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ABSTRACT 

conducted toA theoretical and experimental research program was 

loose-partsprovide basic information and guidelines for a comprehensive 

monitoring system suitable for industrial use. This work is an attempt 

to bring together theoretical work on impact and elastic wave propagation 

in an industrialwith the current needs of loose parts characterization 

environment. 

The pertinent work developed by many on the theory of impact and 

wave propagation over the past century is discussed. The experimental 

work for impact location and characterization was performed using modern 

transient signal analysis techniques. The experiments were performed 

The methodsand techniques developed first on a simple flat plate. 

were further improved using the Experimental Gas Cooled Reactor (EGCR) 

the test bed.structure at Oak Ridge National Laboratory (ORNL) as 

Several impact location techniques were developed and explored 

theextensively. Their effectiveness and accuracy are demonstrated on 

flat plate and the EGCR pressure vessel. 

wereFurthermore, various impact characterization techniques 

developed utilizing the time dependent RMS and the relative power 

spectrum of the impact signals. 

characterizationThe overall performance of the impact location and 

under noisefree andmethods developed proved both useful and effective 

simulated background noise conditions. 
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CHAPTER I 

NATURE OF THE PROBLEM AND RELATED BACKGROUND 

A. Problem Statement 

coolantThe occasional presence of metalic loose parts in primary 

The potentialsystem of today's nuclear reactors is a proven reality.^ 
the size andsafety significance of these loose parts depends upon 

continuous safelocation of the part which is one of the factors in 

2,3 Thus, the characterization of a looseoperation of the power plant, 

of its originpart as to its location, probable size, and an estimate 

is valuable information for continuing safe and economical operation 

of a nuclear power plant. 

an impact waveThe metal to metal impact causes the initiation of 

on the surface of the jnetalic structure. According to the size of the 

vary in theirloose part and force of impact the elastic wave patterns 

This dissertationamplitude, wave frequency structure, and duration, 

combination of theoretical insight and practical procedurespresents a 

of the loosefor detection of the impact wave pattern and characterization 

impact relative to apart as to its location of impact and force of the 

standard. 

B. , Background Information 

The state-of-art in the area of loose-parts monitoring is currently 

The theoretical works in the field of elasticin the infancy stage. 

1 
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one hundred yearswave propagation and basic impact theory are at least 
7 > 8 » 9 j 1 0 

old. The pioneers are Hert^,** Sokolinikoff, ^ Love® and many others. 
I 

and solutionThese works are basically elaborate mathematical derivation 
I 

to various stress and strain equations using a spectrum of input 

In the past threeassumption and propagation medium simplification, 

decades, as the electronic era grew in sophistication many of the purely 

theoretical works have been put to experimental use. The major problems 

which many researchers have confronted here are the complications involved 

theoretical results.in real world application of simplified and purely 

in theThe complications which an experimenter is faced with 
I 

resultsapplication of the theoretical solutions and the experimental 

are as follows: 

Impact 

asThe concept of impact encompasses a wide range of processes 

the impingingexemplified by the game of billiards, automobile accidents, 

molecularof tidal waves or air blasts upon structures, and even 

collisions. The complicated process of energy transfer under impact 

conditions leads to serious problems in the mathematical analysis. 

to renderModels representing the physical system must be idealized 

them suitable to theoretical treatment, and the postulated dynamic 

behaviour of such bodies inust be verified by suitable experiments. As 

a consequence, complete solutions have been obtained only for simple 

conservation ofgeometrical configurations,^ utilizing the laws of 

mass, conservation of momentum, and mechanical energy balance. Although 
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nobeen recorded, 
8 

many different approaches to the same problem have 

general impact theory has be?n developed to date. 

Wave Propagation Path 

Approximations have been employed in the wave propagation phase of 

the impact formulation and solutions, These approximations range from 

n j 12 
Thehalf space assumption to simple geometrical shapes, 

difficulties imposed by practical problems on the simplified, yet 

are immense.complicated, solutions of the impact wave propagation 

These problems such as: finite thickness plates, weld discontinuity and 

geometrical irregularity force the experimenter to abandon purely 

correctiontheoretical solutions to empirical solutions and experimental 

associatedfactors. The relevant problems of impact characterization 

1 3 1 ^ 

with propagation path are: wave attenuation and wave dispersion. 

Sensor 

researchProbably the most understood part of loose-parts monitoring 

is the sensor used to detect the impact. The most widely used sensor is 

an accelerometer 
1 5 

which is also used in structural vibration monitoring. 

The design of this type sensor was possible after the discovery of 

material has thepiezoelectric effect and material. A piezoelectric 

electricproperty that if deformed hy external mechanical pressure 

This effect was discovered incharges are produced on it5 surface. 

The reverse phenomenon, according to which such a material,1880. if 

placed between two electrodes, changes its form if an electric potential 

Piezoelectricis applied, was discovered soon afterwards (1881). 
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material either synthetic or natural crystal is used as the sensing 

element of the accelerometers. When an accelerometer is attached to a 

structure, the charge produced by the piezoelectric element is proportional 

to the surface movement of the structure. 

C. Objective and Organization of This Work 

There are two objectives in this dissertation. 

The first objective is to quantatively characterize an impact. The 

characterization consists of impact detection, location and sizing using 

simulated impacts on a flat aluminum plate and the carbonsteel pressure 

located at Oakvessel of the Experimental Gas Cooled Reactor (EGCR) 

Ridge National Laboratory (ORNL). 

of normalThe secondary objective of this work is to extend the use 

noise analysis techniques to transient signal analysis. The adapted 

methods are Root Mean Square (RMS) calculation and Power Spectrum 

calculation. The normal nqise analysis methods are developed for random 

stationary signals. The impact signals are of a nonstationary. 

deterministic type. Therefore, the use, modification, and validation of 

fast Fourier transform, windowing, block averaging, frequency smoothing 

rules areand digital RMS calculation are reviewed and new ground 

presented. 

The text of this dissertation is organized as follows: Chapter II 

is dedicated to theoretical formulation of the simplified impacting 

process and the accelerometer. The two dimensional impact wave 

andpropagation studies, where the preliminary impact location 
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characterization is developed in Chapter III. Chapter IV contains 

using thefurther experimental developinent of loose parts monitoring 

The final 
more realistic environment of the EGCR pressure vessel. 

for futurechapter contains the overall conclusions and recommendations 

work. 



CHAPTER II 

MATHEMATICAL FORMULATION OF AN IMPACT 

AND THE SENSING DEVICE 

A. Introduction 

parametersThe purpose of this chapter is to formulate the essential 

relevant toin impact generation, propagation and detection processes 

loose parts monitoring, The process of impact between two bodies is a 

Essentially the twocomplicated matter to mathematically formulate. 

two states:bodies under the process of impact will experience 

deformation and restitution. If the restitution equates the deformation 

If during the impact the dynamicno permanent deformation has occurred, 

permanentyield stress of a given body is reached and surpassed 

deformation on the surface of that body has occurred and part of the 

Obeying the laws ofkinetic energy has gone to deform the surface, 

continum mechanics several types of waves are started at the point of 

travelsThe surface wave or otherwise known as the impact waveimpact. 

before 
on the surface of the structure and can reach long distances 

wave. The detectionattenuation diminishes the amplitude of the impact 

sensitive toprocess is performed using an accelerometer which is 

for the abovesurface acceleration. Although no exact formulation 

vessel) it isprocesses exists on a realistic structure (pressure 

sections ofattempted to give idealized formulation in the following 

propagationthis chapter for a better understanding of impact generation, 

and detection. 

6 
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B. Impact Considerations 

the action ofConsider a solid body ill a given phase space, under 

forces denoted by the Newton's Law 

dv 
EF = m 

dt 

(2.1)= ^ (mv) = dt

dG 

where G is the linear momentum of the system. The general cartesian 

The mass m is time invariantcoordinate system is illustrated in Fig. 1. 

and the coordinate system is fixed. The Eq. 2.1 can be integrated to 

yield. 

t2 

(EF)dt = G(t2) - G(ti) 

ti 
= AG (2.2) 

set ofIn addition to relations fot linear momentum, an analogous 

relations for angular momentum exists about the fixed axis in Fig. 1 

EM = r X EF 

dv 
r X m 

dt 

d 

= dt 
X m v) 

dH 
(2.3)

dt 
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Z 

X 

Y 

Fig. 1. General 3-dimensional coordinate system. 
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Hence, using 

H = m det 1 kJ 

X zy 

V V V 
X zy 

dH 
EM = (2.4) 

dt 

and 

(EM)dt = H(t2) - H(ti) 

ti 
= AH (2.5) 

where 

H(t2) = r(t2) X m v(t2) 

H(ti) = r(ti) X m v(ti) 

If the system under consideration has no externally applied load, i.e., 

all forces are active-reactive, then the following relations are true. 

AG = 0 

AH = 0 (2.6) 

momentum,and they express the conservation of angular and linear It 

should be noted that momentum, unlike energy, is a vector quantity. 

to all bodies.The general impulse momentum relation is applicable 

Since only normal impact is of interest here, one dimensional impact 
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theory is sufficient, Moreover the impulse momentum relations are 

written for rigid body models. 

as illustratedConsider particles Mi dnd M2 with velocities vi, V2 

in Fig. 1. By conservation of linear momentum 

MiVio M2V20 “ MiV + M2V
If 2f 

(2.7)= MiV„ + M2V
N N 

the bodies havePhysically the momentum equations state that initially 

velocities Vio, V20. After contact the force builds as in Fig. 2. 

This phase terminates when the bodies have a common velocity (Vj^). 

process ends.Subsequently a restitution phase take over until the 

is theA commonly used parameter in this type of analysis 

coefficient of restitution e. By definition 

"d 
F dt 

e 
a 

(2.8) 
t 
a 

F dt 

is the time at whichwhere F is the contact force between bodies and t 
d 

Based onthe restitution phase begins in Fig. 2. momentum, an 

equivalent definition is 

V... - V
2f N 

e 
V - V20
N 

^If -
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f(t) 
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^ Relative velocity of separation (2.9) 
Relative velocity d£ approach 

impact has an e - 0.An elastic impact is defined by e = 1 and a plastic 

interest canUsing the previous definitions the major results of 

be classified as: 

1. Residual velocities 

M2V10 - M2V20 
= Vio - (1 + e) 

Ml + M2 

MiVio - M1V20 
V (2.10)= V20 - (1 + e)
2f Ml + M2 

2. Kinetic energy 

The loss of kinetic energy in the system is given by 

_ 1 / M1M2 (1 - e2)(Vio - V2o)^" 2 IMi + M2
V 

(2.11)= ^ M* V*^ 

where 

Ml
M* 

" TT'J 

V* = (1 - e^)^ (Vio - V20), and 
I 

(}) is the mass ratio M1/M2. 

2. Impulse quantity 

The total impulse delivered to either body 1 or 2 is the 

change in the momentum 

M1M2
AG = (1 + e) (Vio - V20) (2.12) 

Ml '+ M2 
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above and aConsider a one-dimensiohal impact problem described 
I 

Given
target of mass Ntj, (reactor vessel) and a loose part of mass M^. 

The residual loose partthe initial velocity of the vessel to be zero, 

and vessel velocities V^, are given by 

Ml - "Mr 
V 

Ml ^ 0 

M 
L 

V, (2.13)V.J, = (1 + e) 0 

The total impulse transferred to the vessel is given by 

1 + e 
G = 

- ^ ^ r (2.14)
“! + (}) ^INIT 

where 

(j) = U^/M^ 

Vq = loose part velocity before impact 

Ginit = loose part potential impulse 

The total energy delivered to the vessel due to impact is given by 

Et = 

ri 1 + e 
= — M

2 l'^0 [(}) \l + l/(f)/ _ 

E 4) (2.15) 
INIT 1 + (j) 
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where E is the initial energy of the loose part.
INIT 

C. Impact Wave Propagation 

When an elastic medium is strained, the coordinates of a point 

P(x,y,z) change by components u,v,w while those of a neighboring point 

v + 6v, w + 6w)Q(x + 6x, y + 6y, z + 6z) change by amounts (u + 6u, 

respectively. Fig. 3. The displacement components of Q can be expressed 

in terms of those of P by a Taylor expansion, and if only the first 

small values oforder terms are accepted corresponding to sufficient 

6x, 6y, 6z it follows that 

9u 9u 3u 
6u = • 6x + • 6z 

9x 9y 

9v 9v 9v 
6v = • 6x + • 6y + • 6z 

9x 9y 9z 

9w 9w 9w 
6w = • 6x + • 6z (2.16) 

9x 9y 

or in operator notation 

6u u 6x 

6v = V • V 6y 

6w w 6z (2.17) 

Thus, if the above differential displacements are known (9u/9x, 

etc.) we can find the relative displacements of all points adjacent to 

P. For convenience, we will introduce the following quantities 



z 

7Q'(x+Jx+u+^u,etc.) 
/ 

/ 

/ 

P'(x+u,etc.) / 
/ 

/ 

/ 
Q(x+<Jx,etc.) 

