14a0*044 ,1600*C D4

Aj1800#004
412000*004
4,2200*D04

4,2600*0044126ao0a34
412300*004

41,34C0004
41360020O4
44000*i004
4142D0*004
44~40*000*00
4,4800*904
41W4500.04

414520 D0 4
4j140G*004
4,56G0*004

44000*004
4,6200*004
4j64G0*QQ4
41660a*004

417000*Q04
417200*004

4 ,740Q.004

4to700*004

4 j10Ga>eo

4,7 80 0*004
41 8000.004
4192D0.004
4,840~0004
4,8600*004
4,8800.004
4 ,900ao0044,961)0.0044tqa~o*Qo4

5,0000*004
10200*00Q4

504D00*004
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FRE0UENCI p Sj
0 6

00*QO4 DETERMINANT A -js3546Q20 t,0009'0tO
FREGUENCY f 5,0E00*604 DETERMINANT f .t,8687&020 i,53300010
FNECUENCY a 511000'004 DETERMINANT f .2.144*020 .1,1503*010
weNcYlic~ * ft-<a .42fatI0a n tNkNT -7 . 747*0 .!.8194*009
FREQUENCY w 5$/40Q*004 DETERMiNANT * .2,64380020 154085*009
FRIA50ENCY * 5,1600'004 DETERMINANT s -2,9280*020 1,7695*00tO
FREQUENCY I5,t6009004 DETERMINANT * .3,2256*020 .2,5105*009
FREQUENCY * 5,2G00o*0s DETERMINANT f *3,5368'020 .6,1500*009
FRECUENCY f 5,220C0*004 DETERMINANT f .3,t967*020 .4,5568*009
FRECUENtY V 512400*004 DETERMINANT f .4,2007.020 .1,3355*010
FREQCUENY % 13,2600*0O4 DETERMINANT 4 -4,9539*020 2,o683'01G
FRTEUENCY I 512800'004 DETERMINANT w .4,9214*020 .1,4692*010
FREQUENCY w 5,300o*004 DETERMINANT s .5,3034*020 2,±966*010
FRECUENCY u 513200.904 DETERMINANT t !5,7001*020 2,2626*010
FREQUFNCY p 3 j 3 4 0 040 04 DETERMINANT f -6,1116&020 1,8302*010
FREQUENCY f 5,3600*004 DETERMINANT F .6,5378*020 2,3982.010
FREQUENCY I 5,380D*004 DETERMINANT t -6,9790*020 .5,7685*009
FREQUENCY w 5,4000*004 DETERMINANT f .7,4350*020 .6,2139*009
FREQCENCY * 5,4200*004 DETERMINANT ..7,9060*020 .6,6597*0n9
FREQUENCY p 5j4400*004 DETERMINANT a -..3919*020 0,0000*000
FECkUENCY ! Sj

4600*0 04 DETERMINANT F -B.8925*020 .3,0602*010
rNECUENCY N So600*004 DETERMINANT f .9,4079*020 8,1288*009
FAECQENCY a SjS000*0

0
4 DETERMINANT i -9.99379020 0.0000*000

FRECUENCY I 51520Q*004 DETERMINANT -.1,0482*021 3,41146010
FRCQUENCY ! t,5400*g04 DETERMINANT u -1.10414021 9,8019s089
FRECUENCY ! s51'60jt 0 * DETERMINANT f -1.,613*021 .1,3101.010
FiREUENCY f 515B00004 DETERMINANT J -1,2199*021 .1,34340010
F'REUENCY ! 5,6000004 DETERMINANT f -1,2799'021 1,1711*0±0
FREQUENCY p 5,6200*004 DETERMINANT f *t.3411*021 .1,3003&010
FPREUENCY * 516400*o04 DETERMINANT 4 -1,4036*021 3,9134*010

ECQUENCY f 566006004 DETERMINANT s .1,4673*021 1,3870*0to
tRECUENtY f 3,6500*004 DETERMINANT .115321*021 5,5048*010
FRhbUE'J[CY *F 584000'qO DETERMINANT f -1,IYtu*u0l 1,5461*U1U
FREQUENCY p 5,7200*004 DETERMINANT -i.,6649*021 2,6937*010
fROcUeNCY s 5,7400*QQ4 DETERMINANT f -1,7327*021 4,3908*0±0
rEiQUENCY a 517600*004 DETERMINANT f *180±5'02± 2,6687*010
FREQUENCY * 5780a*4004 DETERMINANT f -1,8710*021 3,80A0.010
FRteUENCY I 5/804o*904 DETERMINANT .t1,0411+021 2,0023*010
FREQUENCY f 5,8200*o04 DETERMINANT .2,01,19*021 2,i043*01o
FREQUENCY f 5,$400*004 DETERMINANT 0 -2,0S326021 3,0734*010
FRECUENCY f 518600*004 DETERMINANT W .2,1549*021 4,6399'OO
FREQUENCY f 51880o0g04 DETERMINANT X .2,2268*021 2,4338*01o
FREQUENCY v 5,9000*Q04 DETERMINANT f -2,2988*021 2,6601*010
FReCUENCY * 109200*0o4 DETERMINANT f -2,3709*021 5,3484.010
FREQUENCY ' 51940Q4004 DETERMJNANT J .2,4428*021 0,0000*000
FRECUENCY S 5,9600*004 DETERMINANT f -2,5144*021 1,8615*010
FReQUENCY . f.Qfn0nfl4 DETERnMNANT s -2.oAftKafl 844633-009
FRECUENCY * 6,0000*004 DETERMINANT a .2.A560*021 0.O00*000
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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 *00685 .09055 8400. *38 1.Z6E1I
5
9200. 9250.
9950. 10000 1
21400. 21600.
23400.O 2 3600. u"
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 to
that of the cylindrical shell dimensions and material property card have been added, the
Fortran statements PI = 3.141592654 and NPTS - 9 have been added1 and the return
statement preceding the statement entry IMPD has been replaced by an END statement
and all cards following the statement have been removed. The value of NPTS may be
changed. It represents the number of equally spaced points along half of the ring shel at
which values of the mode shapes are to be calculated and printed. The purpose 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 I 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 resonance
frequency.

Examination of the output shows that all five frequency intervals are indeed valid
intervals. The interval halving converges to a resonant frequency for each frequency in-
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 quantities RTI and RT2 agree to several significant digits. The two quan-
tities RTI and RT2 are ratios of elements in the second ard third rows respectively of the
three-by-three matrix Mdd where AM21 = Ml31 - 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 output, Table C! can
be constructed.
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Table C1 - Mode Shapes and Resonant Frequencies for Ring C

The displacements are for only half of the shell.
9972.1 Hz and 23510.2 Hz are shown in Fig. C1.

For example the mode shapes for

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 C). 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 0 for nontrivial solutions of the
displacement amplitudes to exist.

- -- - :-
I I - I

o- ''- 

:~~~- ~~~1 ~

AXIS

C(11
SOT- . - E__]

(a) Second radial mode

_____ _ _____ AX IS 

)b)

(b) First axial mode

Fig. C1 - Undeformed surface (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 ANb,8d, BWrC tC2,C3,C4qC5,C6rCTCeCFrMCUCw4,pNDRg

tr rr TrnT D~kT C CaM r. C1 k L t;Da r uto D~ OFaT O TI DTru TDUC DT 1 1:r1 t M

2U1 U21UM1 UsUXrUX#2UXMUxNDX WXXJ,h2,wM, s$,xxIXX&,wxxM
DIMENSION AA(A9YAX(9,1Q),AXEDGE(9)rB(3f3Jr8S(qt93r3id9rS)DCFM(It),

ICU(3),CI(3),DETRT(Ž2ENC3)bF(3),FR(a),FRQ(91,G(41,NA(9},NR(%9,
2RAR(9f3),RD(9r1D)rRDIN(9,10)rRINT(9liRT(3],RTR(3sTT(21
TYPE REAL LTHNANR,NU
IAwV& V# ML LL r TT rIP I

READ b3,RMEANtHKtLTHNRHDNUY
63 FORMAT (6EIO.55

Pt = 3.t41592b54
NPTS a 9
MD2 = LTH/2.

LTH 2,*HD2
A = R9EAN
PRINT 19

19 FORMAT ('1144X*CALCULATION OF MODAL SHAPE FUNCTIONS*)
PRINT Ž0sA,THKLTHRKHO¼NUY

cU FIJRMtA T W15IOAAwiNPUT r LIIrLE7!'.Jtfc4X LM'I;- fMjJJI'A

S7HRMEAN zE1t46/
$29X16HRADIAL THICKNESS3SX5HTHK =E14,6/
$?9X12HAXIAL LENGTH39X54LTH = EI4.6/
S29X7HDENSITY44X5HRHO Et14.6/
$29X14HPPISSONS RATIOSBX4HNU =EI4,6/
29-X45HYnuvNS MDDULUS AT CSTANT MA NETIC INDUCTItNSX3,iY sxLt4-i
PRINT 5056

5056 FORMAT (//)
C
C READ IN NBRFNS, FREQUENCY INTERVALS, AND IMG FLAG.

READ 949,NBRFNS
Q9 FORMAT (11)

DO 777 IIXX - J.NBRFNS
lX - IEXX
IF (IX.GT.1} PRINT 5057

5US7 FORMAT CIHI)

9 FORMAT (CFl10.54X11)
INX a I
IT=O
FREG a FR(1)
PRiNT 52

Sti FORMAT (b5X*1NiTlAL FEtuuENCY iNTERvAL*//J
42 COtNTINUE

C
C CALCULATE BOUNDARY CONDITION MATRIX H(.} AND ITS OETERPPINANT 0[}T4mh .