/ 

P(x,y,z) 

Y 

mediumFig. 3. Displacement, of two points P,Q in an elastic 
under strain. 
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_ 1 /9v 9u 
e

X 2 ^9y 
^

9z ~ 2 [dx 9y 

.Q i (— e 1 /9w ^ \ 

yzy " 2 y9z ' 9x 
9 

" 2 \9y 9z/ 

_l/9v 9u^ . ^ /. j. ^ 
z " 2 \9x ■ 9y/ ’ ®zx 2 Uz 9x 

9u 9v 9w 
e (2.18) 
XX 9x ’ ® yy 9y ’ ® zz 9z 

z 
ewhere e , e_„ represent simple extention parallel to x, y, and

xx’ yy zz 

and e are 
axes, or the normal component of strain tensor, and e , e

\y y L zx 

the shear components of the strain tensor. 

e e e 
XX xzxy 

e e e e 

yx yy yz 

e e e 
zx zy zz (2.19) 

From Fig. 4 it may be shown that in yz plane 

6w 1 

01 tan 01 = ^ = - (0i + 02) 
6v 

(2.20)02 - tan 02 
6z = I (01 - 02) 

Same relations are true foi) the shear and rotation components in 

xy and xz plane. Then, rearranging Eq. 2.16 we may write 

+ e 6 ) 
xz z^6u = (^z - ^z<5y) ^ (e^x^x 

6v = (SI 6 - S2 6 ) + (e 6 + e 6i + e 6 )
'' z X X z-* , yx X yy y yz z 

6w = Ca S - a .«J ♦ (2.21) 
X y y X 
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Z 

I 
I 

P 
1 

Y 

Fig. 4. Shear and rotation in YZ plane. 
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or in the operator notation. 

6 
u y 

6 0 -SI SI 
X 

6
Xz 

0 6 + e 66 S^ -S^ 
V z X y y 

6 (2.22)
6 -Q Q 0 

zX zw y 

correspond to aThe terms in the first bracket in Eqs. 2.21 and 2.22 

when these are 
pure rotation of a volume element (as a rigid body), and 

asall zero the deformation is irrotational and is described pure 

strain. 

with itsThe stresses exerted on an elementary cube of material 

in terms ofedges along the x, y and z axes (Fig. 5) can be specified 

the normal stresses T , T T and the shearing components T 
XX xy’yy’ zz 

yz T^x-

In the generalized form of the Hooke's Law it is assumed that 

as the elasticprovided the load does not exceed a given value, known 
function oflimit, each of the six components of stress is a linear 

all component of strain, In an isotropic medium the number of elastic 

constants reduces to the two independent Lame constants X and y. The 

stress-strain relations may then be written^ 

3u 
T_... = Xe + 2y . ; T = T = 2ye 
XX 3x zy yz yz 

3v 
T = X0 + 2y ; T = T

zx
= 2ye

xzxzyy 97 ’ 

3w . (2.23)T = xe + 2y ; T = T = 2ye 
zz 9z xy yx xy 
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I 

I 
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>---
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X 

Y 

Fig. 5. Stress in an elastic medium. 
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where the dilatation 0 = e + e + e . The relations between the 
yyXX zz 

Lame constants X and y and the more familiar Young's modules E, Poisson's 

ratio a, and the elastic compression modulus K, are readily shown to be 

E 

A + y (1 + a)(l - 20) 

A E 
; y =

" 2(A + y) 2(1 + O) 

y
K = > y = G 

y.The rigidity modulus G is identical to Lame constant 

The equations of motion are given by the set of equations.^ 

9" 
(V) = V • T (2.25)

P 9t2 

where 

u T T T 
XX xzxy 

V = V ; T = T T T 
yx yy yz 

w T T T 
zx zzzy 

for theMaking use of the elastic relationships in Eq. (2.23) 

stress components in Eq. (2.25), we have (see Appendix A for complete 

derivation) 

P = (A + y) ve + yV^V (2.26) 

The above are the basic equations of motion of an isotropic 

of twoelastic solid and may be shown to correspond to propagation 
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Elimination of terms involving sheartypes of waves through the medium, 

to wave equationstrains (such as Su/9y, etc.) from Eq. (2.26) leads 

wave. Seefor a dilatational (or irrotational or compressional) 

Appendix A for details of derivation. 

(2.27)p 0 = (X + 2y) V"0 

through the mediumThis indicates that compressional wave is propagated 

with a velocity 

'(A + 2y)l^ ^ [k -*■ 4y/5l^ (2.28)
^d = P P 

we obtainOn the other hand, if 0 is eliminated from Eq. (2.26) 

the details arethe wave equations for a torsional or rotational wave, 

also presented in Appendix A. 

P 9t2
y 

= 

y 

(2.29)P ^ 

0, obtainIn addition, if we impose the further restriction that 0 = we 

the wave equations for transverse or shear waves 

p 1^ = vv^u 

= yV^vP 9t2 
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9^w 
= yV^w (2.30)

P 3t2 

Waves of this type are propagated with a velocity 

c 4i7p (2.31) 
t 

medium mustAny plane wave propagated through an isotropic elastic 

importanttravel with one of the velocities c^ or c^ and it is 
but note thatto realize that both types can be propagated in a solid, 

for an ideal fluid y = 0 and only compressional waves can be propagated. 

Although only the above types of elastic wave can be propagated in an 

unbounded isotropic solid, elastic surface (e.g., Rayleigh) waves may 

occur at a boundary surface. The amplitude of these surface waves 

decreases rapidly with depth into the solid and their velocity of 

propagation, c^, is less than the transverse wave velocity, If 

the Poisson's relation A = y (a = 1/4) holds, then c^ The= 0.9194 c^. 

associated displacements are in directions normal and parallel to the 

direction ofsurface, the latter component being parallel to the 

propagation. 

or aWe have shown that the wave equation for a compressional 

transverse wave is of the form 

9"e 2 . 9^e , 9^e\= c^V^e = c (2.32)
^ " ^ 9z2 

\ / 

+ 2y/p)] for awhere e stands for 6, fl, or u, and c = c^ = [(A 
transverse or rotational wave. 
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In practice, the deformation is often a function of only one 

coordinate x, say, then the equation becomes 

(2.33)^ " 9x 

case where e isThe steady-state solution of this equation for the 

simple harmonic is then 

e = Eo exp(ja)t)exp(-ju)x/c) 

= Eo exp[juj(t - x/c)] (2.34) 

Attenuation of the wave would be expressed by an additional multiplying 

term in this equation of the form exp(-ax), where a represents the 

attenuation constant. 

D. Sensor Formulation 

The sensor most widely used in the loose-part monitoring work is 

a piezoelectric accelerometer, although acoustic emission sensors have 

been utilized in some cases. The accelerometer is an instrument used 

to measure shock or vibration. It be by masscan simply described a 

element connected to the steel casing by a spring and a damping medium. 

The transdusing element produces an electrical output proportional to 

the displacement of the mass element relative to the case and also 

proportional to the acceleration applied to the case. Almost all 

accelerometers can be represented as a single degree of freedom system 

and are most sensitive only in one axis. 
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A simplified but accurate model of a typical accelerometer is 

accelerometer,shown in Fig. 6 where M is the sensitive mass of the 

coefficient.K is the spring constant, and C is the dashpot damping 

byThe basic equation of motion of the mass M is given 

d^xi dxi dx2
-M C + K(Xi - X2) = 0 (2.35) 

dt2 ,dt ' dt 

isThe displacement of M with respect to accelerometer housing 

given by 

(2.36)X = Xi - X2 

and, therefore, Eq. (2.35) becomes 

d^x dx d^X2 
M + C + Kx -M (2.37) 

dt2 dt dt2 

Dividing both sides of Eq. (2.37) by M, and redefining the 

constant coefficients leads to 

d^x dx 
+ 25aj + a)^x = -a(t) (2.38) 

dt2 dt 

where 

0) = /k/M , circular natural frequency 

^ = C/2 /1/MK , ratio of actual to critical damping 

to thea(t) = d^X2/dt^ , time dependent acceleration input 

system 



25 

r 

K' 

M 

C 

i 

Fig. 6. A simplified accelerometer 

3 

X
2 

design. 



26 

accelerometerThe relation (2.38) is the governing equation for an 

sensor location.system with a(t) being the impact acceleration at the 

The sensitive element of an accelerometer (K in Fig. 6) is a 

that produces apiezoelectric crystal which is in effect a capacitor, 

charge, q, across its plate proportional to a force applied to the 

is shown incrystal. The actual circuit diagram of an accelerometer 

Fig. 7. The internal resistance and inductance can be ignored when 

considering the general performance of an accelerometer. The output 

charge by thevoltage of the accelerometer is equal to the generated 

piezoelectric element divided by the transducer capacitance. A 

or chargepiezoelectric transducer can be used in either voltage 

both modes issensitive mode. The simplified equivalent circuit for 

shown in Fig. 8. The shunt resistance is usually the input resistance 

is theof an associated amplifier and the external capacitance 

capacitance of the cable. Since the charge generated by the transducer 

long and shortdoes not change as the cable capacitance changes (C^, 

cables), the charge sensitivity of the accelerometer system remains 

unaffected. This characteristic explains the practical advantage of 

a charge sensitive electronics over that of a voltage sensitive system. 

Each accelerometer is provided with a voltage, and a charge 

sensitivity calibration: Q(picocoulombs/g's) and E(millivolts/g' s). 

VVhen using a voltage amplification system the factory voltage sensitivity 

used from thewill change according to the type and length of cable 

transducer to the amplifier. The following two equations give the new 

voltage sensitivity of the system. 
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E ^ X 1000 
C + C 

tP 

C + C 

= E -E cal 
(2.39)

‘'cal C + 

P t 

where 

E = new sensitivity being determined, mV/g 

Q = factory supplied charge sensitivity, pe/g 

Cp = transducer internal capacitance, pF 
= total capacitance external to the transducer, pF^t 

= external capacitance used when calibrated at factory, pF 

E = factory supplied voltage sensitivity, mV/g
C3. J. 

E. Remarks 

contact betweenThe theoretical work indicates that the process of 

two bodies results in the generation of impact wave (surface wave) which 

is detected by the accelerometer. The magnitude of the surface wave is 

coefficientrelated to the momentum of the loose part through the 

restitution. This relation will be examined in the following chapter 

through experiment in conjunction with other aspects of impact 

characterization. 



CHAPTER III 

TWO DIMENSIONAL IMPACT WAVE STUDIES 

FLAT PLATE EXPERIMENT 

A, Introduction 

The firstIn this chapter, there are three primary objectives. 

is to study several accelerometer mounting methods and identify the 

effect of the mount on the impact signal, The second objective is to 

develop and test an impact location method using various triangulation 

intechniques. The final objective is to explore the impact signal 

time and frequency domain and obtain a correlation between the signal 

characteristic and the impact characteristic, In particular the angle 

interest, Thebetween the missile and the target is of particular 

willrelation between the impact angle and the signal characteristic 

constant.be investigated, holding the missile impact energy 

B. Experimental Facility 

in theThe two dimensional impact experiments were conducted 

The first was a steel machinistlaboratory on two types of structures, 

an aluminum slabsurface plate (44 x 64 x 2 cm), and the second was 

(122 X 122 X 5 cm). The steel plate was used in the accelerometer 

attachment studies. The 10-32 threaded stud mount recommended by the 

accelerometer manufacturer was designated the "reference" mounting 

technique, and other mounts and mismounts were then compared to this 

29 
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reference. Table 1 lists the various mounts and mismounts investigated. 

and Fig. 9 illustrates the geometry of the steel impact plate, The 

studies.aluminum slab was used in impact location and characterization 

The slab was provided with hinges on one side and a handle on the opposite 

side for the angle of impact experiment. The schematic diagram of the 

aluminum slab and location of the accelerometer stud mounts are shown in 

forFig. 10. The aluminum slab was positioned on a set of U channels 

ground isolation. 

Table 1. Accelerometer mounts tested 

Mount 

Designation Description 

0 "Reference"; 10-32 threaded stud torqued to 1.92 J 

1 Angle hole stud mismount; hole axis '^'10° off perpendicular 
to surface 

2 Short (bottomed) hole stud mismount; hole 'ViO.S mm 
(1/32 in.) shorter than stud 

3 Over-torqued (3.39 J) and under-torqued (1.13 J) 
threaded stud 

4 Cylindrical magnet; holding force '^^111 N. 

5 U-shaped channel magnet; holding force '^'333 N. 

6 Eight-pole castellated magnet; holding force '^^333 N. 

7 Direct pressure mount, with and without silicone grease 
coup1ant 

8 Commercial 10-32 threaded insulated stud, torqued to 
1.92 J 

The impacts used were the constant of a free falling steel ball 

from a magnetic release apparatus which can be positioned over the 

target plate. A plumb bob is used to site the point of impact. 
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Fig. 9. Accelerometer stud mounting 

pattern on the steel plate. 
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C. Electronic and Data Acquisition System 

ofThe electronics and data acquisition system used consists 

Endevco Model 2236 accelerometers (charge sensitivity 'V66.0 PC/g's), 

2731 remote chargeEndevco Model 2735 charge amplifiers, Endevco Model 

converter, Prinston Applied Research (PAR) Model 113 voltage amplifiers, 

and a 4 channel Nicholet Explorer III transient capture oscilloscope 

with digital data storage. The schematic diagram of the data collection 

system is shown in Fig. 11. Both types of amplification systems (charge 

since the distanceand voltage) were used, no difference was noticed, 

between the acceleroraotor and the amplifiers were relatively short 

(183 cm). The impact data were stored on digital minidisketts, and 

transferred to a PDP 11/20 via a DRll-C module from the NIC Explorer III 

memory for further processing. Appendix B contains the necessary Fortran 

callable machine language program for the data transfer. 

D. Accelerometer Attachment Studies 

The response of an accelerometer due to a surface disturbance 

highly depends on the attachment method. All the accelerometer 

manufacturers recommend stud mounting with a given torque, but due to 

from thesome physical limitations or misinstallation, divergence 

effect of variousreference (stud mount) installation might occur. The 

here. Tablemounting techniques and mismounting are investigated 

lists the tests performed for this purpose, The impacts were the free 

fall of a 2.04 gram steel ball on the machinists surface plate with 

2 
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Table 2. List of various impact tests on the steel plate 

a 

Impact Accel. . Mount ^ Comments 
No. Location Designation 

1 5 0 Reference for impacts 4 and 5 

2 14 1 

3 8 2 

4 5 3 Under-torqued stud 

5 5 3 Over-torqued stud 

2 1 

7 3 0 Reference for impact 6 

8 13 0 Reference for impact 9 

9 15 2 

6 

10 7 1 

11 9 2 

i:
oetween 

12 4 Reference was provided by impact 16
2 and 4 

between 
13 5 First orientation 

2 and 4 

I 
between 

14 

1 
5 Second orientation 

2 and 4 

between 
15 6 

2 and 4 

16 4 0 For testing symmetry assumption; 
also reference for impacts 12-15 

I 

17 6 0 

18 4 7 5.9 kg (13 Ibf) deadweight and 
grease couplant 

19 4 7 11.8 kg (26 Ibf) deadweight and 
silicone grease couplant 

20 4 7 5.9 kg (13 Ibf) deadweight; 
no couplant 

21 4 7 11.8 kg (26 Ibf) deadweight; 
no couplant 

22 4 8 Reference was provided by impact 16 

a 
Steel ball diameter, 0.793 cm; mass, 2.04 g; and drop height. 

73.66 cm. Impact energy, 1.47 x lO”^ J (0.011 Ibf); momentum. 
7.75 X 10"^ N-s; and impact point, geometric center of plate. 

^See Fig. 9, page 31. “^See Table 1, page 30. 
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The resultant surface accelerations.an impact energy of 1.47E2 joules, 

the sensor andwith no band pass restriction other than that imposed by 

and 100 kHzthe amplifier, were digitized (at 2 mHz for time comparison 

data block of 2048for frequency comparison) and stored into a single 

points per impact. 

(chargeFigure 12 shows several surface accelerations in nanocoulomb 

for selectedamplification system used) units^ vs time after impact 

impacts of Table 2. These highly repeatable transient signals were 

fourier transformed to produce the power spectrum (for example. Fig. 13) 

of each sensed impact. Typical power spectra, discussed in detail later. 

are shown in Figs. 14 through 26. They are particularly enlightening 

of thewhen presented in a normalized form, namely, as a ratio 

that from theacceleration spectrum from the mount under test to 

Deviationsreference mount at the same relative position on the plate, 

from the "reference” response are thus readily apparent in the figures 

ordinate value ofas departures from the dashed horizontal line at an 

information,unity. The time- and frequency-domain data contain the same 

mounts are oftenbut the signal distortions introduced by the various 

more clearly perceived in one form or the other, For example, the 

time-domain plots show the initial wave passage and the time-varying 

the normalizedamplitude of the signal particularly well, whereas 

^e traces of Fig. 12 cannot be converted to "g (9.80 m/s^) units 
through the accelerometer's specified charge sensitivity of 66 pC/g, 

"linear"because that figure is applicable only to the accelerometer's 
frequency range, namely, 2 Hz-8 KHz for the model 2236. The signals 
of Fig. 12 are wideband. 
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(a) 10-32 reference stud mount 
at location #5 

u (b) Angle hole at location #14 
c 

UJ 
(c) Bottomed hole at location #8o 

Qi 
< 
X 

(d) Undcr-torqued stud at 
location #5 

u 

-^/VVWVvvA^'''^ 
(e) Cylindrical magnet mount 

(f) Channel magnet (orientation #1)---^nAArJ\J\j\A/^^ 
(g) Channel magnet (orientation #2) 

(h) hight-polo magnet mount 

(i) Direct pressure mount, 
4.22 kg/cm , no couplant 

(j) Direct jircssuro mount, 

4.22 kg/cm", with couplant 

(k) Direct pressure mount, 
2.11 kg/cm^, with couplant 

(1) Direct pressure mount,^VAA^"V\AAAaAAA' 2.11 kg/cm^, no couplant 

(m) Insulated stud mount at 
location #4 

0 200 400 600 800 1000 

TIME (ps) 

Fig. 12. Time-domain accelerometer responses to the impulse 

produced by a ball drop, for various accelerometer mounting methods. 
All traces have the same vertical and horizontal scales. 
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characteristicsfrequency spectra show the transfer function (filtration) 

of the mount more clearly. 

To demonstrate that symmetry can be used to simplify the experimental 

technique, two impacts were performed at two symmetric positions about 

the surfacethe major axis of the plate (impacts 16 and 17), and 

accelerations were compared. Although the surface plate had some inherent 

asymmetries (Fig. 9, page 31), the ratio between the power spectra at 

these two sensor positions was observed to fluctuate more or less randomly 

a value ofbetween bounds of about 0.1 and 10 (Fig. 14), with mean 

roughly unity. We concluded that, to the extent required for subsequent 

comparisons, response symmetry holds. 

The dominant feature of the time domain trace from the reference 

mount was observed to be smoothly damped oscillations having a period 

corresponding to the accelerometer's natural (resonant) frequency, roughly 

25 kHz (see Figs. 12 and 13). 

Angle Hole Stud Mismount 

A stud angular mismount was tested by drilling the mounting hole 

at an angle of off perpendicular, This type of mismount can be 

location ofanticipated in plant backfit situations where the mounting 

the accelerometer on a reactor structure is not easily accessible, The 

most prominent effects produced by this mismounting (see Figs. 12b and 

15) are an overall loss of signal amplitude (a factor of 'V2) and a 

shift of sensed signal power to lower frequencies (7 to 20 kHz) relative 

to the reference (Fig. 13). 
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Short (Bottomed) Hole Stud Mismount 

This type of mismount, wherein the sensitive face of the 

surface to whichaccelerometer does not make proper contact with the 

accessibility toit is affixed, can also be expected to occur where 

the mounting location is limited, As in the angle hole case, the time-

more thandomain signal amplitude is attenuated a factor of somewhat 

(Fig. 16), in(Fig. 12) and a frequency-domain distortion also occurs 

the narrow band ofthis case a pronounced low-frequency enhancement in 

'V7 to 12 kHz. 

Stud Torquing Mismount 

accelerometerThe recommended mounting torque for the model 2236 

is 1.92 J (17 in.-lbf). We performed several tests in which the 

accelerometer torque was varied from 1.13 to 3.39 J (10 to 30 in.-lbf) 

and concluded that over-torquing does not appreciably change the time 

or sensed, whereasfrequency characteristics of the surface acceleration 

is accompanied by aunder-torquing (<15 in.-lbf for this accelerometer) 

low-frequencysignificant signal amplitude loss (Fig. 12d), a marked 

resonantenhancement (Fig. 17), and suppression of the accelerometer's 

behavior in the 23-27 kHz region. 

Cylindrical Magnetic Mount 

In reactor installations where direct threaded stud mounting to 

been industrythe component of interest is not practical, it has 

which, in turn,practice to stud mount the accelerometer on a magnet 

attaches itself to the reactor component (if it is a ferrous material). 

2 
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The data from tests of a cylindrical magnet having a holding force of 

a loss of signal111 N (25 Ibf) show, relative to the reference mount, 

higher-frequencyamplitude (Fig, 12) and a general suppression of the 

surface accelerations (Fig. 18). 

U-Shaped Channel Magnetic Mount 

accelerometerWe also tested a U-shaped channel magnet, with the 

bolted to the magnet. The magnet had a holding force of '^333 N (75 Ibf). 

of the waveTwo orientations of the magnet relative to the direction 

propagation were examined, The relative magnitudes of the time signals 

appeared to be similar (Figs. 12f and 12g), but the initial wave passage 

the two orientationssignal and the frequency content were different for 

(Figs, 19 and 20). Although perhaps not so corruptive as some of the 

cannot beother mountings tested, the U-shaped channel magnet viewed as 

structure and theproviding a faithful acoustic coupling between the 

accelerometer. 

Eight-Pole Magnet 

An accelerometer bolted to an eight-pole magnet (333 N holding 

similar to thoseforce) produced time-domain amplitude characteristics 

formation andfor the other magnets (Fig, 12h), but the initial wave 

frequency characteristics were distinct (Fig. 21). Compared to the 

reference mount, there was a trough in the 20-25 kHz region and a crest 

in the 7-12 kHz region. 
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Direct Pressure Mount 

accomplishedDirect pressure mounting of the accelerometer (often 

at reactors with taut steel bands or clamps) was also examined 

Since the accelerometer case is not designed(Figs. 12i-12£; 22-25). 

to achieve goodto transmit the large forces that would be required 

of a liquid or gelacoustic coupling between two dry surfaces, the use 

surface iscouplant between the accelerometer face and the mounting 

almost a necessity in this type mounting, Its presence results in 

that closelysignal amplitude and frequency transfer characteristics 

and 12k, 23, andapproach the reference threaded stud mount (Figs. 12j 

wereIbf/in. ),24). Two pressures, '^2.11 and '^>4.22 kg/cm^ (30 and 60 

but the resultingapplied by placing a deadweight atop the accelerometer, 

variations in the transfer characteristics were judged to be insignifi-

Without the couplant, however.cant, so long as the couplant was present, 

the lower pressuresignal distortion was appreciable, particularly for 

case (Figs. 12 and 25). 

Insulated Stud Mount 

in loose-partElectrically insulated, threaded studs are often used 

Our tests showed that thedetection systems to avoid ground loops, 

distortions introduced by a commercial insulated stud were not pronounced 

>40 kHz (Fig. 26).(Fig. 12), except for a slight emphasis of frequencies 

Remarks 

interposedAny obstruction (in the form of an indirect mount) 

surface of thebetween the structural surface waves and the sensing 
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to some extent,accelerometer acts as a mechanical filter and thus, it 

by thecan be expected to modify the electrical signal produced 
or

transducer. Depending upon the application, this modification may 

may not be important, If the frequency-dependent transfer function of 

the mount is constant with time and independent of the magnitude of the 

by the mount canacoustic wave being sensed, the distortions introduced 

methods.be removed, if desired, by well-known signal processing 

function canAlternatively, measurement of the mount's signal transfer 

serve to quality assure the accelerometer installation. 

effects wereFor all mismountings tested, perhaps the most notable 

and (2) a(1) a significant loss ('v^2) in peak waveform amplitude, 

selective loss of the higher signal frequencies, often accompanied by 

an accentuation of certain lower frequency bands. From the standpoint 

theof loose-part detection, the first effect is probably more important 

mismountingsince. for a simple threshold discriminator logic system, 

would result in a direct loss of loose-part detection sensitivity, 

whereas the second effect would most likely degrade only the system's 

selectivity for metallic impacts, These generalizations apply specifically 

systems wouldto wideband loose-part detection systems; narrowband 

theconceivably be affected to a lesser degree, depending on frequency 

case basis.bands selected, and would require analysis on an individual 

Since acoustic couplants can obviously greatly reduce the 

mismounting,distortions and signal losses accompanying accelerometer 

and high-radiationthe practicality of their use in the high-temperature 

environments encountered in loose-part detection applications might be 

worthy of further study. 
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E. Impact Location 

of interest inThe location of an impact is one of the parameters 

loose parts monitoring, The general formulation for impact location on 

a flat surface in two dimensional cartesian coordinate system is given 

by 

is _
I(x - + (y - y.)^]^ - [(X - x.)2 + (y - y.)"] = f(AL),,

iJ 

(3.1) 

where 

(x,y) = coordinate of the impact point 

= coordinate of accelerometer i and j
(x.,y^), (Xj^Xj) 

f(AL)^j = a function relating AL to a signal parameter 
(AL).. = difference in distance between i and j 

form or it can beThe function f(AL) can be expressed either in exact 

The exact formulation is given byapproximated. 