DELTA a RNOAA*A*Ct.N** )*REQ**2/yki4.kHlaP1
BETA a TrK**2/(12.*A*A)
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AZ a DELTA + 2.*NU
Al a C1.-DELTA-NU*NU)/BETA + 1.
AD a (DELTA-DELTA**2)/BETA + DELTA
CALL CUBIC(A2,Al,A0,RT)
DO i I a 1,3
SRT = CSURT(RTiI))
ENCI) = (RT(I)+DELTA)/(NU*SRT-BETA*SRT*RT(I))
D = SRT/A
RTR(I) = D
RARCIX,I) = D
Lrr - LL Ar vL I n c. U J

EPM = (1.,O.)/EPP
TM = BETA*EN(I)*RT(I)/A-NU/A*ENrI) + D
Bl.I) = (EPP + EPM)*TM
TM - EN(I)*D*D+D/A
8(2,I) a (EPP + EPM)*TM
TM = EN(I)*D**3+D*nA

1 B(3,IJ = (EPP - EPM)*TM
DTRMNT a B= l)*B(5)*B(9) + B(L)*B(6J*B(3) * B(7)*LZ)*at,) -
sB(3)*B(5)*B(7) - Btb)*B(8)*B(j) - 619)*B(2)*B(4)

DET = REAL(DTRMNT)
IF CIMG.EQ.1) DET = AIMAG(DTRMNT)
IF (INX.LE.2) PRINT 50.FREQDTRMNT

50 FORMAT (23X*FREGUENCY =*EIS.10,5X*DETERHINANT z*CtE1B.1IEIS.10)
C
C APPLY INTERVAL HALVING.
C

IF (INX.GE.3) GO TO 41
DETR(INX) = D1T
INX = INX + 1
IF tINX.GE.3) GO TO 44
FREO = FR(INX)
GO TO 42

41 IF (IT.GE.NIT) GO TO 43
IT = IT + I
IF (DET*DETRC1).GT.U.) GO TO 45
DETR(2) = DET
FR(2) = FREG
GO TO 44

45 DETR(J) = DET
FR(1) = FREQ

4" AF tDVLT'l)LDETRL2t.GT.0.) GO TO 46
FREQ = .5*(FRCl)+FR(2))
GO TO 42

C
C OBTAIN SCALED MODAL SHAPE COEFFICIENTS F'OR AXIAL CUC) AND RADIAL tlvr)
C MOTION.
c

43 FC1) = A2
FC21 = Al
FC3) = AO
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FRQtIX) j FRED
DN a 5(1)13)
Gt'i _-8.4) - DN*8(6)
G(3) 6(71 - DN*8(91
DR = 8(2)/8831

(2) _ 850) - DN*8(6)
G(4) = 5(8) - DN*B(9)
Rft -G(3)/G(12
RT2 -G(4)/G(2)
CU(A) (-8C9)-8(b)*RTI)/B(3)
CUCM) a RTI
CUl3) a (lO.)

DO 31 I = 1,3
CW(i) a U(I)*EN(I)

31 Cl = Cl * CW(I)
De0 215 1 a 1,3
CUMI j CU(I)/c1

215 CN(I) a CW(I)/Ct
DO 210 1 a 1,3
BU(Ixtl) = CDUM

210 BR(IX,I) = ca l
c
C PRINT &UT VALUES RTI AND RT2 FOR USE Ity CHECKING VALIDITY OF RESONANCE
C FREQUENCIES AND MODAL SHAPES.
C

PRINT b0,tRTRT2
60 FORMAT (/17X*CONVERGENCE CHECK*//5X5HRTI CCElB.l1UE18.I0)/5X5MR12

I =C(EIB. 10,EIS.10)/)

C RESCALE MODAL SHAPES SO THAT THE INTEGRAL OF THE MODAL SHAPE OVER THE
C ENTIRE LENGTH OF THE SHELL IS NUMERrcALLY FQUAL TO THF LFEG;h OP THE
C SHELL. THEN PRINT SCALED MODAL SHAPES.
C

AN a (0.AU.)
RN = (O.,O,)
DO 21 I = 1.3
DO 21 i = a 1;
Ti a T2 = LTH
DR - RTRTI) + CONJGLRTRCJ)I
IF (TT(l)+TT(2).§Q.0.j Ga TO 22
EPP = CEXP(DR*HD2)
EPM = (1.0.)/EPP
¶4t - PrsD...cnsx ,r'D
I 4 - Lr~r r-cr lJ , VN

22 DR = RTR(I) - CONJG(R7R(Jj)
IF (TT(1)+TT(2).EQ.U.) GO TO 23
EE a CEXP(DR*HDZ)
EM a (1.P,0.IE
T2 a (EE-EMi/DR

23 AN a AN + CU(li)*C!NUG(CU(jj*(Tl-1T2)
at RN a RN + CJ(lI)*CONJG(Cw(J))*tltlT2)
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NA(IXJ - CABS(AN)
NR(IKX: CABS(RN)
ANRM = SQRTF(HD2/(NA(IX)+NR(IX)))
AA(IX) = ANRM
XL2 a -LTH/(J .*NPTS)
XLt a -2.*XL2
PRINT l8,IX

18 FORMAT (/4ZX*SCALED DISPLACEMENTS ALONG LENGTH FROM NEAR CENTER TO
S END FOR MODAL SHAPE NUMBER*I2)
PRINT 53

53 FORMAT (//31X*POSITION ALONG AXIS*5X*AXIAL DISPLACEMLNT*8X
l*RADIAL DISPLACEMENT*/)

DO 61 1 = 1,NPTS
X XL2 + I*XL1
U a w= (0.,.)
DO 62 J = 1,3
EPP - CEXP(RTR(J)*X)
EPM = (i.,O.)/EPP
U = U - CU(J)*(EPP-EPM)*ANRM

62 A - W + CW(J)*(EPP+EPM)*ANRM
AXCIXI) = REAL(U)
RD(IX.It a REALCW)

61 PRINT 35rXAX(IXI),RD(IXI)
3S FORMAT C33XEl1.4,13XE12.4,l3XE12.4)

X LTH/2.
U a (0.,a.)
w a (O. o.)

DO 65 J = 1,3
EPP a CEXP(RTR(J)*X)
EPM = (I.,O.)/EPP
U = U - CU(J)*(EPP-EPM)*ANRM

65 h = A + CW(J)*(EPP+EPM)*ANRH
AXEDGECIX) = REAL(U)
WRL = REAL(W)
PRINT 3bXAXEDGE(IX),WRL

36 FORMAT (2OXIZHEND OF SHELL lXElZ.4,133XE12.4,13XF12.4)

CALCULATE INTEGRALS OF RADIAL MODAL SHAPES RDIN(,) AND RINTO.

DOl 304 I a 1,NPTS
BG = LTH/(2.*NPTS)*(I-1)
ED a LTHM/Z.*NPTS)*I
RN a (0.,0.)
DO 305 J a 1,3
EE a CEXPtRTR(J)*ED)
EM a tl.,O,)/EE
EPP = CEXP(RTR(J)*BG)
EPM a C1.,o.)/EPP

305 RN a RN + CH(J)/RTR(J)*(EE-Ei-EPPtEPm)*ANRM
304 RDIN(IXI) = REAL(RN)

RN a (0.,O.)
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Do io = 1 0 
EPP = CEXP(RTR(J)*LTHI2.)
EPf a (1.,O.1/EPP

300 RN a RN + CNw(J/RTRCJ)*(EPP-EPmH*ANRM
RINT(IX) a REAL(HN)
PRINT 54

54 FORMAT (//5QX*RESONANT FREGUENCY*/)
PRINT 5OFREQoDTRMNT

777 CONTINUE
GO TO 7

4b PRINT 55
55 FORMAT (//IOX*NO SIGN DJFFERENCE*1

STOP
C
C CALCULATE AND PRINT INNER PRODuCTS OF MODAL SHAPES.

7 PRINT a
e FORMAT U//43X*NORMALIZED INNER PRODUCT5 OF MODAL SHAPES*//c4X

$12HrMDAL SHAPESIIX*VALUE OF INNER PRtDUCT*/1
DO 95 K 1,Ix
KP = K f 1
DO 95 L aPIX
AN (0.,D.)
RN a Co.,u.l
DO 96 1 a l/3
DO 96 J a 1,3
EPP = CEXP((RAR(K,I +CONJG(RAR(LJ)1)*HuD2
EPM _ fI1,,01/ERP
EE a CEXP((RAR(K,I)-CONJG(PAR(L,J)1)*>02)
EM a {(I.,.)/EE
AN a AN + BU(K,I)*CCNJG(cU(LJ)1*((LPP-EPM)/(NAR(KI1

S+CONJG(RAR(LJ)l) - (EE-EH)/(HAR(KtI)-CONJStRAR(L,#J)1I
9b RN = RN + aW(K,I)*CONJG(e8(LJ))*C(EPP-EPMJ/(RAR(KI)

S+CONJGCRAR(L,J)J) + (EE-EfI/(RAR(K,I)-CONJG(RAR(L,J))I}
REE = REAL(At4+RN)/SQRTFt(NAUK)+NH(K)I*(NACLJ+5R(L1)1

95 PRINT 97,KfLREE
97 FORMAT (/44XI2,* AND*I2,I8XEI2.4)

END
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CALCULATION OF MODAL SHAPE FUNCTIONS

INPiT PAOAMETERS

MEAN RADIU$
RADIAL THICKNESS
AXIAL LENGTH
UENSi TY
POISbONS RATIO
YOUNUS MOUULUS AT CONSTANT MAGNETIC INDUCTION

RHEAN a 6.587000-002
THK- 6.85000-003
LTH 9.055000-002
RHO = 8.4000004003

NU * 3.800000-D01
Ya 1-260isoooDo

INITIAL FREQUENCY INTERVAL

FREQUENCY = 9.20000005O04003

FREQUENCY = 9.2500000000+003

DETERMINANT = 1.4758412297O011 3.0000000000*000

DETERMINANT = -8.1180624343+010 -2.5000000000+000

CONVERGENCE CHECA

RTI a -9.6492114249-001 -2.bcS3988025-0O1
RT2 * -9.6492113422-001 -2.bc539910T5-001