(3.2)f(AL).. = At., * V 
11 ij 

where 

V = impact wave velocity 

At.. = time arrival difference from j to i 
ij 

or can beThe velocity of impact wave propagation is either known 

can be measuredmeasured and the time difference of the wave arrival 

from the time signal. Now, Eq. (3.2) is substituted into (3.1) which 



51 

represents the equation of a hyperbole, The impact is located at the 

time of arrivalintersection of three hyperbolies obtained from the 

difference of three accelerometer signals. 

steel and theThe above impact location method was tested on the 

aluminum plate. The impact wave velocity was measured using known 

time of arrivalimpact positions and accelerometer locations, and the 

differences was measured from accelerometers time domain signal at the 

first major zero crossing. 
a 

The impact wave propagation velocity on 

m/s, = 3080 m/s)the steel Was measured at 4213.1 meters/sec (c^ = 5900 

= 6320 m/s, =and for the aluminum plate at 6093.4 meters/sec (c^ 

3230 m/s). Given the above two velocities a series of impacts at various 

locations were performed on the steel and the aluminum plate. A computer 

the three simultaneousprogram was written and used to plot and solve for 

hyperbolic equations [Eq. (3.1)] for the coordinates of the point of 

impact. The numerical results are given in Tables 3 and 4, and a typical 

casescomputer plot of the hyperbolas are given in Fig. 27. In some 

there might arise an ambiguity of the solution (the three hyperbolas 

This can be resolvedintersect in two places on the plane of interest). 

using the sign of one or more At's (i.e., if Ati2 > 0 then t2 - ti > 0 

which indicates impact is closer to accelerometer number 1 and vice 

Theversa if Ati2 < 0 the impact is closer to accelerometer number 2). 

error in the impact location is systematic and is caused by the 

digitization rate and is given by 

a 
Other criteria for At measurements were also used with similar 

success. 
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Table 3. Results of impact location using At method 
on the steel plate 

Time diff. measured 
Impact 

coordinates Impact location 
y y y 
sec sec sec 

cm 

x-cm Error 
x-cm y-cm Atl2 At23 Atl 3 y-cm 

5.0 20.0 2.0 28.5 29.0 5.22 19.81 0.29 

7.0 17.0 8.0 34.0 42.5 6.87 17.11 0.17 

15.0 15.0 26.0 26.0 52.0 15.30 15.17 0.34 

20.0 15.0 35.0 20.0 56.5 20.01 15.3 0.30 

60.5 30.4 34.7 0.5030.0 35.0 64.5 -4.0 

40.0 15.0 60.5 1.5 62.0 39.85 14.91 0.17 

34.5 25.17 40.25 0.3025.0 40.0 36.5 -2.0 

20.0 50.0 -5.5 -10.0 -15.5 19.92 49.7 0.31 

cm cm 

Acc #1 at location #3 X 28.76 y = 34.98 
cm cm 

Acc #2 at location #13 X = 5.07 y = 48.64 
cm cm 

Acc #3 at location #19 X = 22.00 y = 60.58 

Measured impact wave velocity = 4213.1 m/sec 

Table 4. Results of impact location using At method 
on the aluminum plate 

Time diff. measured 
Impact 

coordinates Impact location 
y y y 
sec sec sec 

cm 
x-cm ErrorX-cm y-cm Atl2 At2 3 Ati3 y-cm 

10.0 10.0 60.0 40.0 100.0 9.74 9.82 0.32 

20.0 10.0 55.0 44.0 99.0 20.41 9.75 0.48 

30.0 20.0 57.0 42.0 99.0 29.63 20.01 0.37 

50.0 20.0 25.5 53.5 79.0 50.30 20.66 0.72 

60.0 30.0 3.0 53.5 56.5 59.92 30.18 0.20 

80.0 50.0 -50.5 34.5 -16.0 79.90 49.73 0.29 

100.0 70.0 -53.5 -23.0 -76.5 100.3 70.21 0.37 

110.0 80.0 -53.5 -35.5 -88.5 109.8 80.50 0.54 

cm cm 
Acc #1 at location #1 X = 39.37 y = 39.37 

cm cm 
Acc #2 at location #2 X 82.55 y = 39.37 

cm cm 
Acc #3 at location #3 X = 82.55 y = 82.55 

Measured impact wave velocity = 6093.4 m/sec 
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Error = ± 
2 

(3.3)“ SR ^ velocity 

where 

SR = the sampling rate 

so the error forFor the above cases, a sampling rate of 2 mHz was used 

the error isthe steel plate is ±0.421 cm and for the aluminum plate 

±0.609 cm. 

The approximation method for impact location is given by 

A. = Ao/L. (3.4) 

A. = Ao/L. (3.5) 
J 

where 

Ai, Aj = peak amplitude or peak RMS at positions i and j. 

Using at least four accelerometers 1, 2, 3 and 4 the following 

ratios can be formulated 

A1/A2 = L2/L1 

A2/A3 = L3/L2 

A3/A4 = L4/L3 ; A4/A1 - L1/L4 (3.6) 

where 

Li = /(x - Xi)2 + (y - yi)2 

L2 = /(.X - X2)^ + (y - yz)^ 
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La = /(x - X3)2 + (y - 73)2 

L4 = /(X - X4)^ + (y - 74)'= 

the impactEquations (3.6) can be solved for the coordinate of 

(x,y). Results of eight impact location tests on the aluminum plate are 

tabulated in Table 5 and a typical plot of the surface of convergence 

is shown in Fig. 28. The double peak nature of the surface of convergence 

to be a set ofindicates multisolution of Eq. (3.6), which turns out 

quadratic equations. The true solution (location of the impact) is the 

of the convergenceX and y coordinates associated with the highest peak 

surface shown in Fig. 28. 

F. Impact Characterization 

the transientThe purpose of impact characterization is to observe 

signal and relate one or more signal parameters to a known impact 

parameter. In particular the following will be studied both in time 

and frequency domain: the angle of impact, relation between impact 

between similarforce and the signal amplitude or signal RMS, relation 

impacts on opposite sides of a structure, and the general frequency 

characteristic of a transient impact signal. 

relationAs the first step toward impact characterization the 

or azimuthalbetween the sensor response as a function of vertical 

The aluminumangle of impact with the plane of the target was studied, 

of impact wasplate was used in these tests and the vertical angle 

The azimuthal angle wasvaried by lifting the plate via a chain hoist, 

angles.varied by simply impacting around the sensor at various The 
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Table 5. Results o£ impact location on a flat surface 
using 1/L attenuation model 

Impact 
coordinates Peak RMS (volts) 

Impact 
location Error 

X-cm Y-cm RMSi RMS2 RMS3 RMS4 X-cm Y-cm cm 

10.0 10.0 0.048 0.026 0.019 0.026 9.0 10.5 1.12 

20.0 20.0 0.073 0.029 0.021 0.027 22.5 21.0 2.69 

30.0 20.0 0.146 0.056 0.038 0.050 28.5 21.0 1.80 

50.0 20.0 0.156 0.093 0.050 0.055 49.5 19.5 0.71 

60.0 30.0 0.112 0.104 0.044 0.045 60.0 31.5 1.50 

80.0 50.0 0.129 0.518 0.166 0.104 81.0 49.5 1.12 

100.0 70.0 0.064 0.123 0.197 0.070 102.0 70.5 2.06 

110.0 80.0 0.077 0.126 0.219 0.087 112.5 79.5 2.55 
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RMS rOR F1CC= 1 - 0.i29 VOLTS IMFflCT COORDINATES 
RMS FOR ncc= 2 - O.SIS VOLTS X- SI.CO 
RMS FOR flCC« 3 - 0.l65 VOLTS Y- 49.50 
RMS FOR RCCk - 0. lO-! VOLTS 

Impact 

IMPACT location MAP 

Fig. 28. .A typical impact location plot using l/£ 
attenuation model. 
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missile was a small (0.8727 cm in diameter, 2.7135 gram) steel ball 

cm from themagnetically released from a constant distance of 73.66 

Several accelerometer responserelease point to the impact point, 

of each, Table 6functions were used to determine the relative merits 

lists the various response measures used. 

Table 6. List of response measures 

NotesFunction 

First arrival RMS Acc. impact wave response Root Mean Square 
excluding the side reflections 

Peak amplitude Peak voltage of the impact signal 

Low frequency RMS DC-7 kHz RMS of impact signal 

Wide band RMS DC-50 kHz RMS of impact signal 

in Table 6Figure 29a,b,c, and d shows various measurements listed 

both as a function of vertical tilt angle and the azimuthal target angle 

around the sensor. It can be seen that all the response function except 

for the low frequency (DC-7 kHz) RMS are uniform with respect to the 

azimuthal target angle. The low frequency RMS function on the other 

hand is a more sensitive indicator. The asymmetric position of the 

shown in 
sensor and the targets with respect to the edge of the plate 

RMS which is notFig. 30 is the cause of the skewness of low frequency 

The functional dependenceapparent in the other response functions, 

fashion. Thisof the angle of tilt is shown in Fig. 31 in a normalized 

in Table 6,graph was plotted using all the response functions 
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A. First Arrival RMS B. Peak Voltage 

C.RMS Dc to 7 KHz in Volts D. RMS Dc to 50 KHz in Volts 

Fig. 29. Accelerometer response as a function of vertical and 
azimutal angles, (A) First arrival RMS, (B) peak amplitude, (C) low 
frequency RMS, (D) wide band RMS. 

3 
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i 1 
Impact 

Positions 

Fig. 30. Target-sensor arrangement for 
the angle of impact study. 
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Fig. 31. Normalized average response as a function of tilt angle. 
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zero angle of tiltnormalizing each to the corresponding response at the 

according to the following formula. 

4 r.(e) 
R(e) = r(e) = - y (3.7) 

4 
i=l 

where 

r^(6) = functions in Table 6 (i = 1 to 4) 
0 = angle of tilt 

It can be seen that the functional dependence of the responses is 

the cosine of the angle of tilt. 

The correlation between impact momentum and various sensor response 

functions listed in Table 6 was studied next. A series of impacts was 

performed using a 0.793 cm in diameter steel ball freely falling from 

various heights on the aluminum slab. Data was recorded on magnetic 

disk using the transient recorder, both in high (DC-50 kHz) and low 

(DC-7 kHz) frequency range. The data were further analyzed and various 

Thisresponses were plotted vs drop height. Fig. 32(a,b,c,d). 

indicated that all the responses were a linear function of drop height 

some surface(or impact momentum), although all the impacts made 

deformation. Further examination of the relationship between the impact 

of steel ballsenergy and response was conducted using an assortment 

dropped from various heights. The results are plotted in Fig. 33. In 

this figure the peak response was plotted versus the impact energy 

using three steel ball sizes. This type of representation indicates 

the linear and the nonlinear portion of the response versus the impact 
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and the inelasticenergy which is related to the elastic (linear portion) 
steel ball and the(nonlinear portion) nature of the contact between the 

aluminum plate. 

of the aluminumThe impact-sensor arrangement on the opposing side 

of impact andplate indicated that the results are identical to that 

the sensor on the same side of the plate both in the frequency and the 

The noticeable difference was the 180° phaseamplitude characteristics. 

shift between the signals. 

in theFurther analyses were performed on the impact signals 

frequency domain. The power spectrum'^ of the transient impact signals 
characteris-

as a function of frequency were used to represent frequency 

tics. A typical power spectrum plot of a ball impact is given in 

Fig. 34. The relative change in the power spectrum at each frequency 

The changeas the impact momentum increases is shown in Fig. 35(a,b). 

around thein power level is very noticeable at several frequencies 

resonance frequency of the accelerometer (17, 20, 22, 25, 30 kHz), The 

in Figs. 36, 37 andchange in the power spectrum is further illustrated 

of interest38 where the change in power level at two frequencies 

band wide of the(22 kHz and 25 kHz) and the integral over the 50 kHz 

height (or the impactrelative power spectrum is plotted against the drop 

momentum). In order to have the ability to compare results each quantity 

was normalized to their corresponding value in the reference impact 

The results show the linearity of various(drop from 15 cm height). 

of the^Power spectrum is obtained from the magnitude square 
complex fourier coefficients. 
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impactfrequency dependent quantities as the function of increasing 

section.momentum. This is in agreement with findings of the previous 

various responseThe above frequency analysis method along with the 

function techniques provides several methods for elastic impact 

characterization. These methods will be tested and modified on a more 

realistic structure in the following chapter. 



CHAPTER IV 

THREE DIMENSIONAL IMPACT WAVE PROPAGATION EXPERIMENT 

EGCR PRESSURE VESSEL STUDIES 

A. Introduction 

described inThe methods of impact location and characterization 

environmentthe previous chapter are put to test in a more realistic 

usefulness andin this chapter. The purpose here is to identify the 

the shortcomings of the various time and frequency domain techniques on 

a structure similar to a commercial power reactor. The Experimental 

of availabilityGas pooled Reactor was chosen for this purpose, because 

and the ease of access both to the inside and the outside of the 

pressure vessel. 

A description of the EGCR test environment and loose parts 

the results ofmonitoring electronic is presented first followed by 

invarious methods for impact location and impact characterization 

time and frequency domain. 

B. EGCR Facility and the Accompanied Electronics 

EGCR is a decommissioned 34 MWe experimental helium gas cooled 

reactor which was never fueled due to technical and financial difficulties. 

a 6.5 centimeterThe carbon steel pressure vessel of the reactor has 

section 11.0thick cylinder wall with the top and the bottom head 

with thecentimeters thick. The composite of the reactor vessel 

72 
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The obstructions andinternal assembly section is shown in Fig. 39. 

of fuel loadingthe discontinuities on the pressure vessel consists 

gasports on the bottom head, four instrumentation outlet bundles, two 

and two gas outletcoolant inlet pipes on the lower half of the vessel 

pipes and four instrumentation outlet bundles on the top half of the 

controlvessel. The top head of the reactor vessel is provided with 

rod penetration ports, The reactor vessel has 15.0 cm (6.0 in.) 

vessel via wireasbestos thermal insulation which is held against the 

mesh and a series of 1.27 cm in diameter and 15.0 cm long steel rods. 

The asbestos insulation was removed at six positions 60° apart on the 

accelerometerlower head of the vessel for the purpose of the direct 

attachment which is shown in Fig. 40. Access to the inside of the vessel 

Theis possible through two manholes on the inlet coolant pipes, 

obstruction and the piping sizes on the bottom head are given in Table 7. 

A total of nine Endevco model 2236 isobase accelerometers were used 

attachment werefor the EGCR experiment. Two types of accelerometer 

used. head ofThe first type was the direct stud mount to the bottom 

the pressure vessel where three 10-32 by 1/4 in. deep stud taps were 

Others were stud mounted ondrilled into the vessel wall 120° apart. 

a 2.54 cm cube of stainless steel. The accelerometer and the block 

assembly was then strap mounted to the fuel charging pipes on the bottom 

the accelerometershead of the pressure vessel. Approximate location of 

are shown in Figs. 41 and 42. Voltage amplification electronics 

described in the previous chapter was used throughout these experiments. 

For low frequency (0-7 kHz) studies of impact waves a set of Rockland 
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Table 7. List of bottom head nozzle 

ServiceQuantity ID (cm) 

12 (a,b,c,f,j,k,o,r,v,w,x,y) 
a 

42.8625 Fuel charge nozzles 

9 (g,h,i,l,m,n,s,t,u) 31.4325 Fuel charge nozzles 

2 (p,q) 20.0025 Experimental loop nozzles 
1 (d) 31.4325 Experimental loop nozzle 
1 (e) 31.4325 Emergency cooling loop 
2 29.2100 Thermocouple nozzles 
2 29.2100 Thermocouple and flux 

scanner nozzles 

2 55.8800 Reactor coolant inlet 

a 

Nozzle ID letter see Fig. 42. 

filters were used. The 48 db/oct rolloff characteristics of these filters 

provides sharp discrimination against the 25 kHz resonance frequency of 

the accelerometers. 

location andThree types of impact were used for the purpose of 

characterization: (a) ball bearing impact, (b) stud tap, (c) solenoid 

discharge action. 

Ball Bearing Impact 

hadThis type of impact although not reproducible in magnitude, 

frequency content similar to ball drop impacts used in the flat plate 

studies. 

Stud Tap 

The studs provided for holding down the insulation on the pressure 

This introducedvessel (Fig. 40) were impacted upon with a steel bar. 

distinct impact frequencies in the pressure vessel. 
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Solenoid Discharge Action 

The need for an automatic and reproducible impactor proved essential 

commerciallyfor this type of exploratory studies, Therefore, a 

available solenoid impactor'^ was provided by TEC^ (see Fig. 43). A 

to provide DCcapacitor discharge power supply was then designed 

The circuit diagramvoltage ranging from 0 to 30 volts at 2 amperes, 

for this power supply is given in Appendix C. 

C. Impact Location Methods 

tested. AIn this section several impact location methods are 

by the actualdescription of each method is presented first followed 

test results on the EGCR reactor vessel. The basic principals behind 

in thethe location methods here are similar to the ones described 

previous chapter. The difference being the complication imposed by the 

and thegeometrical structure of the EGCR vessel and the obstructions, 

various nozzles (Figs. 41 and 42) in the path from the impact to the 

section aresensors. The impact location techniques used in this 

divided into two categories: deterministic and heuristic. 

The deterministic methods of impact location are based upon the 

The theoreticalknowledge of the speed of impact wave propagation. 

formula for the velocity of impact wave is given in Chapter II, but in 

a 
TEC model 1082-A2-100. 

^Technology for Energy Corporation, 10770 Dutchtown Road, Knoxville, 
Tennessee. 

^By 0. C. Cole (ORNL), and F. Shahrokhi (UT). 
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This is
practice one must determine this parameter experimentally, 

such aswarranted due to nonideal condition o£ practical structures 

Similarsurface conditions, material thickness and obstructions. 

a missileto an impact of a rain droplet in a calm swimming pool, 

wave patterns,impacting against a structure initiates a system of 

Several strategically positioned accelerometers can detect the arrival 

of the impact wave. Knowing the speed of propagation and the time of 

triangulation shouldimpact wave arrival at several positions, a simple 

locate the impact. 

Tests were conducted to determine the speed of the impact wave 

Accelerometer configurationpropagation on the EGCR pressure vessel, 

1, 2, 3, and 4.of Figs. 41 and 42 were used utilizing accelerometers 

Two types of impact were used: ball drop and automatic impactor. 

Results are tabulated in Table 8. Each velocity estimate is an average 

The error in each estimate is less than 10%.of ten similar impacts. 

of fourThe velocities were constructed from the combination 

Table 8. Wave speeds inferred from time of signal 
arrival difference 

a a
Sampling \zh V34 

a 

V12
a 

Vl3 
a 

Vl4 
rate 

3175 3228
100 kHz 2601 2657 5778 

3177 3164
50 kHz 2515 2503 7025 

3088 29182710 2751 6017
20 kHz^ 3204

100 kHz 2695 2615 6914 3190 

a

Velocities are given in meters/second. 

^Ball impact using 100 kHz sampling rate. 
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and measuring theaccelerometers knowing the shortest path difference 

time of arrival difference on a digital scope. Three sampling rates 

of 20, 50, and 100 kHz were used for data collection. The apparent 

that similarlynonuniformity is obvious, but close observation indicates 

(i.e., acc #2, 3,positioned accelerometers result in uniform velocities 

energy arrival4). This indication was futher proved using time of 

difference, which is when the short term RMS of the signal rises above 

differencethe background. Also, the same was true using the time 

accelerometer.associated with the peak of time dependent RMS of each 

The above observation indicates that the deterministic methods of impact 

slow and theirlocation involving impact wave velocities are in general 

accuracy depends upon several factors, The first being the proximity 

of the sensor to the point of impact, This results in a sharp rise in 

the accelerometer signal and consequently a good measurement of impact 

signal arrival time, Second is the dependence on an accurate and unique 

measure of impact wave speed on a given structure, This requires fast 

sampling rate, similarly positioned sensors, and prior knowledge of the 

sensor locations.distance from the calibration impact point to all the 

the fact thatThe heuristic impact location methods are based upon 

vessel andgiven several monitoring positions on the reactor pressure 

an unknown impact upon the vessel; the sensor closest to the impact has 

the highest response. Three types of heuristic location techniques were 

but differ inused here, where all utilized the above basic principal 

the method of triangulation. 

The first so-called vector summation method is a technique whereupon 

a minimum of three sensors is required on the bottom head of the pressure 
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center ofvessel. A vector system is constructed originating from the 

vector magnitudesa circle passing through the three sensors with the 

toward eachproportional to the response and the vector direction 

respective accelerometer, Furthermore, the magnitude of the maximum 

response vector is set to the radius of the circle and all other response 

of thevectors are then normalized accordingly. A vector summation 

above vector system will approximately locate the source of the impact. 

Table 9 lists the numerical values of the peak time dependent ElMS's 

normalized according to the procedure outlined in Fig. 44, which 

illustrates the results of eight typical impact locations using the 

above technique. The three accelerometers used were at position 2, 

circle3, and 4. The impacts were at positions 2', 3', 4' on the same 

encompassing accelerometer 2, 3, and 4. 

Table 9. Normalized peak of time dependent RMS response 

Peak RMS at Peak RMS at Peak RMS at 
Impact Impact at 

#2 (norm.) #3 (norm.) #4 (norm.) 

A 2' 0.4095 0.9877 1.000 

B 2' 0.5220 0.9846 1.000 

3' 0.9590 0.4726 1.000 

D 3' 1.000 0.5016 0.8648 

E 4' 1.000 0.8934 0.5360 

F 4 0.9557 1.000 0.4880 

It can be seen from Fig. 44 that the resultant vectors A through F 

have a generally correct direction for location but the magnitudes are 

off by a factor of two. The reason for this is that the original method 

was suggested for triangulation on flat surfaces, but it has been 
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31.02°A = 0.5845 at 
31.60°B = 0.4705 at 

C = 0.5081 at 145.90° 
D = 0.4464 at 165.20° 
E = 0.4209 at 257.40° 
F = 0.4913 at 274.50° 

Fig. 44. Impact location using vector summation for 
3', and 4'.eight separate impacts A through F at location 2', 
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structuredemonstrated here that it has limited use on a complicated 

The limitations of this method are severe,at EGCR pressure vessel, 

an accurate impactbut its simplicity is attractive as a quick but not 

location method. 

location isThe second and a more sophisticated method of impact 
a 

based upon a preassigned signal attenuation model such as: 

Ao 
A. (4.1) 
1 J 

r. 
1 

where 

= response of accelerometer i 

r. = a vector from point of impact to accelerometer i 

J = attenuation power 

Ao = impact constant 

From Fig. 45 the vector r' is given by 

r (4.2)r cos n 1 + Ir] sin n j 

and 

(4.3)= R cos i + R sin (1)^ j 

althoughFor simplicity we assume all sensors are on one plane, 

this is not required, then we get 

1 

'1 (4.4)|r.| = [R" + r - 2Rr" cos (cj)^ - n)]^ 

a 

Suggested by Mr. Ron Canada, TEC. 
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Impact 

</>• 
I 

/ 

4’. 
I 

Sensor 

Fig. 45. Impact 
attenuation model. 

location using a given 
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Therefore, 

AiA. 
1 'Z J/2 (4.5)

[R^ + r - 2Rr' cos ((})^ - n)] 

. . ,, N sensors and R and (j)^ for i = 1,Now given A^ for i = 1, 2, 
2, N, then find r' and n. To do this we sort A^'s in descending 

order and form the following set of quotients, 

A 
N 

(4.6) 
Ai ’ Ai ’ •••’ Ai 

substitutefor i = 2, 3, ..., N. Then we
and denote A^/Ai by 

Eq. (4.5) in (4.6) appropriately to get. 

lJ/2
R^ + r'^ - 2Rr' cos ((j)i - p) (4.7) 

1 -
B. r2 + - 2Rt' cos (cj) 

i+l 
n) 

i = 1, 2, ..., N-1 

It can be seen that Bj > B2 > B2 ... > BN-r 

fromFinally the following least square formula can be written 

the above set of B.'s. 
1 

2 

N-1 \J/2l/r^ + r
'Z 

- 2Rr' cos (4)1 - n) 
(4.8)E(r',n) = I B. - R^~rT^'2~r'2RT^‘~cos(^ - n)/i=l \ i+l 

theAssuming J = 2 we must find the minimum of E varying 

independent variables r' and p. A simple computer program was written 

direct variationto find the minimum of E(r^,n) using the method of 

of the independent variables r' and p. Table 10 lists the impact 
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above technique.location results using three accelerometers and the 

sensor response.The peak of the time dependent RMS was used as the 

through F ofThe apparent success of this method on the impacts A 

the same horizontalTable 10 is misleading since the impacts were on 

The impacts G through M used theplane of the accelerometers, 

accelerometers and the impacts on different horizontal planes and here 

The reason for this inaccuracythe accuracy of the method is diminished, 

wave by theis that the method approximates the path of the impact 

45) which is the straight line approximation of thevector r^ CFig-

actual curved path. This approximation poses varied degrees of 

which the vectorinaccuracy depending upon the degree of the curvature 

r^ must approximate. 
The third method of impact location is developed specifically for 

The attenuation model is similar to the previousspherical surfaces. 

model. 

Aq
A. (4.9) 

J 

[If] 

the same thatThe definition of the terms in the above equation are as 

In Eq. (4.9)of Eq. (4.1). The difference is the definition of 1^. 
to the accelerometer

1^ is the actual distance from the point of impact 
1. The distance 1^ is given by; 

C 4.10)q = q s. 
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where 

$. = location of accelerometer i with coordinate y i’ 

zo) 
“1 

So = location of impact with coordinate So(xo, yo> 

The arc length in Eq. (4.10) is given by 

TTRO. 
1 (4.11)

4>. So = 
180 

where: 

R = radius of the sphere 

(0 is the0. = smallest angle between two vectors 0$^ and OSo 

center of the sphere) 

between any twoAlso it is known that the cosine of the smallest angle 

vectors is given by 

0$^ • OSo 
cos 6. (4.12) 

1 loi^llOSo 

Using Eq. (4.12), and the coordinates of the n accelerometers the 

following equation can be derived. 

“1 ■xox^ + yoy^^ + zoz^ 
6. cos (4.13) 
1 R2 

1 l>2,3,...,n= 

be written.Also using Eqs. (4.10) and (4.12) the following can 

- Aq X 180'^
A. (4.14) 

i-1,2,3,... ,n 
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Now, we sort Eq. (4.14) in descending order of (A^'s) where 

(4.15)
Ai > A2 > Aa > A4 ... > An 

and form the following quotients 

Ai Ai Ai Ai (4.16) 
A2 ’A3 ’Alt • ' ’ A 

n 

and solve for Gj.Now we substitute Eqs. (4.13) and ( 4.14) in (4.16) 

For n = 4 (four accelerometers case) we form the following null 

functions. 

J1 J
/ / 
xoxi+yoxi+zozi A2 -1 XnX2+yoy2+ZoZ2 

cos = 0cos ^fl(Xo,yo,Zo) = R2R2 Ai
\ \ 

(4.17^) 

J 
/ / 
xnxi+yoyi+zpzi A3 ■ 1 XoX3+yoy3+ZoZ3 0cos ^f2(Xo,yo,Zo) = R2 Ai 

cos 
R2

\ 

(4.17b) 

JJ 

"1 xoXi+yoyi+zpZi A4 
cos 

-1 XoX4+yoy4+ZoZ4 0 
cosf3(xp,yp,zp) = R2R2 Ai 

(4.17c) 

From the above equations we can form the following squared null function. 

2 
4 

(4.18)F(xo,yp,zp) = I f.(xp,yp,zo) = 0 

i=l L 
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The unknowns in Eq. (4.18) are the coordinates of the impact point 

Hillclimb 
xo,yo,zo. An efficient optimization method known as Rosenbrock 

constraintsmethod^ is used to minimize Eq. (4.18) given the following 

on the coordinates of the impact point. 