SCALED DISPLACEMENTS ALONG LENGTH FROM NEAR CENTER TO END FOR MODAL SHAPE NUM4BE 1

PObITIDN ALONG AXIS

2. 5153-003
T.5458.003
1.2576D002
1.760I7.002
.26307002

2.76b68.02
3.2699-002
3.7729 -0o2
4-2760-002

END OF SHELL 4.5X75-002

AXIAL OISPLACEMENT

_1.9493-002
.55.8236-0D2
_9g0?55.002
.1 .3309-001
_1 .6832.001
.2.0155-001
-2.J24S-O01
-2.6014-001
-2-8619-001
-2.970o-oO0

RADIAL DISPLACEMENT

1.0951+000
.0850, 000

0.o6530ooo
1,0366,000
9.999S.001
9 5671.001
9.0822-001
8.558Z00 1
3-oo67-o01
7.7234-001

FREQUENCY ' 9.230936056t2003

RESONANT FREQUENCY

DETERMINANT m -1.74800000004003 5.0000000000-001
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INITIAL FREQUENCY INTERVAL

FREQUENCY 9.9a 00000000.003

FREGUENCY = 1.00o000000000G4

DETERMINANT = -3.7589339290.002 -7.a~n9049566.flI

DETERMINANT = -I.2Z62I04239+Q03 I.442280Z4
6
'J.V.2

CONYERGENCE CMt Ce

RTI = 6.0377914453.008 -. b&326bl764l+002
RTZ .Z036796S386-005 -.t.6b344568*oo2

SCALED DI1PLACEMENTS ALONG LENGTh FROM NEAR CENTER To END FOR MODAL SHAPE WOMOER 2

PubITION ALONG AXIS

2.5153-003
7.5458..003
I .2576-.00
I .T607-00a
2.2637-002
2.7668-082
3.2699-002

END OF S4ELL 4.5275.0G2

AXIAL DISPLACEMENT

-1.e358-002
.5.3357-&02
.8.3299..02
_},0513.001
-1,1625-00)
_1.1461-001
-9 9882..00

_2..?423.002
6.0092.003

RADIAL DISPLACEMENT

1 .m799*Gof
9.714LO-010
7.6042-0f1
4.5795.481
7.9349=002

-.107 2 6- 001

-1,832o.001

-2.0t34. 00

FRE2UENCY * 9.9721328783#003

RESONANT FREQUENCY

DETERMINANT = -4.47306b90927*0as 1.7T9}21w04*o3
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INITIAL FREQUENCY INTERVAL

FREQUENCY ' 2.14000000UO*004

FREQUENCY = 2.1600000000+004

DETERMINANT = 5.9892971434#014 -7.49293l0489.005

DETERMINANT = -1.65949932924015 -5.5553264695.005

CONVERGENCE CHECK

RTI a -2.2294435570.000 -2.2/45607875-olo
RTZ a -2.2294442519.000 -7.8i15865315-011

SCALED DlaPLACEMENTS ALONG LENGTH FROM NEAR CENTER TO END FOR MODAL SHAPE NUMBER 3

PUbITION ALONG AXIS

2.5153-003
7,545B.003
1. 2576.002
1. 7607-002
2 26J7.002
2.7668.002
3.2699.002
J.7749_00F
4 .27T0002

END oF SHELL 45275,002

AXIAL DISPLACEMENT

-2.2109-002
-5. 402_002
_6, 9204_002
-5.i623-002
-9.1289-003
4.2062.002
8.4850-002
1 ,0147_001
e. 1612=002
5.Z112.002

RADIAL DISPLACEMENT

1.3622.000
8.7842-001
8.8436.002

-7.158 1-001
-1.Z316000
-1.2505+000
-7.2554-0oo
2 .2694-001
1 ,3979,000
2*ouSl,000

FREQUENCY * 2.1452177254.004

RE5ONANT FREQUENCY

DETERMINANT = -6.8792320000'006 1.7449277752.003
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IkITIAL FREQUENCY INTERVAL

FREQUENCY - 2.3400000000DOQ

FREQUENCY = 2.3JO0000000+004

DETERMINANT = -2.4DS1510S78.D1S D.1ODO5oGODO.0

DETERMINANT = 2,IB0G0874011S I.t41b68523.ao-o

CONVwEROENCqE CHECN

RTt = 166b9974351-0D3 -2.2*&326247a-14
RT2 a 1.669797?977-003 -4.2109582353-014

SCALED 0ISPLACEMENTS ALONG LENGTH FROm NEAR CENTER TO END FOR MODAL SHAPE Nt7BER *

PUbITION ALDNG AXI5

.1s 53-003
7.5458-003
i.25?6..00a
2 .76fzs oo2
Z. 786840?o

3 * 69-00?
3 TT§e90G?
4 2760..GG

END OF SrELL 4,5275.00?

AXIAL DISPLACEMENT

1 .2Is-00I
3.6067-0o0
S,6813..01

9,00 73 001
1.1346,000
1.25444.000

} 38PD.000
I ,4S6.DoQo

RADIAL DISPLACEEmNT

2.3861'-O1
204563-o0
2.5361}_ 51

~1,932-001
1 9120-991
1.3019-001
S. 2825.00?

.3 070B.=0?
-7 ,2699-001

FREQUENCY - 2.3510248e5?*004

RESONANT FREQUENCY

DETERMINANT = 7.7'76?560000*06 1.oPa95Sf99QW3
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INITIAL FREQUENCY INTERVAL

FREQUENCY ' 4.8600000000.004

FREQUENCY = 4.880OOOO0G0+004

DETERMINANT = 8.86750632714018 -2.1154400636+010

DETERMINANT = -3.8497032762'018 -7.295190136#D009

CONVERGENCE CIECI\

RTI * -5.5491958654000 11t29896573-010
RTZ a -5.5491973395+000 -2-oc5Z9763o3-007

SCALED OIbPLACEMENTS ALONG LENGTH FROM NEAR CENTER TO END FOR NODAL SHAPE NUMBER 5

PONITION AlONr AXIS

2.5 153-003
7 * 5458.003
1.2576.002
I 76U7_O2
2 .2637.002
2.7668_002
3,2699_D02
3.77?9.002
4.2760. 2

END OF SHELL 4.5275=002

hX1IA_ DISPliAIFMFNT

-2.9506=002
_6,1715-002

*3.6590-002
2,b893.002
7.6153.002
6.9761 _002
1 ,2986_002
*469 340o02

_,49s9s_002
_3,3943.002

RADIAL nISPLACEMENT

1.2533D000
1.8418-001

-1.0429.000
-1.3835*000
.5.5322-001

7.2407-001
1.3187.000
6.1943.0o1
.1. 0475 000
.2.0019.000
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FREQUENCY a 4.8740939653*0O4

RESONANT FREQUENCY

DETER4INANT S -3.2372162560+0l0 -742963131tD.00

NORMALIZED INNER PRODUCTS OF MODAL SHAPES

MODAL SHAPES VALUE OF INNER PRODUCT

I AND 2

I AND 3

1 AND 4

) AND 5

2 AND 3

a AND 4

2 AND 5

3 AND 4

3 AND 5

4 AND 5

i. D*28-GD4

-2.4k2l40s
-2.7T9Z-005

2. 6956-ISs

3.6235-005

-7.}936'a-D

-5.3285-oa0

-1.26?3-005

3.240 1-005

e8.6597-aa7
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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 I01 5
9 4

* 06587 t
2.032E-4

144
1000 .
69.
8 000 0
4
9 200.a
9950 .
21400.
23400.
8850 .
4000.
12000.

.00685 .09055
7.58F-8 18.

*023 .11
1485.

8400. .38
2*30E7 -7.5

1 .6

11 000.

9250.
1 0000 .
21600.
23600.

1

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 R 1 and R2 agree to six significant digits. The
quantities RI and 12 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, Eqs. 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 El and FO, referred to as [(A) and [(B) in Part 1, are calculated as

= radial displacement at reference surface
tauial Uisplacenitent aUt innel sURLtCE

and

_ radial displacement at reference surface
radial displacement at outer surface

The three pages of output following the first page contain output of subroutine RIGFNS.
This output is identical to the output of program ELFGNS explained in Appendix C.

The page following output of subroutine EIGENS contains the rest of the input quanti-
ties needed to describe the ring being analyzed. All quantities printed are input quantities
with the exception of three: the permeability of free space, UOQ which is a constant, the
magnetic permeability at constant strain, US, which is the product of URS and UG, and one
of the quality factors. The quality factor which is not included in the input is calculated
from either Eq. 6.21 or Eq. 6.22 of Part 1,

These output pages just described are printed out once for each complete problem run.
T tie oUuJLU paages VVhiUH Ltluuw uiheste appeu nfl uvcly ULivki% UVueiiuey 4u1.puA.
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CALCULATION OF THICKNESS CORRECT1IN FACTORS

INPUT PARAMETERS

OtTER RADIUS
IhNER RADIUS
AIAPtLENGTW
DENS tY
NlISSANS RATIO
YIUNGS MSOULUS AT CONSTANT MAGNETIC INDUCTION

1NITIAL FREQUENCY INTERVAL

FREQUSNCY * 86,ooo0003

FMEQUENCY P i17009*004

DETERMINANT a 3,2964*002

DETERMINANT S 6,52280*001

RESONANT FREQUENCY

FREQUENCY * 9;2186*003 DETERMINANT * *2,0275.007

OCNVeRGONCE C8ECK

RI * *4119PS74G000
92 * *-4,19874*000

SCALEb DISPLACEMENTS

POSITIoN

6, 44s.002
* ,IS30m002
6, j-.u u2

,45o00.002
tftOS*002
6,01700002
t6,555.002
6 72240* 002
6,7925.002
6, 560.002
692 95.0 02