(4.19)-R < Xo £ R , -R ;< yo R and -R £ zo £ R 

with an implicit variable P where 

P = xg + yo + zo (4.20) 

The constraint on P is 

(4.21)P - R^l < (3*d)2 

where d = thickness of the reactor shell. 

The Rosenbrock Hillclimb optimization method developed by Yancey 

which satisfies alland Spear starts with a user supplied initial guess 

the explicit and the implicit constraints. The process continuously 

of thechanges the explicit variables toward the optimum value 

functional F(xo,yo,zo) of Eq. (4.18). The convergence is achieved when 

the function F of Eq. (4.18) does not change appreciably (<e = 0.1% of 

best estimate of F) for ten consecutive iteration stages. This helps 

to circumvent the local maxima and local minima. A listing of the 

Rosenbrock Hillclimb fortran program and a sample problem is presented 

in Appendix D. 

Navala 

Computer code developed by C. B. Yancey and R. C. Spear, 
Weapons Center, China Lake, California. 
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pressureA multitude of impact tests were performed on the EGCR 

to the impactvessel ranging from impacts on the outside of the vessel 

Table 11 lists the coordinates of thefrom the inside of the vessel. 

system with theselected positions of the impacts in the cartisian 

Due east as thecenter of the bottom head hemisphere as the origin. 

and straight up aspositive Y axis, due south as the positive X axis, 

The location of the accelerometers in the samethe positive Z axis. 

coordinate system is given in Table 12. All the impacts were then 

plot for eachfurther processed constructing the time dependent RMS 

signal andimpact. Figures 46 and 47 show a typical impact time domain 

The peak RMS wasits corresponding time dependent RMS representation, 

scheme. Athen recorded for use in the Rosenbrock Hillclimb location 

where each "dot"typical location process is illustrated in Fig. 48, 

impact after eachrepresents the best estimate of the location of the 

The "box" is the final converged locationstage of the optimization. 

The z coordinateposition and the "X's" are the accelerometers in use. 

nature ofis not shown in this figure because of the two-dimensional 

the plot, but is incorporated in the location process. 

at locationsThe results of impact location using in core impacts 

combination of variousII, 12, and 13 (see Table 11 for coordinates), and 

accelerometers are presented in Table 13. An impact at above three 

location can be located within 131.28 cm to 91.25 cm of the impact. 

use in the next^More about the time dependent RMS construction and 
section. 
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Table 11. Coordinates of the selected impacts 

Impact X-cm Y-cm Z-cm Comments 

II 40.8 40.8 -299.3 Inside middle of pipes h, i, 
12 -122.4 -40.8 -276.15 Inside middle of pipes k, 1, 
13 122.4 -40.8 -276.15 Inside middle of pipes n, o, 

14 -257.43 0.0 -163.19 Outside opposite o Acc 4 
15 128.70 222.94 -163.19 Outside opposite to Acc 3 
16 128.70 -222.94 -163.19 Outside opposite to Acc 2 
17 -178.70 222.94 -163.19 Outside at Acc 2 

18 -128.7 -224.94 -163.19 Outside at Acc 3 

19 257.43 0 -163.19 Outside at Acc 4 

a 

See Fig. 42, page 78, for nozzle identification letters. 

Table 12. Coordinates of the accelerometers 

Z-cm CommentsAccele # X-cm Y-cm 

1 0 0 -304.8 Strap mount on 
2 -128.7 222.94 -163.19 Stud mount on 

3 -128.7 -222.94 -163.19 Stud mount on 

4 257.43 0 -163.19 Stud mount on 

5 0 163.19 -257.43 Strap mount on 
6 -163.19 0 -257.43 Strap mount on 
7 -81.59 0 -293.68 Strap mount on 
8 81.59 0 -293.68 Strap mount on 
9 163.19 0 -257.43 Strap mount on 

a 
See Fig. 42, page 78, for nozzle identification letters. 

a 

m. n 

r, s 
u, v 

pipe m
a 

vessel 

vessel 

vessel 

pipe b 
pipe k 
pipe 1 
pipe n 
pipe o 
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Table 13. Impact location error analysis 

Error Error in 

Impact 
at 

Acc's in use 
in arc 

length 
arc 
(cm 

length 
with 

Percent 

improvement 

Average 
error 

(cm) correction 

13 

13 

13 

13 

13 

13 

13 

13 

13 

13 

13 

13 

12 

12 

12 

12 

12 

12 

II 

II 

5, 
5, 
7, 
7, 
5, 
5, 
2, 
2, 
1, 
1, 
1, 
1, 
2, 
2, 
2, 
2, 
1, 
1, 
2, 
2, 

7, 
7, 
9, 
9, 
9, 
9, 
3, 
3, 
3, 
3, 
2, 
2, 
3, 
3, 
3, 
3, 
3, 
3, 
3, 
3, 

9 
9 
3 
3 
3 
3 
4 
4 
4 
4 
3 
3 
4 
4 
1 
1 
4 
4 
4 
4 

99.83 
99.80 

128.52 

111.79 

96.70 

98.45 

46.36 

36.65 

75.13 

63.02 

137.01 

101.75 

137.95 

178.51 

13.06 

9.42 

209.17 

239.57 

69.85 

56.92 

91.87 
92.23 

101.12 

52.73 

75.13 

93.24 

40.28 

30.15 

71.96 

54.69 

55.12 

51.28 

108.53 

156.95 

22.38 

22.71 

67.41 

40.26 

64.01 

24.71 

7.97 
7.59 

21.32 

50.82 

22.30 

5.29 

13.10 

17.74 

4.23 

13.22 

59.77 

49.60 

21.32 

12.08 

-71.36 

-141.08 

67.77 

83.20 

8.36 

56.58 

a 

b 

II 

II 

2, 
2, 

3, 
3, 

1 
1 

111.71 

141.76 

60.66 

60.22 

45.70 

57.52 

II 

II 

II 

3, 
3, 
2, 

4, 
4, 
4, 

1 
1 
1 

141.98 

173.66 

88.24 

71.04 

71.12 

84.02 

50.31 

59.02 

4.74 a 

II 2, 4, 1 83.34 74.12 11.06 

a 
Without correction 91.25 ± 30.6 

With correction 67.43 ± 23.38 

^Without correction 131.28 ± 98.89 

With correction 75.60 ± 57.88 

^Without correction 108.43 ± 40.85 

With correction 63.94 ± 17.62 
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(a) systematic errors, andThis error can be attributed to two causes: 

(b) model error, The systematic error is caused by the extra paths 
the bottom head of

induced by the twenty-five fuel charging nozzles on 
sizes). Athe pressure vessel (see Table 8, page 81, for nozzle 

correction then incorporated in the optimization programprocess was 

This correction has drastically reducedto approximate the extra paths, 

the error, where after the correction the above impact was located within 

The exact correction of extra63.74 cm to 67.43 cm (see Table 13). 

could further
paths (the intersection of a cylinder and a hemisphere) 

improve the error. 
2.0 

attenuation modelThe error attributed by the 1.0/(Distance) 

welded to the bottomis also indirectly related to the nozzles which are 

upon the type ofof the reactor. Correction for this type error depends 

wave and thusweld and the amount of weld in the.path of the impact 

judged to be out of the scope of this work. 
because ofThe ex-core impact was located with more precision, 

less interactionlimited and unique impact positions which in turn cause 

with the bottom head nozzles. This point is better illustrated in 

combinationsTable 14 where according to the selection of accelerometer 

the correction for the pipe interference can help or impair the 

location results. A closer look at the accelerometer combinations 

of accelerometerused in Table 14 indicates that if one selects a set 

where the nozzles on the bottom head section of the pressure vessel 

manner thedoes not interfere with the impact wave in an effective 

correction process is not needed and vice versa. 
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location results using ex-core impactsTable 14. Impact 

Impact 
at 

Acc's 
use 

in 
Error (cm) 

Error (cm) 
Correction Comments 

14 

15 

16 

2, 
2, 
3, 

3, 
4, 
4, 

7 
7 
7 

11.6 

17.34 

22.3 

63.35 

78.12 

73.4 

Correction 

has impaired 
the location 

16 3, 4, 7 27.17 68.1 process 

14 

14 

15 

5, 
5, 
4, 

6, 
6, 
5, 

7 
7 
6 

190.3 

193.3 

228.77 

16.1 

21.8 

14.59 

Correction 

has helped 
the location 

15 4, 5, 6 167.10 7.05 process 

16 4, 5, 6 185.4 24.7 

zeroThe results shown so far have been obtained under essentially 

noise, This
background noise levels except for the natural electronic 

power reactor,would not be the case with signals from an operating 

In order to test the above impact location technique under the presence 

EGCR reactor vesselof background noise, the signals obtained from the 

noise (the samewere digitally mixed with a 50 kHz bandwidth white 

noise backgroundcan be used if a tape recording of the naturalprocess 

Since the noise added was digitallyof a power reactor was available), 

of real life conditions were simulated:controllable three types 

RMS noise level, (b) all(a) all accelerometers in use had the same 

ratio, andaccelerometers in use had a constant signal-to-noise 

of both signal-to-noise(c) all accelerometers in use had varying amount 

ratio and RMS noise level. The impact location results indicates that 

algorithm, theif the peak of the time dependent RMS is used in the 

the minimum signal-crucial factor for the accuracy of the location is 

in location. Thisto-noise ratio among the set of accelerometers used 
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ratio in ais illustrated in Fig. 49 where the minimum signal-to-noise 

difference ingiven accelerometer set is plotted against the error 

impact,impact location from a noise free signal for a given This 

with signal-to-noisefigure is indicative of an unacceptable added error 

within 10 cm ofratios of less than 5 (the noise free case was located 

the actual impact point). 

HillclimbThe speed and the accuracy with which the Rosenbrock 

also been studied.algorithm optimizes the coordinates of an impact have 

The more accelerometer signals used theThe findings are as follows. 

slower is the convergence, This is simply due to added number of 

Accelerometers of similar mounting (allequations in the functional, 

and sharperstud mounts or all pipe mounts) result in more accurate 

peak on the convergence surface, A mix of signals from the above two 

and flat convergencetypes of accelerometer mountings results in shallow 

A minimum ofsurface which is directly related to slow convergence, 

but if the threethree accelerometers are required for unique results 

accelerometers favor a particular region of the structure, a multipeak 

will occur on the surface of convergence with the taller peak being 

Use of more than three accelerometers will alleviatethe right answer, 

this multipeak problem but the appearance of a shallow peak is the 

result. The above findings are illustrated in Figs. 50, 51, and 52, 

where the surface of the convergence (functional F) is plotted for 

The Z coordinate has beenvarious types and accelerometer selections, 

nature of thedropped from the plot because of the three-dimensional 

Z coordinate.figure, but every point on the surface has the correct 
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Fig. 50. Convergence plane of an impact at 
location 12, with use of three and four accelerometers 
for location. 
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Fig. 51. Convergence plane of regionally located accelerometers; 
and pipe mountalso an impact at 15 and location with a mix of stud 

accelerometers. 
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D. Impact Characterization Methods 

than locationThe ability to characterize an impact one step further 

of this work, Two 
as to its probable size and shape is also an objective 

goals:types of analyses are the basic tools to achieve these time 

relative frequencydependent RMS (Root Mean Square) analysis and transient 

are
analysis. In this section the ideas of impact characterization 

data from knownpresented first followed by experimental results using 

impacts on the EGCR pressure vessel. Basic computational procedures 

used in this section are as follows: fast Fourier transform, windowing, 

averaging, powerfrequency smoothing, power spectrum calculation, block 

and division, andspectrum manipulation such as addition, subtraction 

The mechanics of thefinally digital time dependent RMS calculation, 

above calculational procedures are detailed in Reference 12. 

is the timeAn alternate way of presenting transient time data 

Contrary to stationarydependent Root Mean Square representation, 

Thetime signals, the RMS of the transient signals are time dependent. 

time dependent RMS can be obtained digitally or by using analog electronic 

circuits. In this study all the time dependent RMS's were obtained 

digitally using the following formula. 

[N*MS(t , T) - X^(t ) + x^Ct )]
i-1 i-N i+N 

(4.22)Mean Square (t^,T) = N 

i = 2, 3, ..., N 
where 

N 

MS(t.,T) = I x^(t )/N 
^ i=l 
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(4.23)
RMS(t^, T) = v^S(t^,T) 

where 

T = averaging time 

= ith time estimate of the raw signalx(tp 
N = number of time estimates in t 

to beThe T dependence in Eq. (4.23) is an important parameter 

considered. It can be seen in Fig. 53 the effect of the averaging time 

on backgroundthe shape and characteristics of an impact with mixed-in 

causes difficultynoise. Small averaging time (0.5 msec in this case) 

of the timein peak detection and overall instability in the shape 

dependent RMS. As the averaging time increases stability in the 

the time dependentbackground noise suppression appears and the peak of 

and identify.RMS tends to be more prominent and easier to detect On 

(above 8.0 msecthe other hand, as the averaging time gets too large 

time dependent RMSfor this impact), the double peak character of the 

nozzle) disappears.(believed to be impact wave reflection from a nearby 

which uses theThis would cause errors in the impact location process 

peak of the time dependent RMS. The optimum value of the averaging 

and the possibletime depends upon the locality of the accelerometer 

or close to thestrong reflection impact signal arrival in conjunction 

main impact wave arrival. In this particular case either two or four 

msec averaging time was acceptable. 

The time dependent RMS is also used in impact characterization 

besides its use in impact location. As an example consider the 
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comparison of in-core and ex-core impacts detected with an ex-core 

accelerometer. Figure 54 shows the time dependent RMS of two impacts 

location 14 (seeusing the solenoid automatic impactor positioned at 

Table 11, page 94). The first impact was inside the pressure vessel 

vessel, Theand the second impact on the outside wall of the EGCR 

similarities are obvious (rise time, duration, decay and general shape 

of the curves). The slight difference in peak amplitude (approximately 

surfaces (concave11%) can easily be due to differences in impacting 

vs convex), surface texture, and solenoid mounting difficulties 

although care was taken to prevent the above differences. 

wave pathThe time dependent RMS can also be applied in the impact 

identification and comparison. Figures 55 and 56 show impacts of similar 

17, 18, andmagnitude at accelerometer locations 2, 3, and 4 (Impacts 

from accelerometer19). The time dependent RMS's indicate that the path 

2 to accelerometer 4 (24) is identical to that of 34, and the path 23, 

although the same distance, is not the same as 24 or 34. A physical 

examination of the EGCR structure indicates that indeed the path 24 

distance is notand 34 are symmetric and the path 23 although the same 

the same as ^ or ^ due to the inlet coolant gas pipe in the impact 

wave path. 

rise time ofFurther characterization is possible looking at the 

time RMS. A fast rise time indicates a short contactthe dependent 

rise time istime between the missile and the target, and a slow 

indicative of extended contact time. This is illustrated in Fig. 57 

where the RMS of a scratch (with a screw driver) and the impact of a 

pendulum ball at the same location are plotted. 
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used forFrequency domain analysis of impact signals is also 

further characterization of an impact. The impact wave signals are of 

transient deterministic nature. Therefore, no Fourier coefficient 

the entire wave formaveraging is required, a box-car window is used if 

is recommendedis contained in the time window, and frequency averaging 

for smoothing the power spectrum curves, The power spectrum which is 

of the timethe magnitude squared of the complex fourier coefficient 

of an impact.signal is usually shown to present the frequency contents 

with itIn theory an impact wave traveling in a structure carries 

information of two types: (a) characteristic of the contact between 

the missile and the target and (b) the characteristic of the path from 

The sensor (in this study anthe point of impact to the sensor, 

it was explainedaccelerometer) detects surface acceleration, but as 

is confronted within Chapter II, it is a resonating system and if it 

of thea pulse of short duration the response is the resonance 

25 kHz).accelerometer at its preferred frequency (approximately The 

on thefrequency analysis pursued in this study has been performed 

The reasonanalysis of the resonance frequency of the accelerometer, 

lack of lowfor this so-called high frequency analysis being the 

conditions (nofrequency component which is due to quiet background 

pump, no flow, no vibration). 

in Fig.A typical power spectrum of a ball drop impact is shown 58. 

translate 20-25 kHzNotice the use of the aliasing (see reference 12) to 

frequency range to 0-5 kHz. This was possible because of the lack of 

below 20 kHz.significant frequency component of the power spectrum 
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range now show upIn other words frequencies appearing at say 24 kHz 

The use of aliasing is common in(aliased) at 4 kHz range and so on, 

other areas of signal analysis such as zoom process. 

in power spectrumFurther, more study indicates that relative change 

the power spectrumbetween two accelerometers or the relative change in 

utilized inof two impacts is a sensitive indicator which can be 

charact erization, The above two indicators can be formulated as follows: 

PS - PS, 
a b (4.22)P = 

where 

PS^ = power spectrum of accelerometer a 

PS^ = power spectrum of accelerometer b 

travel pathThe P spectrum above is an indicator of impact wave 

amplitude dispersionsimilarity and an indicator of frequency dependent 

of a given impact. 

The second indicator is the I spectrum which is given by 

PS PS 
al a2 (4.23)1 = 
PS 

a2 

where 

PS^^ = power spectrum of accelerometer a for impact i. 

variationsThe I spectrum is a frequency dependent indicator of 

positionbetween two impacts (1 and 2) detected at accelerometer a. 
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can be thought ofAlso, the area under the P or the I pseudo-spectrum 
individual 

as a combined measure of the differences, accumulating the 

The use of P and I pseudo-spectrum or the areafrequency differences. 

described inunder them must be combined with impact location process 

since the individual power spectrums (frequencythe previous section, 

the impact todependent) change magnitude according to the proximity of 

and sensor.the sensor and the obstructions between the impact 

the followingThe use of the 1 pseudo-spectrum is demonstrated in 

lower graph isexample. Figure 59 shows two I pseudo-spectrums, the 
wall of the EGCRthe 1 spectrum of two pendulum impacts on the inside 

pendulum waspressure vessel where the angle of deflection on the 

Notice that there are no significant activity appears30 degrees. 

relatively small(similar impacts), and the area under the curve is 

The area under the curve should have been zero if the(14.28 v^/sec). 

two impacts were exactly equal, The upper graph is the I spectrum of 

of deflectiontwo pendulum impacts, the first with a 30 degree angle 

The area underand the second with 15 degrees angle of deflection, 

this curve is relatively significant (93.38 v^/sec). The I spectrum 

between the twoshows relative change in the resonance frequency range 

The differencesimilar impacts but with different impacting force, 

between the impact energy of the 30 and 15 degrees pendulum shots were 

262.4 gr-cm or 0.019 ft-lb. 

of theThe P pseudo-spectrum renders the frequency dependence 

an accelerometerdifferent paths which an impact wave travels to reach 

imposelocation. Since the various paths which an impact wave travels 
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could not bea unique frequency characteristic, a general conclusion 
EGCR impacts,reached from looking at various P spectrums of the The 

(a) similar impact wave travelonly conclusive results are as follows: 

under the P spectrum curve, butpaths result in zero or near zero area 

This is duethe shape of the P spectrums may or may not be similar, 

the same manner.to the fact that two impacts are rarely inflected in 

the first being(b) Two types of path variations could be identified, 

were similarpath difference caused by distance; the two path lengths 
The Pin the structural characteristics but different in length only, 

range (24-26 kHz).spectrum showed activity in the resonance frequency 

not only byThe second type of path variation identified was caused 

distance but also by the structural differences in the pathway, This 

in a widertype of anomaly causes the P^ spectrum to show activity 

The above two arefrequency range around the resonance (20-30 kHz). 

illustrated in Fig. 60. 
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CHAPTER V 

OVERALL CONCLUSIONS AND RECOMMENDATIONS 

A. Summary 

wasA combined theoretical and experimental research effort 

launched to develop new techniques for detection, location and 

characterization of metalic loose parts in a nuclear reactor primary 

or secondary coolant system. 

and theThe formulation for impact formation, wave propagation 

detection sensor were presented, The theoretical work provides 

and inelasticunderstanding of impact wave generation based on elastic 

contact theory and the concept of restitution, The impact wave 

theorypropagation was then presented using elastic wave propagation 

Theof stress and strain caused by an impact in a structure, 

use concluded thetheory of the accelerometer mechanical concept and 

theoretical part of this study. 

were usedExperimentally, two flat plates (steel, and aluminum) 

studies underin conjunction with a set of accelerometers for impact 

ideal laboratory conditions. The subjects under study here were 

accelerometer attachments and attachment anomalies, various impact 

detection systems, impact location using time of arrival or amplitude 

attenuation. The experiment was then transferred from the idealized 

laboratory conditions to a relatively large power reactor pressure 

vessel. Here, the impact experiments were conducted under a more 
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vessel, Newrealistic condition considering the complexity o£ the 

then studied and tested followed bymethods of impact location were 

impact characterization.development of several mathematical procedures for 
reached duringIn the next section specific conclusions which were 

the course of this study are presented. 

B. Conclusions on Impact Location 

Two methods of impact location determination were studied: 

deterministic and heuristic, The deterministic approach involves the 

structure underknowledge of surface wave effective velocity in the 

in aThe determination of surface wave effective velocitystudy. 

which deters thecomplicated structure is a tedious and unreliable task 

use of this technique. 

waveThe heuristic method which involves modeling the impact 

impact location.attenuation process was found to be an accurate method of 

on the flatA 1.0/L and attenuation model were found to be effective 

As an extension to this model an optimizationplates and the EGCR vessel. 

an impact using thetechnique was utilized to determine the location of 

signals,peak RMS of a minimum of three accelerometer transient The 

also studied, andeffect of background noise on the impact location was 

ratio is thethe results indicated that the minimum signal-to-noise 

method.controlling factor in the accuracy of this impact location 

C. Conclusion on Impact Characterization 

with itIn theory an impact wave traveling in a structure carries 

information of two types: the impact itself and the characteristic of 
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position,the structural path which it travels to reach the sensor 
The 

the mode of impactimpact leaves behind two types of information: 
of the loose(elastic or inelastic) and the restitution information 

the absence 
part. Thus, absolute characaterization is not practical in 

of detailed contact data and examination of the impact area at the time 

relative characterization of comparative type must be 
of impact. So, 

to perform thisused. Time and frequency domain analysis were developed 

relative characterization. 

The time dependent RMS was proved to bear such characteristic 

information as the geometric shape of the loose part at the point of 

a fast rise time in the
contact. For example, sharp edges result in 

result intime dependent RMS curve, and sustained impacts (scratch) 

Also, the peak of the RMS curve is relatedwide peaks in the RMS curve, 

to the magnitude of the impact. 

The relative frequency domain analysis proved sensitive to 

Two types ofvariations in impact energy and path length difference, 

The pseudofrequency dependent pseudo-spectrum were developed. P 

describeswhich utilizes two accelerometers detecting an impactspectrum 

differencepath length difference and frequency dependent amplitude 

The I pseudowhich is also due to dispersion of the impact wave. 

indicator ofspectrum, on the other hand, is a frequency dependent 

impact detected atchanges in the energy of impact between two separate 

For example, an energy of impacta given accelerometer location, 

be easilydifference of 262.4 gr-cm (0.019 ft-lb) was shown to 

detectable. The accelerometer resonance frequency band (20r30 kHz) 

studies. 
was used for frequency characterization throughout these 
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D. Reconunendations 

methodThis work has shown that time and frequency analyses 

detection, location.developed here are effective for metalic loose-parts 

and relative characterization. The following refinements are thus 

location andrecommended to further improve the accuracy of impact 

effectiveness of impact characterization. 

1. The effect of water in the pressure vessel. 

2. The effectiveness of methods presented here under strong 

low frequency structural vibration. 

3. Limited tests where conducted here indicated that 

accelerometer response is related to impact momentum. 

More extensive tests are recommended to clarify and 

quantify this point. 
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APPENDIX A 

DETAIL DERIVATION OF VARIOUS TYPES OF WAVE EQUATIONS 

The equations o£ motion in the operator format is given by^ 

3^ (A.l)
(V) = V • TP -JP 

where 

u 

V = V displacement components 

w 

T T T 
XX xzxy 

stress tensor 

yx yy yz 

T T T 
zx 

T = T T T 

zzzy 

The elastic relationships [Eq. (2,23)] are now substituted in 

given byEq. (A.l), and the x component of Eq. (A.l) is then 

3T 3T 9T
3^u XX xz

2sy + (A.2) 
P 3t2 ■ 3x ^ 9y 3z 

From Eq. (2.23) we have 

3u 
T = A0 + 2p 
XX 3x 

T _ = 2ye 
xy xy 

(A. 3)T__ = 2ye 
xz xz 
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Upon substitution of (A.3) into (A.l) we will get 

3e 9e 
XX xz 

+ 2y (A.4)+ 2y + 2y 9zP 9t2 9x 9x2 9y 

From Eq. (2.18) we have 

9u 9v 
+ 2 e 

9x3y xy 

9u 9w 
+ 2 e 

9z 9x xz 

9u 9v 9w 
e 

zz9x XX ’ 9y ®yy ’ 9z 
e 

(A.5)0 = e + e + e 
XX zzyy 

from the right handIf the quantity y 9e/9x is added to and subtracted 

we will getside of Eq. (A.4), and noting the identities of (A.5) 

9e 9e 9e 
xz XX^ 9^u 96 96 

+ y + 2y + 2y
P 9 2 - ^ 3x 9x 9y 9z 9x 

9e 9e 9e 
XX zz

ZI, (A.6)- y
9x 9x 9x 

Further simplification yields 

9^0 , 96 96 9^u 3 / 9v
+ 2e+ y + y + y

9x 9x 9x2 9y 9x xy 
\ 

9 9w 
+ y + 2e (A. 7) 

9z 9x zx 

Then 

/
96 9^u 9^u 9^0„ 9^0 , 96 

+ y + y (A.8)
^ 9x 9x2 ■"r- 9z2'’■ST" 

\ 9y2 
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also be derived for the w and v component ofEquation (A.8) can 

A set of equations of (A.8)displacement which is similar to above, 
written astype in x,y,z direction in operator format is then 

9^V (A.9)= (X + p)ve + pv^vP 9t2 

solid.
which is the basic equation of motion in an isotropic elastic 

(i.e., 9u/9y;If we set all the shear components of (A.9) to zero 

9u/9z; 9v/9z; 9w/9x; 9w/9y) we will get 

9"u 90 9^u 
P ^ = (A - y) 9x

+ p
9x2 

9^v 90 9^v 
P ^ 9^ + P

9y2 

9^w 90 9^w 
c A.10)P MA * y) + P

9z 9z2 

respectivelyIf we take 9/9x, 9/9y, 9/9z of the above three equations 

and add the results we will have 

9^ ■9^0 9^0 , 9^0 
+ e + e„J = (A + p) 

XX yy zz ^ 9^ 9z2 

[d^e a^e 9^e 
XX zzyy 

+ P (A.11) 
3x2 9z29y2 

Further simplification of (A.11) yields 

(A.12)P 0 = (A + 2p)V20 

which is the compressional wave equation. 
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wave equation.If we eliminate 0 from (A.9) we will get the tortional 

To do this we will take 9/9y of the z direction of (A.9) and subtract 

9/9z of the y direction of (A.9) from it which yields 

\ 9^w 8^w 9^w 9^v 9^ 9\9^ 9w 9v 
y 9z3P 9t2 3^^ 9y3’ 9z29y " 9x29z “ 9y29z9y 9z ^ 

(A.13) 

From Eq. (2.18) we have 

- i ^ (A.14)0, 
X " 2 \9y 9z 

simplificationIf (A.14) is substituted in (A.13) we will get after 

(A.15)
P 3t^ = P^'^x 

Similarly 

y 
P 9t2 

-

92f2 

P ^ = P^'^z 



APPENDIX B 

A LISTING OF PROGRAM DATRAN 

A macro subroutine was written to transfer data from the Nicolet 

Explorer III digital transient recorder to the PDP 11/20 memory via a 

DRll-C hardware. The following is a listing of this FORTRAN callable 

subroutine. 
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m i \r .riA i HAiM 

11 VIA A )iRn-iROUTINfr; 10 TRANSI-I-R HAIA I-ROM bXI-i ORf-R 10 POP 

FORTRAN CAI I ABI I-

IIH'IPM)CALI I lA'I RAN (NS :i X , NSIARI .NINO. lAATA, iNORM. 