ALONG THICKNESS FROM INNER RADIUS TO OUTER RADIUS

RADIAL DISPLACEMENT AXIAL DISPLACEMENT

*841s40.0I1 2,8740*001
.o>49X3*00t 2,8739*00

atIw49ew0"a 2,8735*d00
.8,4107*0o1 2,8729*001
*,ae.aos ti 2.,7a2*002
.84a592*00t 2,$715*001
*8.3305*001 2S8708*001
.8-3026j00l 2,6701*001
=8.2754*0g1 2.8495*001
.8a2487.001 2,8692*001
-8o2227*001 2,8690*001

THICKNESS CORRECTION FACteRS

FE P i7018pl7*00o Fe * 9;8367909001

157

ROUT a
RIN S

LTH a
RHO a

NU a
y i

6,929600-002
6 244500-002
9.055000-002
s.4000000no3
3.amono0.101
t,26oo00*0t

TIiE R$R WMREQ IS 2 258
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C&L.CULATISN OF MODAL SNAPE FUNCfrONS

TNPVT PARAM*TERS

MEAP RADIUS

RADIAL T1#ICI(NESS
ASI3AL LENGTH
DENSI TY
PELSSONs RATIO
YOUNG! mEO~uLUS AT CeNSTANT MAGNETIC INDUICTISN

RREANa l70004402

V * t.VW0 ftl0*QtI
kugX afi~ot:
Yas l'z62foa*Gllt

INITIAL FREQUENCY INTERVAL

FRECUENCY . 9,2000000000a80 DETiRMINANT A i,47584i2297.Clt $,eQ0Qoe5P*0l

FREEUENCY . 9,25000000e00 DETERKINANT S *8ltt80624343*.10 .5000000PO.OPG

CONVERGENCE 3FECK

FRU *9,dfle4AtAs4~aoIL s21,6259880t20Ot
RT2 * .9t6492tI3422*oII, 12625QPS07I.Q0L

SCALED DtSpLACEMENYS AI.GNQ LSNGI;4 FRMM NEAR CENTSR IT END FOR KSDAL SNAPE NL34RR t

PesITIpN ALONG AKIS AXIAL DISPLACEMENt RADIAL OISPLACEKENT

7 .4:523004 b 2 +ae1.oi
I. t5t76wG02 .9,6o255442 tG&53*GOGc
±,t~780m02 .±t3309.D0L X:~~ff
2A037,0QQ .1,6832-~t 997tr

3,26,,mCz2 =2'.213245# 9,0622.00i
I,?7292OO2 *216074saut BS5682.04t
4,2760.002 *2¢18619,51 8,oQft-dai

END OF IHELL 4,5275.02 -2,9?78.00t 7,7T234.0t

RESONANT FREQUENCY

!RG#4ENCY * 9,2DO09605*2.D: OETERMINANT !*t,?4800000n.Ofl ,o:o000Q~*QD1
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INITIAL FRE0UENCY INTERVAL

!RECUENtY * ;,950000000*0003

FREIWENCY * 1,0000000000.004

DETERMINANT z .3,75893392a0*002 .7.8809049566*01t

DETERMINANT * -1ii262014239.003 1.4422802469*012

CONVERGENCE 0CECK

;T.1 ; ,0377914453t08 44,4032617641*002
F5a s 210367905380.OC5 0.,6832644560*002

SCALED DPSPL&CEMENTS A40N0 LENOH FROM NEAR CENTLR TO END FOR MUnAL SHAPE NUMBER 2

POSITION A63NG AXIS

2.1±536003
7 545Brv03
L,2578.002
± 176V7.002
z 265?.002
.7668.002

3,2699o002
3. 7729o002
4, 2760002

END of SHeLL 4.275w.02

AXIAL DISPLACEMENT

.L,8358.002
*, 3357-o02

.- , 3299-002
.10513.000

,1,625-001
.1,1461.001
.9,0832=002
.8,8156-00?
*2,2423-002
6, 0092=003

RADIAL DISPLACEMENT

1, 0798.000
9,714o.0o0
7,6042n.00
4, 795,001
7, 9348.no2
-3,5726.no0
e8,3282.001

.1,3294*000
-1,8325*noo
-2, 0634*000

FPRCUENCY s 9,9721327873*003

RESONANT FREQUENCY

DETERMINANT a .4,4730690927o002 5,7891250000.003

INITIAL FREQUENCY INTERVAL

FRECUENCY 2,.1400000010+004

FRECUENCY a 2,1600000000+004

DETERMINANT * 3,9892971634*o.4 *7.692 931049i.0nf

DETERMINANT I *i,6594993292*015 *5,5553264695*005

CONVERGENCE 0I.ECK

FTI i *212294453570*Cto .,2745607671.010
ArI * w022294442519ICC '7,B1±85B865315.011

SCALED DtSPLA;EMEN7S ALONG LENTH FROM NEAR CENTER T0 END FOR MODAL SHAPE NUMBER 3

PeSlISoN ALONG AXIS AXIAL DISPLACEMENT

2,5113&003 .2,2109.002
7,545800P3 :5t74021OO2
1,576.002 .8,9204.002
1,7607.002 .:::123.002
2,26379002 *9,7289ioo0
a 7668.002 4,2062e002
3,1699.002 5,4850.O02
317729.002 1,0±47.001
44760.002 1,1612NO02

END Or $HELL 4,5275.002 5,l82an002

FPECeENCY * 2,1452177284*004

RADIAL DISPLACEMENT

1 3622.000
807842.001
8,8436.002
.7,1581=00±
1.2316*000

., 2505s000
.7,2554.001
2, 2694.001
1,39790 00
2,o051t.no

RESONANT FREQUENCY

DETERMINANT * .6,879232000000o6 1.7449277752ooo3
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INITI4L FREQUENCY INTERVAL

FRetUENCY w 2134090000004*OO

FE4CUENCY a 2,:SEOOOODWOn*4

DETERMINANT au#,4D815t078.OtS O.CEOGDOOO*QO

DETERHINANT i 2,3jor&71 &&G0=fl*QE

ENVEPOENE OAEeK

ATI a 1IL979743555*O3 *2,24O52547I*.14
p? .a 1,6419797.t3 .4,210951235l3.C4

SCALED QtSPLA;EM5NTS A6LNC LENGTM FROM NEAR CENTER Tt END F6R NEPAL SRAPE NU'$F *

PeSLTIiN ALONG Axis

2 I flGcG3
7 A59&aG3
* 2576*.D2

a 1 2637.002
7, 76684002
iZ699'0O2
3. 7!294407
4,2760maga

END 8F SRELL 4,5275t92

AXIAL DISPLACERENT

I,2155=00±

5, 8513w CCL

9 0673.001
1A1346*UaG
1 ,2544'QQ
t,337D&OQ0
1 38fl0 *D0
1 3862*0 0

RADIAL ISPLACEMENT

Z,3441-41t
2 ,4563-001
2,,$36t 0ft1
2152t96-001
2,3448.001
± 1t3Z0.4G1
± ,tala0t91
,282s5.002

-3, 0j706*02
.7.269g.G02

FREILENCY * ?,35±024B52200G4

RisSNANT FREQUENCY

DETERMINAN;T 7762560000.006 tit956199sa3

NaRMALIZED INNER PRGDUCT$ GP NODAL SkAFES

MNVAL SHkAES VALUE 3r INNER PRODUCT

i AN5 2

3 AND 

I AND 4

2 AND 3

2 AND 4

3 AN; 4

ih-E FER EiOFNS )5

.2 ,42&1.00Siet 792.GG5ZQ 

atit ta§woU5

"7,±936,026
,* I 82. 00
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INPUT PARAMETERS

THIN WALLED ELASTIC EYLINDRICAL TUaE MA&NFTSSTr1nTTv; mATRIAli
AtL JNITS ARE IN MKS SYSTEM

CURRENT DRIVE CUR ' 1,500000.002 .0,000000*000

NUM8ER OF SIDE BANDS JMAXH i 9
NUMBOR OF END BANDS iMAX * 4

CYLINPER DIMENSIONS AND PROPERTIES

iN RADIUS RMEAN e 6.987000.1
W6 THICKNESS THK * 6,850000u(

IAL LENGTH LTH m 9,o550OO(
NSI TVY RHO a 8.eOO ofo o
OSINS RATIO 'U * 3I800000.0
iNG0 MODULUS AT CWNSTAN7 MAGNETIC INDUCTION V a 1.260060*1

1002
I103
1 02
,03
16 .
Ill

SCROLL TAPE DIMENSIONS AND PROPERTIES

THI CKNESS ThSTx
RESISTIVITY RES "
RELATIVE MAGNETIC PeRMEASILITY AT CONSTANT STRAIN URS *
PEPMEA1ILITY OF FREE SPACE UO '
HAGNETIC PENMEAILITY AT CONSTANT STRAIN US a
PIEZOMAGNETIC StRES, CONSTANT WNT a
TB4AL DIP ANGLE DIP a

2.63200u00W4
7,58000u00ol
± '.o0oOoooio
± 256637*006
2.261947,005
2,3000000oo7

*7,500061*0n0

OUSL WINDINQ 0iMENSIONS

Nmi*ER OF TURNS
RACIAL TM1CKNESS

AXI AL LENQTM
COPPER LOSS IN COIL

DENSITY
SPEED OF SOUND

NTRN * 144
THC a 2 .3O00000,2

Lc a it1GII00000*
REL a ±,600000*000

EXTERNAL FLUID MEDIUM PRSPERtIES

RHOF 1 i.0000004403
CF * 1.485060.063

OALITY FACTORS

CONSTANT YOLTASE
CiNSIANT CURRENT

GE * 9.65±961.001
GI * 6.*O0IOooO1
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CURRENT rAtEE w .,5Q0Q00.Z .7,600100ae+00o

OU7PVT DATA

BUYTERAPRfl' AND SMITH

NAL EIGSMIP

VEL0S I

VELC I1 4
VELe 27 4
VEL.( 3 F
VELt 4s a

VELl 65) 
WELl 7) m

VEL(0 1 I
V I L I Z O g

REFERENCE SUMFACE VELOCITIES IN AIR

REAL IMAGINARY MAGNITUDE

4,0Q2941wII4 *0,292t59-003 St182842.OQ3
3,979429P000 '3, 2 7053-00W Nt5I9'.0Q3
39?33422 4 o3 .3,226002 0C3 5,o064±7wo0
34105400.003 .3±6*5919003 4,996439MO.3
S3?787132ooI 4,086210.003 4,678505.oo3
3 ,674009.o03 .2'9±2'sroGO 4,7$?77aho03
3:3s501 0 .2,8357o.00 4*,5777±.00o
3,424902.o0o .2,7657664oo3 4,402206.003
,2as5o1:.0oo -2 6400* 9303 4,214431±003

q±,±±6226e0043 9t1402B2 004 t:4i2?1O.0S3

ANGLE I DEGREES

36,466

.39 435
03, '415
.09,377
q39, 31,9
.49 243

,39 044
*381922
w314le8
t40,o688

W ,ERupgh tfl RMWYLL

hRL 8EtGSJP

REFERENCE SURFACE VEL0CITIWS IN WATER

REAL IMAGINARY MAGNITUDE ANGLE(DEGqREESt

1'Si C t * 3stj Q7 ... 4 -i 3lrI A 0S.nfl 1 ¶¶A nA ¶..nnt . i!$

vuI. 1) * 3,357y03*g4 SQ7±356t005 5,421529.004 12,470
ViLE U $ ,366009.004 2,07396.005 : 3 0oa946Bot04

±0,07
VELt 51 m t,34041I*004 1,04863.000 ,3394298oo4
VELO 41l4 11,94?26.Q04 4,077148 007 1,2041330004 0:207
VEtl 5) w I, Z2602.004 .1, 5J4Z"0O5 1128804.o .8"6
VELt 6I W t,274054o004 .4,454054..05 1,349606.004 tt264
V 7) 4 t ,299S15.Q04 .7 262247v005 4,489909.oO4 *29a*
yE~l 8) 4 1,354jJ34 006 *00 033±00.04 1,695076.014 *37,1t

VE 6 9) O 1,305074.o04 .1,3465±9.004 $,939W33004 *40,973
VEL(I0L ) *319'6±?24*000 0,761420wOO6 4,o57450.Oas 1671530

8UTTERW6RTK AND SMITH

REAL

ELECTRICAL POWER PIN i 2,324844-003
RADIATIMN IMPEHANCE ZRAD * 7,78155.004
pIMOR CSNVERSI8N E F NCC ETA * 5.926494OO0t
METNAL IMPegDANC0 IN AIR ZhOTA ! ,00645Y.Oo2
ELECTAICAL IMPEDANCE IN A1I TEA * 1,O47947#002
NIrtBNAL ImpetCAN IN WATER ZMSTW * 0,1832<000oa
tLEeCTTICAC IM"PEANCE IN WATER ZEE * :33264*00%

ClAP IMPIDANCE XC * 2049426*00o
CPo pf L35$S LEAKAGE IMPEDANL CZEL * .,4000000o0o
VsRAIJtUcTI CUfFFICIENT ZEm * 7,019946*002
EL ATABHSCEANICAL CSIPLINQ COEFFICIENT 4 i 3,18166$"0o±
ELErSCtRSCHAMICAL IMPEDANCE ZMP * *.3039064002
NEDMANICAL IMPEANCE ZMPP i 297P0B.On#
5rD0 CURRENT FACTSR CQTE * 9,9S620t-.OO
UTIAL MEHANICAL IMPEDANCE @FEN CIRCV4T ZMUc * W,760o79*OO

IMAGINARY

1. 002743u002
4.01806600D3

4t563$*.oo0
;ot1967;nolos
0,6i094#*00G

1,26094)*fo4
.1 t,4777*?04
w.44,6779 002
*i,46e4fi8*^o0

FREGUFNCY '

0)A
to

z

e

0
t:
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CURRENT DRIVE e t,5DO0"Ifl2 oC,oOCD0000#0

@UTPUT DATA

REFERENCE SURrACE VELOCITIES IN AIR

REAL

~uTTERIIeR' d0A SMITH

NRL *EIGShIP

IMAG I NARY

F9EOUENCY e 4'.DO0lD.QO3

?4AGNINTDE ANOLE(DEGREESJ

YELPS # 2,tN073o.a~o 4,929812.o36 4,9344029005

VSlt II m 2,475762.005
vELl 2) t 2,17455 Q -0
VFEL 31 C 2,172Q~3.Q-0
vEI 41 w 2,16?584.QO$
VEL ( 5 | 2, t4t,6040$
VE0l bl I

VEL( 7) i 2,±41.242.005
VEI 8 * 2,ti4$544.Q00
yE; 9) 2 ,L9O464.,C00
VELCIJ P -5,9 962M1 007

4,906OB75.Q05
4, 9 >99 0,vI5
4 '9!7955. CO
4, Y953 I' 0 os
4, I94486*WQo
4,1365860.O5
4 , 9 19 56 6.DD5
4, 1945551Q05
4,049886Q,05

.1,3 32617?4wo5

4, 96564 4.1 C5
4 .964762.005
4 962713vW05
4 ,9588Vo1aS
4. 9522a0.coW
4.94I26OPC0,
4,924223s005
4, 8 9j71,005
4 ,8&4439,oOs
1,327514.005

7, 52R9

87, 409
87 ,490
87 492
87,494
87, 496

87,5103

87, 508
87 ,5$387,s

.97,574

REFERENCE SURFACE VELSCTIES IN WATER

REAL

hRLTTRkIE# ANt SMIYA

NRL EIGSkIP

MAG I NARY MAGNITUDE ANGLECDEGREe5,

us.Rs a 1i3ViAsXAlnlt A 56AQR3.% fnl 4IAIAAAl ot&

V!~ I.(1 i1 IOS892.004
VF6( ? Z : " 8l 50i:004
VEL 1 4 t i50800 ,, 0 4
VE~l 4) * i,)0437t.oQ4
VI S5o * t,4O1±26o004
VELl 6 I l,,7 t 935, 04
YEL 7)$1 ±±3926e.004
VEL I t) * 9902437.00:

VEL(1O? U *3,P19?04.1000

4, ?±Bo6tvo05
4, 3i669.005
4, a7

58
±3oos

4,296±40.005
4 1343060,oo5
4,S395604.o05
4, 44951-±'Q5
4, j00301-005
4 PV439,3.905

vt * 13940*pa5

±.710464,004
1 I6f422@4004
j,64Q473v0o4
1, |564±13,004
X,146@894w004
1, 035148.004
I 223094a004
* 087708,004
1440ost3oQ50
?t403043mQ05

6 4, 37?

I 4 1 2 0 
14 1481

5 1045
iS 9t 38
1 ,2 222

tse98t
2R.333
R4,44 C
2$,54 

-102, t47

SUTTeRAGRTH AND SMITH

ELECTRICAL POWER *)N
RADln1?ON IFEfDANCE iRZAD ;
PIWER CUNVERSIIN EfFICIWNCO ETA .
frTl1IENAL ImPEDANcE IN pE ZHMOTA 8
ELECTRICAL IMPEDANCE 1L AIR ZeA .
HMTIONAL IMPEBANCE IN WATER zmSTR .f
ELECTRICAL IMPEDANCE IN WAtep Zee .
0t"F IMPEDANCE 2S .
QEPPER LOSs, LEA$AOE IMPEDANCE Z; a

TRANsDUCTION COEFFICtENT 7eM 1

ELEVTR8MIDHAN!ACA CIUPIINQ COEFFICIENT K
ELECTRIO'CHANICAL IMPEDANCE ZmP .
MSC&4ANICAL IMPEDANCE 2MpP,
Etvy CURRENT FACTOR CM9E .
T*Y. ME0WAN1IC4; ImPgP4nCE pOPEN CRCUIT IMPO i

REAL

1.,91-69103003
6 , f18396.004
6,948364.00o
t , 793732.DIo
2,384660.000
40142702*000
8,61954q*00a
4, 052872.00±
t,600000 *60
7. 045469#0a2
3, 64 - 0o1
9,60s997o0a2
9. 2947 e0 a 02
9,9s8907.001,
$,194498bdo0

I MAG I NARY

51 294701,,03
±,002687#005

2. 29885504oo
2,353214.OOi
t1, 764q40not
3, 02697.000o

v7. 4 ±4RdP~oo±

2.81303.00D4
7 * 42472#005
, 5?t640.0 02

i7, 42920.no5

I

w

z

t~j



CURRENt DRIVE : t,500000.-02 .0,Oo50000*n0

OUTPUT AltA

NRL E!GSHIP

RINI SURFACE

FPEouFNrY C 4Arwm0o04103

SUFFACE PRESSJRES
0AG'INARY MAGNITUDEREA6

.,8,7 4576*.02
.l,847?C7,iqa9
.1, 84 7 7a 7
* 1, 6524 0 .802
*2, *3;2.9 02
.*1772805*902
.j, XT22oo*qp2
vl,6;3710*002
21,603278*002
t1, 511437.Ooz
.1, 47053 9PQQ2
1, 44^637*9g2
1,405O94^O2

.i,3703546902

.1 ,3345240g0
tl ,3625502*00
.1, 062108402
,1,344846*0021 , 344L8 46 *o o2

*I13d16571,902
*t,3t150 .*002

,7,103693*0o2
7,?*'9172o0a2

,7 , 1 "l±1.op2
ph ,620V52sOo2

,2,4035254002

,11 ,'743* 002,i:ItI enep1,t475cB*oo2

6v,2761 7'Dtz
1,15 8 187*Oo2
1 ,j49043.0O2
1,.57842*o002
t.756408*002
s ,8J758 '0Q2
1,174115oa 2
2, C 17206*oO2

a,025688.*02
7, 922473.oo2
7 ,716527dop2
7, 40619.0Q2
6,999205o002
5,487±8 6002
5 * 6686t002
5, lt274+002
4 ,1705g*0o2
2 ,590224.0g2
2.279219.002
1997400*002
2 ,752±±8.002
±,370492.0g2
1.526679,002
I1726O32Coa2

,91P74:4*002
2, 084887*002
2.222519+002
2,327475'*o2
2,398176.002
2,43J732.0Q2

ANGL L DEiGREES )

:s03.507
*103, 636
.%o3,902
4304,329
'SC4, 950
*105.8"9
.107,173
.109,202

.125. 690
- %30 ,246*'t30t 2Ut

.143,284
±7$,964
±53,435
142, t79
t35. 20
±30,793
127.709
125.806
±24.593
12#,016

REAL

*i,696740004
.1, 6135800oa4
*i,532227.004
.1,427071.004
'1,30±598.vo4
-1, 160385.o04
-t , ooSSaoa.o4

:8, 509816,005
.3 ,619904.005
.3.619904-005
43,619904.005
.3,619904.005
8,21874:0l.003
9, 74 08 i9.0 05
i, j20694.o04
t,257077r004
1 ,378258-004
1, 47 981 S.0 04
t,558388a004
1, S61 759. e74
tL638703.0o4

SURFACE VEL6CTZ7PS
ImAGINARY MAGNITunE

:4,296±68:0s
.4, Si n28. 005
.4 ,337042.0o5
.4 , 375692, 005
.4,423501.005
r4, 476998.005
.4,531904.005
.4, 583634.005
.4,62A125.005
.1,165948.005
. I 165948.005
i.i±695948.005

.1, 165948.005
4 ,46820.005
4, 42685.005
4,376691.003
4,323863.005
4,272196.005
4,226022.005
4,188695.005
4,162604.005
4,149218.005

1 ,7502s5.004
,7235990,n4

1.670850.P04
1, 593483. 004
i. 494a57.0oc4
1*376442,004
I,2 4 5 7 47a004
* 107A5rrn004

9, 68692C 0n05
3 * 03043.e035
3,803043.005
3,8o3043,005
3 ,8030430 05
9.355585.005
1, 069956 .004
16,203132004
1.329361.004
t 442953.*04
1.53897A.004
1,613699.004
± 664644,004
1.69043,n004

MODAL CINTRIBUTIONS TO ATR IMPEDANCE
tai o 9307.Doi 24,73457o0oo
±:923206.003 2, 29790,002
3 9s1858a006 5 ,28797,4o5
i,365385.003 2,023534woo2

MODAL C#PITRZDUITSNS TE
6, L0o±55o000
.7, 4588j0.co0
.2, 9i4 4539. o04
6,248900.002

) WATER IMPEDANCE
I 709766.0o0
3. 246179.D02
8,1o6967.005
i,60554698C2

ELECTRICAL POWER
ACOUSTIC fUWiR
PEWER CONVER$ISN EFFICIENCY
NETISNAL IMPEDANCE IN AIR
9LECTRJCAL INPEDANCE IN AIP
MiTfENAL IMPEDANCE IN WATER
ELECTRICAL IMPEDANCE IN WAlER
PLSOFE ELECTRICAL IMPEDANCE
RADIft18N IMPEDANCE
TRirNSDUCTO!N 00FF IC;ENT
MAGNETIC FIELD IN COIL
TPANSMITTING RESPONSE tN PLANE (DO)
TFANSMITTING RESPINSE AXIAL (0B)
IERHEAOILITY DUE tS HYSTERISIS

MEVAL FERMEARILITV
MEDIUM INERTIAL REACTANCE AIR
SEELL ST4FFNESS REACTANCE AIR
MEDIUM INERTIAL REACtANCE
SfELL STIPFNBSS REACTANCE

PIN a
PA a

EFF a

ZEA a
ZMOTW i

28 i
ZL IF

HL.
MR A

TRP 9
TRA i

UHE a'

ZSTA -
ZKN a
zslr il

1. 866162. 03
t,437786.0O3
7. 70451i.oo
1, 731233.ool
2.3784±0*0an
6, 087s65&0oo
8,294052*000
2,205287.000
7, 471810*vo4
1,879988.004
5.218987*60a
6,155933*001
3,904547.001
2,261865-005
2,259060-003
0,c0000 o*0ooo
0 0000080*00t
D,000000*806
e. 000000000

5,045539.003
3,97582OW003

2.2088530*no
1, 75363*6000
2,242462*001
2,066625.001
2, 066 1320 05
.6,4492746002
0, 000000*000

89.24
-ti9 ,49

*1,923649.007
*7,749705.n07
5, 93 7865 ,*004
z .874709*005
5.952918*004
2,884540.noS

0001

1
2

4

1 0

j2
1i3
14
i5
,614
1 a
1 9
20
21
22

a,
cp

ANOGLP (DrGREES1

-165 .790
.165,519
164, 955

.164,062
1i6p ,778

.i 019
i s 667

.155.560

.j5i .460

.167 * 147

.J16.J47

.167, t47

.16i 1 147
28 ,540
24 , 440
21 .333
iqs, 96i
17,222
ji s938
vs 045
14, 481
i 4 , 2 09

r

C

CD

TtME 284,40



CURRENT DRIVE 1,500000.002 *0,OIOODo0ooo

SUTPUT DATA

UTTERyIGRRI AND SM¶TH

NRL EtCSmIP

BUTYTERErRYl' AND SMITH

VRL EIGSW!P

RtFERNChE SURFACt Ve;CLIT0ES iN AIR

REAL IMAGINARY MAGNITVDE

VIL'E P 4,847P2gwo0I 3,055957.004 3,800300pQ04

yE;l t1 t 0,0d8~0Ieo~i ~4,a47354mcC4 4u380 247w004
VOL1 2) ; 5,c07462,044 4,330500o 4.174272,004
vE~ 32 J664t4.000 4,312050.004 4*,3 043 6 x004
VESl, 41 

5 7
qS

3
r .oo0 4,277o63.oo4 4,3t4953oo4

v4L 1 5) s 5,6264t4 005 4,23080.mCE4 4 ,26016.a004~L( 6 P 5.529699.ao0 4.1736.6,-04 4.25f977.nn4
vE~, 7) 5,;4 6987.405 4;10626.-004 4,1,453,Q
yEWl 8) p 56j29762Ro00 4,0287OtL0D4 4,06

8
28

0
a004

yELl 9) p 5.14948,00 0 3,,94162E4oC4 3,9?23.0I4
VOLIIO) ' w.16lZ8,s B.QQ 1,*222518t004 1.2 3 3501.004

REFEMENCE SURFACE VELC0ITIES IN WATER

REAL IMAGINARY MAOPI TUDE

VEL0 $ * 1,0627t6-1o 3,421775P005 t,1t6491.4C4

VE; 11 * .7,014635.o04 .0,489962"005 7,070940.004
VEOL 21 :* 6,044770.004 .6,643985.000 6,08074.004
VELI 3 ' .4 1$59890 o04 -2,3g?7629 .'0 4 ,192444eoA4
VFf 4) a v±,5846903.04 3,740587 005 1,628042wW04
VE"l 5) : 1,576i90.0oo 1,215578w.004 1,931033w004
VELl 6) * 0,o9226.oo t,949249woO4 5,468434,n04
VE%( Tj ; 8,85Qg 4

1.0:4 2,616410.004 9.293653,004
VFL( °1 * 1,267570.oo0 3,746420.004 1,32±77$8.003
YELlt 9) J 1,50i70.C0 4,864586*0C4 i,7152501,03
VEL(I * #6,a88950.00o .3,821535-000 7,0784821305

ANGLE t EGREE5 n

0 2, 36
02 ,371,
0 2 3a3
02,401
6 2 4 25

82; 48,
02 52f
82 557

.97, e02

ANGLE rDEGREESI

17 ,$47

172 , 777
.173,72S
#176 317
166, 79
35,290
20,8e3
17, 770
16 446
15,759

-100,984

BUTTERWORTH AND SHITH

ELECTRICAL POWER PIN .
RADIATIlON IMPEDANCE ZRA0 .
P(WER CUNVERSION EFFICIENCY ETA p
MeTiENAL IMPEDANCE IN AIR ZMOTS,
ELECTRICAL IMPEIACe IN AIR tEA s
MitIEWAL ZMP9CANCE IN !ATER ZMB¶% -
ri Eerrf; [ lIm6EDAiNcE IN WATER r .
aiREjifEA NC0D Z s
oIFPE"R LI$S LEAKAGE tMPEDANCE ZEL g
Tf4NOUJtIEN 03%%rlrfIuv T ZEM p
|WELECTPMEC^ANJCA!; COIP41NG CIEFFICIENT K i
|IECtTWOCMANICAL IMPEDANCE IMP p
HfCwAJCAL IMPEDAI;4 4Ipp 
MtDY CIREhNT 7ACIR c0
TOTAL MECHANICAL IMPEDANCE *P4N CIRCVIT ZMec

REAL

1,97285t.003
4,634604*004
0, 405845.00±

5 4 47 3 8 6 .0 a
A7 0 4 32 s+05& 0ln

8 .0p2oooooo2; 094445.000
t. t,0oon000000
7, p25 864 02

9. 904163.001,
± * 773064.0p3

IMAGINAPY

9.524926.003
.7 ,$944p,403s

l 7925.4O00t
$t895347*o0t
1, 304907.000

j ,001446.Ooi
0 t013570.OoO

w4 ,20263$.*0o

t, 4097a2*op4
-4,12061.*004
0, 110 198.0 02
2,710to30a*04

U

II

0)

z

Cx

-ri

mt)

02



CURRENT DROVE - 1,500000.D-2 .f,0o0ooo*ooo

OUTPUT DATA

NRL EIGSHIP

HING SURFACE

EAN D RfEAL

I .8,1448i440GI
2 ,6 ,dces989pc
a a*|$ 0641* 0%
4 *7,471972'g01

6 .8,4Vgj5'500X
7 '8,.t1l491i4.I01
8 aS,230761drot
c a4 194e97*901
to '3,56637*001
il .4,56loohoo2.
i2 C31 20358*001,
$,3 2z 70c6s7*a0C
34 25571

6
5*001

t5 4,9a6167*Qoo
i6 6j324380*001
i7 7,2109s8*gOz
ie 7,7a2s53*.ga
iS 7,9t1123*002
PC 8,0777654005
21 e,01694*00a
22 8,062464*00i

SURFACE PRESSURES
1'A |hKAPY MAQNITJUOE

2 ,'436967.ooo
2,10d946.000
6, 35s2S5.aal
1 ,6 300?#ooo
p4 ,7;4149.o0±
,8, 596424000
.1:235 592'o 02.
t.1 E98327.001

72 .0 975 54002.
e* 3 88418 * 001
,v
4

1
2
387*otbi

V*4|50252*001
T4 .760603*001
5, 7534910 * 061.

*6 ,'91782.ooi
v7?. 66 **cft
n 5 s989140oob1

P7 '599?1,4,,30
:8 f307 14 8.002
18,t! 9o L8011100
gO 6

9
?8#*00.

.8l73 e862*+00

ANGLEDOEGREES)

±77.264
178, Q44
379,439

-278.750
-i76,633
-174, 76

171, 2.68
'±67 * .02
-159.5C3
-t33,287
-129,474
-12, 034
.19g.566
%66, 037
.5?,8t08
a48 .25b

tr46,50i,46,008

v46 553
.46 971
p47 , 2 3 5

MODAL CO!TRI8UTIONS TO AIR IMPEDANCE
*a,877950,ogl .5,92331040oD
.11,580092.302 1.1093669gool
3,35?944w005 2,964649,o94
1.09294MQ Of 2 l ;3O A3 7IYP n

ELEtTRICAL POWER
AciaUSTIC PEWsR
PEWER CONVERSISN EFFICIENCY
MITIONAL IMPEDANCE IN AIR
ELECtTRiC4 IMPEDANCE IN AI!
MITIONAL IMPEDANCE IN WA1TE
ELECTRICAL IMPEDANCE IN WATER

LOCK;Q 00ELECRJCAL IMPEDANCE
RAPIAt IN IMPEDANCE
TrANSOUJTIIwN COEFrFIiENt
MHAOAEt1C FIELD IN C081
T!ANSM1TTINOs RESPONSE IN PLANE (PS)
T!ANSMITINO RESPONSE AXIAL IDS)
PEMEOALITY 04 TD VS$TERESIS

TCTAL PERMEADILITY
MEDIUM INERTIAL REACTANCE AIR
PfELL STJFFNfSU REACTANCE AIR
MED UM INERTIAL REACTANCE
5;ELL STIFFNESS REACTANCE

REAL

.3, e838i4.oQ5

.3 ,75851.o005
3, 516915-0o5

-3, 174842.005
.2, 75288I.005
-2,272862D0D5
.1, 755o2i,05
i.,2±5912-005

'6, 673125.006
.8,976790o006
Oe ,9767900o06
-8 ,76790.OI16
e8 976790.006
6,444672.006
1,i74322.005
1 69499i.005
2;195119.005
2, 658720.005
3,066247-005
3, 39 6620 0 05
3,63O019.000
3,750969.005

F'E0UPNCY - l.nnnom00 4

SURFACE VELOCtYIE5
IMAGINARY MAON'TUOE ANGOLF(EGREES)

5 ,072916.005
5,277891.005
5,656000 005
6.152645-005
6,7o5567.305
7,260863.005
7.784613.005
8,2663i9.005
9, 713102.OO5
2,214333-005
2, 2i4333.0 05
2,2j4333.005
2 , 21s.4333- 0 05

.8,4ij5072.005
.7,983571.005
.7 .5¶A34i.005
.7,012507.005
.6 .47,6204.005
5, 9422.95.005
5, 462517.005

.5, 09736l.0Ca

.4,899397.005

6.388934.005
6 ,479434,oGS
6. 660257,nO5
6.923487v005
7, 24865.. 600
7.608287e005
7, 9 7 9 993. n05
e,355266.o00
8,738619.o05
2, 389372! 005
2,3893720OO5
2 .389372,oD5
2.389372no05
8.439716.005
8,069476,0D5
7.707039-005
7.348047,0a5
7, O0715-00

5

6,686670.005
6,432444.n05
6 ,2570 6.0 05

6, 170402.005

t27 ,438
1 25 ,456
121 t873
227 1294
12?, .3cO
¶07,382
107,705

9q,368
94 380

1 2, 067
112 , 067
li2.067
tl12 . oe67
.85 , 620
.81 ,632
* 77 * 2 9 5
.'7, ,618
.677,680
.6p,706
. 58,127
.54 , 544
.59,562

MODAL COtTRIRUTIGNS TO WATER ZNPED4NCE
9,59335.001 .2 973473.c0no
.5,172952-002 .9 531465.002
2,04418800O4 i.o9789J.003
4N CAW*3.nfl : nA63A64.4n2

PIN a 1,566289-0o3
PA a 3,06L641-004
5FF a 1,954710-001
Ta i 8,927330-001
lEA * 5,215507000

ZMOTW . 8,530430-001
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Appendix E

DEFINITION OF MATERIAL PARAMETERS

El. MAGNETIC PARAMETERS [Ref. Y. Kikuchi "Ultrasonic Transducers,"
Corona Pub. Co. Tokyo, 19691

A magnetostrictive rod of length Q meters is subjected to an incremental magnetization
of AJ webers/meter 2. The incremental strain induced is A(bQ/Q), which to be completely
inhibited requires an applied stress AT = - YA(6Q/Q), 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 X of Butterworth and Smith. At zero strain the quantity J and the
manetomiotive force H are relted by the defining re.lstinn AJ = wAHt where K is the suscen-
tibility (weber-turns per meter-ampere).

If this rod is subjected to an externally applied increment of strain AS = 6R/2, then the
magnetomotive force AH induced internally for small-amplitude strains, and linear motion,
is proportional to this strain: AH' = hTAS. Here IT is a magnetostrictive dynamic constant
expressed in units of amperes turns per meter and is the same quantity as y 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

It=( a =±Jas\ X hT =(af and K _= (_H .

From this it is seen that the material parameters may be obtained by measuring slopes of
62/R, h, and K versus H or J, where H and J are static (or dc) 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

\OH)T \0'n/J \dHIT

or

h ( fs aT-
\ aJIT \as IJ
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When the values of h, Y, and K are obtained, one forms the static (or low-frequency) value
of the electromechanical coupling factor I, defined as the ratio of the mechanical energy
stored by the magnetostrictive effect in the rod to the electric energy stored electrically.
For static conditions this is known to be k2 = Kt2 /y, since h = hT.

The measurement of h, K, and k2 from static curves is made ambiguous by existence
of hysteresis. Thus a curve of &R/2 or h versus H shows two values of 6.2/2 (or h) for each
value of IH. Similarly a curve of J versus H for most magnetostrictive materials exhibits
hysteresis effects: multiple values of J for each choice of H. It is therefore necessary in the
description of material parameters to indicate which branch of the hysteresis curve is being
used in making numerical estimates.

In lieu of specifying the susceptibility it is often more useful to specify the magnetic
permeability. To do this it is noted that the magnetic induction B and the quantity J are
related by the formula B = g0H + J where go is the permeability of free space (47r X 10-7
volt-second/ampere). Let Prel be the permeability of a magnetic material relative to that of
a vacuum. Then by definition B = mre1PoH Thus the quantity J = B - p0H = (grs - 1)PoK
= KH. Thus when I is measuredY one can obtain from it the relative permeability a,,, =
(Ka/o) + 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 de fields in a long rod,

MdC Kdu(JAHd + hTASdC).

The susceptibility Kdc is measured as the slope of a line from the origin of the static J-versus-H
curve to a particular point (the bias point) on the curve, In most operating conditions the
applied field is the sum of a de bias at the bias point plus an incremental ac quantity. The
incremental quantity Jj is thus

= KiH + hT¾Si = (pi - 1)p0Hj + ht~S.

Here ,u is the reversible permeability and ai is the reversible susceptibility, the latter defined
as the slope of the J-versus-H curve at the bias point when Hfi - 0. The quantity gip0H1
can be regarded as the reversible magnetic induction. Occasionally the ac fields are regarded
as truly incremental. Then Ki is called the incremental susceptibility, or ratio of AJ to AH
at the bias point.

E2. EFFECTIVE YOUNGS MODULUS

The tangential stress due to (ac) magnetization J of a thin circular ring of radius a and
magnetostrictivity h is T6 = Jh. The accompanying (ac) tangential strain is SO = v/jiwa.
The equation of motion of an elementary (or differential) segment of the ring (mass m& and
stiffness Kj) is

Ka + y
Fai5 u+jw0 = J6 hA0 ,
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in which Kti = AO Y/a, A0 is the cross-sectional area of the ring, Y is Young's modulus, and
F8 the net driving force. For a complete ring the net force is 2rF 8 , the total mass is m =
29inrv and the total magnetiztnion is 27rJR = 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

AohJ=r iwm+7') .

Thus at constant (say zero) magnetization the resonant frequency in the radial mode is given
by

_ 27rA X Y.

2RV m a

in which Y = yl + jY 2 and Y2 << y

TIf in contrast the excitation stress is taken to be due to annfied magnetic intensity IIR-
then To = KhHit. The equation of motion in this case is

F5 = KhH5A 0 = vr iWma +-1-

Here the symbol K4 is the stiffness of the segment of the ring as modified by the electro-
mechanical coupling:

An
K' V Kh2j

a L 

The force over the entire ring for the case of a driving magnetic intensity H = 27rH1 is

AoK~tH~vr~i2m+ AY- AO Kt 2
27rAO KhH = v,- (jm + * Y-

J~i (l a i@o

Taking K = K, - jK2 , a2 A a, one can see that at constant (say zero) applied magnetic in-
tensity the resonant frequency is

WR m/ (Y 1 - Kh2 ).

Factoring out j]om leads to

AO hKH = jwtomvr[1 L +J (Aoi

Here (AO)B is the effective bandwidth of the resonator. The corresponding temporal damp-
ing constant A11 (at constant H) is given by
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(AW)B 1 (Y 2 + K2hI2)
A- 2 2 coa2 p

Similarly the temporal damping constant (at constant J) is given by

= Y2
2 wa2 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 Y1 is then obtained from the formula for the resonant frequency at zero
magnetization. To obtain the quantity Kh2 for the same ring, one winds the ring with N
turns of coil, applies a de current, and arranges the ac excitation to be short circuited. Then
the ring is mechanically driven, and the frequency of maximum radial velocity is measured.

Es. FORCE FACTOR, EFFICIENCY, AND MATERIAL PROPERTIES

In a piezoactive vibrator consisting of one electrical terminal, where an ae electrical
current I can be externally applied, and one mechanical terminal, where an ac mechanical
force F can be measured by its effect on an external mechanical system, the ratio of deltiv-
ered force input current defines the force factor Tine (newtons per ampere). An example
of such a one dimensional vibrator is a circular magnetostrictive ring, radius a, thickness t,
vibrating in the first radial mode. The induced radial force on an element of circumfer-
ential length is F6 a: T66Ao, where Too is the induced tangential stress, AO is the cross-
sectional area of the ring core, and 6 is the angle (radians) subtended by the element. Since
To = T = hJ, and since the total force is obtained when 6 = 2r, the external force delivered
is

Fext = 2rA 0IhJ.

The magnetization J = KH. For N turns of wire on a circular core the magnetic intensity
H = NI/2ra. Thus the ratio Fext/l, or force factor T.,, is

NAa
A me K.a

When the externally applied quantity is at the mechanical, rather than electrical, terminal
and induces a velocity v, the ratio of the open-circuit electrical voltage to this applied veloc-
ity is also a transduction factor: Trm. By conservation of energy it is seen that Tme = Tem.
Thus all transduction factors are proportional to KI, making this an important factor in the
selection of magnetostrietive materials for applications.

The energy dissipated at the mechanical terminals when velocity v passes through the
real mechanical load RL is RP Lil = RL I V 12. Similarly, at the electrical terminals the energy
dissipated in the real electrical load R.ee is R1 eeI' 1 = Re I rI2. Hence the electromechanical
efficiency is
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RL I V 12

Ree I I12

At the mechanical terminal the canonical relation of applied force, velocity, current, and
mechanical impedance (Zm) is

F = TmeI + Anal

If all external delivered force is removed, the ratio of velocity to current may be found. This
is T.

Thus the efficiency becomes

RL Te 12
77=

Ree I Zm 12

Since -T2m is proportional to a2h2 ndr IRee is proportional to a, the olnfrrnnsonhordnnl of-EL

ciency is proportional to ah2 . Thus again the important parameter of rnagnetostrictive
materials is Kh or v02.

E4. MEASUREMENT OF PERMEABILITY K

Over a small frequency range cO centered on the frequency of radial resonance the
measured electrical impedance Z of a circular ring magnetostrictive transducer is

Z, = R +w(L 0+Li) =R0 +jQL0,

in which R. is the copper loss in the electrical winding, Lo is the leakage inductance, and
L. is the "iron" core inductance. The theoretical value of re is

I I~~~~~~~~L 

2ira

where pt 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

2o = Ro + jL 0 .

Subtracting ZO from Z, one finds that

ZC - Zo
Li = - -z z
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Writing -t = po + K, one sees that the (complex) K is given by

2rga (z - z 0 \
N2Aq JW J meas

E5. CALCULATIOIJN OF Kh

in Part 1 [11 it was noted that the calculation of the magnetostriction constant ht0
is given by

Xi Xhoa = a (V W3 W2)M*Drn AsN,

in which w3 - 42 is the difference of quadrantal frequencies in the plot of motional im-
pedance, l 1 m is the diameter of the motional impedance circle, and M is the effective mass
of the ring When the factor 1 S IXI is regarded as the total permeability of the ring minus
the permeability of free space, then h6e is equal to h as defined in Section El. Hence to
determine Ki, one can write

a (0 - w2)mD
K =

A0 N

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 h 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(x5 ) and the scalar pressure p(x8) on the closed surface S(x5):

COPJG(xlx)v(x9V ) dS(xs)+JP(xs) V7G(xlxs) * dS(x8) = p(x).

Here time is given by eixt, and the normal to S 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 = ar(QAZs)2lTasg + aZ27rTaKnKAa 3 ; (&r, aZ: unit vectors)

that is, the radial surface is divided into J annular bands, and the end surface is divided into
K radial bands. The symbol a,, represents either the inside radius as or the outside radius
a,, as required. The symbol aK ean represents the mean radius of the hth radial band at
the end.

In incremental form the field pressure thus may be written

p(x) = 11 +{j} + V, (Fl)

where

X= E jwp 27raK (qAaS)ukG(xamean ,, Z = ),

K

It = 7 E jwp 2xa,2 (e AZ8)AlG(x c l, O, MAZ$),
Q~~~S 

21TaJ< (haPg(x 0aKL){ V} EI Kmean (as)P xmean 
K

V= E 27ra5 (e AZ5 )p 9 aG (xMa5, OAZ.).
£~~~~~a
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From the integral-equation nature of this formulation the pressures pK at the ends and pR
on the radial surface are functions of the axial and radial surface velocities a' and &.

The field point x is now chosen to lie on the z axis, and the individual contributions
of terms I through V to the axial pressure are sought. First, the contribution V is easily
accounted for. Since aGnar is zero on the z axis, the contribution of V to the axial pres-
sure is zero. Second, the contributions of I and II are both due to volume velocity effects
and can be handled on the same basis. The Green's function G 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 K 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 Ila. It describes the "pure dipole effect." If on the other hand the sum of these
volume velocities is not zero but yields a net value, then there is an axial pressure whose
magnitude is proportional to this net. This pressure contribution is labeled I1h.

The third contribution to the axial pressure is that due to the surface pressure pK on
the annulus area of the end of the shell. As noted earlier, this surface pressure is due to
the end velocity PK) or radial velocity pK (4i). The axial field pressure due to the surface
pressure PK(a) is labeled III. The axial field pressure due to surface pressure pKGiY is la-
beled IV. If the volume velocities due to radial motion of the shell exactly cancel, as in
condition hIa, the surface pressure pK generates an axial field pressure, labeled IVa. If the
radial volume velocities do not cancel but leave a net velocity, then PK generates an additional
axial field pressure, labeled IVb.

The principal contributions I through IV have been accounted for. To numerically eval-
uate these contributions at specific frequencies, EIGSHIP was applied with specific special
inputs. The resultant calculations appear in Table Fl. This table was obtained by running
computer program EIGSHIP under different conditions corresponding to 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 outside velocities (Sec-
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 PK at the annulus area of the end of the shell, generated by the ra-
dial motion of the shell under conditions of zero volume velocity (IVa).

To check the conclusion drawn from these calculations that IVa is the major contributor,
EIGSHIP was used again and those influence coefficients in the matrix G [Part 1, p. 441 which
relate pressure on endbands to velocity on sidebands were arbitrarily 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 conclu-
sion. In a physical sense these arbitrary reductions of pK are considered to correspond to 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)
I + IIb + III + IV I + "I + IVa IVa I + III

1000 0.405 N/m2 0.465 N/m2 0.027 N/m2 0.492 N/rn2

-0.9o 178.9° -2.7o 178.8°
-7.850 dB -6.650 dB -31.475 dB -6.166 dB

2000 2.378 N/m2 1.450 N/m2 0.627 N/m2 2.062 N/M2

-3.60 -176.5o -11.60 179.00
7.525 dB 3.226 dB -4.050 dB 6.285 dB

4000 89.593 N/rn2 69.269 N/rn2 73.803 N/M2 18.481 N/M2

-119.5° -152.1" -137.70 111.00
39.045 dB 36.811 dB 37.362 dB 25.334 dB

6000 32.762 N/M2 53.613 N/M2 48.661 N/M2 5.075 N/rn2

113.20 119.00 117.7° 131.0°
30.307 dB 34.585 dB 33.743 dB 14.109 dB
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Appendix G r

SPECIFIC ACOUSTIC IMPEDANCE OF
THE SHELL AND SHELL MOTION

In the theory of progressive acoustic waves in a cylindrical waveguide the acoustic pres-
sure anu radilZ particle veluclty are 1u-ju-w-l to lave the follvIn g depeuIdefe Ut zaI cu
ordinate r and axial coordinate z:

p a JOQErr~e t 

aP ' JoL(kerre Z
U a JI(It~r)e2

in which the component wavenumbers hr and It2 are related to the total wavenumber co/e by
the relation

( o§2 h2 , h2

Here wc is the harmonic frequency of wave motion and c is the local speed of sound. We
consider the special case in which kt2 = 0; that is, we allow only standing waves in the
r direction and no propagation in the z direction. Then at the cylinder walls (r = a) the
specific acoustic impedance of the medium is given by the ratio

wP J0 (wa/c}

Ur J1 (ca/fe

Thus at particular frequencies c, where J1(wXa/c) = 0 it is seen that the specific acoustic
impedance is infinite, which means the fluid allows no radial motion at the cylinder wall.
Now 4(x) = 0 for values x = x,. Thus at frequencies f = a/2r one has

- x1nc
in 27<7 

Choosing c = 1485 m/s, letting n = 1 for illustrative purposes and noting that from standard
theory x1 = 3.83, one sees that

3.83 1485 905.2
2i a a

where the cylinder radius a has the dimensions of meters. For ring C the radius a = 0.06587,
Hence the frequency of infinite radial specific acoustic impedance is f = 13,742 Hz, In
general f, is independent of the length of the waveguide.
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