INPUT PARAMPTPRS 

NS I 7 =•• TOTAI. NUMMI R OF WOR')i:S TO HR T 'RAN:-:PPRRPM 
(Oi;', lOl'T, ;:;'A40, 40VA) 

10 SPLAY MPHORYNST ART ST ART 1 NO AIDiRbSS IN b XPI OiRb Fc 
for liPSIRF Il BATA (-2040 UJ -2041) 

NINC =- AITItRPSS INCRPMbNT BPTWbbN BATA FRONTS BPSIRPFi 
( 1, 2.4, S) 

IBATA I NT b OPR ARRAY b OR STT iRINO Tblb TRANSbbRRPB BAT A 
1 UlM

INORM = INTF-OipR ARRAY F OR SV0R1N0 NORMAI 1 7 1 NO INFOTRMAT 
(4 WORBS I ONO) 

1 NB:I cat INO MPMORYIBMFM 1 NT POb R OiTNT A1N1 NO '1 WO 1 F. 'I Ib R 
ORiillP PROM WHICH BATA IS TO BP TAKPN 
(01.02. OS. 04. HI . H2. Al ) 

2;|- I T 0 OIF PRROR PNfTiUNTbRPB. NS17 IS 

01. OBI. BAT RAN 

. MCAF L . . V2. . . . RPOMPF. , l-•RINT . TTYIN. . INIPN 

. . V:7. 

RFOIiPP 

BRCSR-167760 

ITROUT:^ 167762 

BRlN-= 167764 

BRVPC=^S10 

. CSFCT 

BAT RAN: TST (R::I) + 

MOV (RD.IPR ,SAVb ABBRbSS bOR PRROR INBCATIONS 
MOV (3(R!:.) <-. NS17 , OF T CAI I INO AROUMbNT S 

MOV o(r;:.) + . R2 

ASP R2 

ASI.. R2 

ASI R2 

ASI. R2 

MOV R2.NSTARI ;SA SHIFTbB 4 BITS I PPT 

MOV (‘ORO)+.R2 

ASI. R2 

ASL R2 

ASI R2 

ASL R2 

MOV R2.NINC , ;i Ni::RI Ml- NT I P b I -SH1F- IF: B 4 IT 1 I 

https://ORO)+.R2
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MOV (RO>-f. IDA IA 

MOV (Rl.i)-f, I NORM 

MOV (<i'(Rhi)-+-, IUMRM 

MOV tlORlNT, (•l•«MRVF||:;: 
CLR P^ttliROOR 

niAl .0: MOV ttMOl,RO 

. RRINl 

MOV ttRFOP.RI 

TTY: . n YIN (HI )•+■ 

CMRR F|1:-aR0 

BNF- TTY 

OMF'B RFrOP. 

BNP TXPF-R1 

P.XPRR: (;:I.R (?1TDRf;:SR 

OF. R (?IPR 

RT'O PO 

BSTATE: MOV ttMS2,RO 
. PRINT 

BR lUAI 0 

TXPPRl: TST PttliRFiOR 
BPI. BOTATP 

TXPPR2: TSTB AftllROSR 
BPI BSTATP 

MFIV 112, (hUTiROOR 

Cl R (lOIORFlin 

MFiV PttriRIN, RO 

i:;OM RO 

BIO tt177770iR0 
BNP NOFIX 

A) III n o. , RO 

NFTP IX: A Dll ttAO. RO 

Mi'.IVB RO, (<Orif^K 

MOV n 17, (■^niiRom 

MOV PPDRIN,RO 

(OriM RO 

BIO #1 77770, RCt 

ASI RO 

MOV RO,R1 

ADD ttMT AB, RO 

MOV RO, R1 

MOVB (RO)-<-,MPM 

MOVB (RO),MPM-H 

MFiV ttMiBO, RO 

PRINT 

OMPB (Rl),+I101. 

BPO AOhF 

CMP (R1),n.iMPM 

Bl- O AOK 

CNPP (R1 ), iriMFM 
BOP PRM 

iAKDiHlSS Oh l.iOlO ARRAY 
, fllDiRRRRO IIF- NORMAI. :i y ) NO WORM::-: 
; :i II hOR MF: NARY HI OOF-. 
iOR'l INIhRRIIRl VFrOlOR 
i i;::| F^AR HR 11 01 ATI.10 
iF^hAIi HATA F-ROM RXRI (.iRRR 

i RPSPFiNOP BUF RPR 

, INFT.IT A FT-IARACT PR 

; PVF-ITY1 Ml NO IN? 

i NO? 

i TF<AN:RI-F.-.R NOT POiTiTIBI P 

iPXF-'IORPR IN INAPPROPRIAIP iRTATP 

, IRY AOA1N 

i iTHTCK OTATOO OF- PXF-T FlRPR 
iiBT ATOO NOT RIOHT? 

1 1./0 PI. AFT -RPAFiY 

;;?P T I/Fi AFTTTVP^^ I 

iD--U./'R:, AC1, AC2, Dl OFO/F-T “ F) 
j RPAIT DCTKPTTP TRAFTK iRPI PCTFTR 

; :RT FiRP VAI OP TN Mi? 
ilT-W/R, AF..'1, AC2, Ii1:;-;K./T-T. : -1 

i RPAD MPMFTRY FlROOP' :BPI. PCT OR 

i ;-;AVP F-iTR F:HPCKft 

iOTORP VAPOP IN M: 

;TPII WMF RP DATA RPiPlDPS IN 
i THP PXFT FiFlFiR 

i MPMORY :-;PI F CTFTR: Al I 

; MPMOFFY iPI I-iTT OR^-MPMORY RPOFIFSTPH 

; PIT OPT I PTTP.R OAMP V 

https://ttRFOP.RI


136 

CHK: 

FRM; 

AOK: 

iaV2; 

ni OOP; 

T ST 1 . 

TST2; 

CONT: 

;fNi;; 

I'iOVB 

CI'IF'B 

Bl F 

SI DU 

BFR 

MOV 

ri 

:n.iMFM+1 . l-w! 

R3, 

rnK 

#2. RS 

(R1 >, RS 

(''iOK 

ttMS4,RO , 
i 

MFMORY Dl iTCK R’FOOST FD 
DF ACHIFVTD 

CANNOT 

TFMF' STORAOl- I-OR NORM. 
14 DlTf: PFR WORD 

CAIC. NOMDFR OF 

NORITAI 1 / 1 NO BITS TO 
rOVJDFD BY 14 

DFIS 

ST RIF' 

SFT SA FfiR TRANSFFR 

ADDfiFSS FOR DATA 

MOV TRANSFIOT ADDRFSS lO RO 
INCRFMFNT TO NF X1 TRANSFFR ADDRFS: 
COMFT FMFNT FOR MFOATIVF- LOGIC 
F;FT ADDRFSS FOR TRANSFFR 
F'OI SF 1 ./O STFP 

; HAS F XPFORFR RFCFIVFD ADDRFS:: 

iPl.ll. SF I./0 ST FP 

i IS I XFT ORFR DATA RFADY? 

F<FAn DATA INlO PDF' MFMORY 
COMFT FMFNT DATA 
SHIFT DOWN 4 BITS 

:SAVF NORMAI .i / 1 NO BI l IF PRFSFNT 
HAVF All NORMAI.I/INO BITS 

BFF-N STR1PPF D 

STORF NORMAI 17INO BIT 
INTO I(NORM ARFA 

COMFT F T FHi A WORD 

iBUMP TO NFXT WORD 

i COMFT FlFHi TRANSF FR? 

.PRINT 

^.ll'1P 

MOV 

MOV 

MOV 

MOV 

ASR 

DFC 

BOl 

MOV 

MOV 

MOV 

MOV 

A).ili 

COM, 
NOV 

INi;: 

DFC 

I SIB 

BPF 

INC 

DFC 

TSIB 

DPI 

MOV 

COM 

ASR 

ASR 

ASR 

ASR 

ROI. 

IS! 

)r!| F 

ROR 

ROR 

IIFC 

DOT 

liFC 

1ST 

MOV 

DFC 

FXFRR 

#KNORM,RS 

, N1 A 

NS17,R4 

#7,R5 

R4 

RT. 

n]V? 

R4, NW 

NSTAR1,R1 

IHATA,R2 

RI,RO 

NlNf:, RI 

FvO 
RO, PHI.iROl.n 

<f?«BRi:::SR 

(^ttIiRi::SR 

(-^ttBRCSR 

TST1 

C^ttI.iRi::SR 

(»#DRi::SR 

O^ttDRCSR 

TST2 

(»ttDRIN, 

(R2) 

(R2) 

(R2) 

(R2) 

(R2)+ 

RS 

R4 

CONT 

RS 

(RS) 

N14 

CONT 

R4 

(RS)+ 

(R?) 

tHA. ,N)S 

NS I 7 
i DO THI: NFXT ONF!DOl DIJjOP 
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NOW 

Nl OOP . 

Nl PO: 

Nl.Pil: 

NLP7; 

NI..P4: 

NI.PO: 

HOMO: 

Nl F'Y.: 

FIN2: 

Pin nohmai )/ino 
MOV ,r 1 A. . NN1.6 

NOV SKNORM, R;' 

MOV INORM,R3 

MOV NW, R^ 

ASR R4 

ASR R4 

DPI: R/) 

MOV R^.NXTRA 

RiTT Nl OOP 

MOV (R2)+, (R:3> + 

MOV (R2)+,(R3)+ 

MOV (R2)H-. (R3)t 

MOV (R2)+. (R3) I-

.IMP FIN:? 

ROR <R;?) 

NI. PO 

ROR (R3) 

i:::LR RO 

DR NL Pl 

ROR (R3) 

MOV NXTRA, R!::-

DPC NN13 

DO T Nl. P2 

MOV ttlP.. , NNl^ 

rO’l ( R3 > + 

DPI? Mi A 

i:.:l R RO 

ROR (R2) 

DCi? Nl PO 

■JNO RO 

DPI: R4 

DOT Nl P4 

i:::HP RO, RO 

DPO Nl l-V-. 

MOV ttMSO,RO 

. PRINT 

■ IMP EXPRR 

NOV NXTRA,R4 

:?OD NXT RA, Ni 6 

DOT NLOOP 

T :;ti ( R2 > + 

MOV , NIO 

):.IPT? NW 

DOT Nl HOP 

01 R OTFDRi:::;?R 

MOV .INORM, RO 

0:MT’ (RO) ~i-, (R0) + 

DTT tt4000,(RO) 

nns into 4 wormo anh ohi-ok f-xira i-ms 

, ADDRPOO of: nORMAI i?INO Di TS 
i DF :3T ] NAT I (iN F- OR 4 NORMAI. ) 7 1 NO WORT i3 

i OAI 0. NO. OF DITS TO OITP OPiP 

NO. iTF D:iT:? TO SHIFT 

NFFD TO i::HF(.:K EXTRAS 

MOVF FFNOF<M 

MOVF VNORM 

MOVF- FF/FRO 

MOVF V7F-R0 

i ROI I DIT TNT 0 (: 

, ROI I 0 JNTO NORMAI 1/AT T ON ARRAY 
; TFT.MPI ATF FOR SFapPFH HITS 

; ROI I 0 TNTii NORMAI I/ATTON ARRAY 
; TEMPI ATF FOR SKTPF'FD DITS 

, DI.IMP TO NEXT WORD (INORM) 
; DOME' DIT 001.TNT PR (KNORM) 

iSKTP THIS DIT 

jREADY TO OHFOK SKIPPED DIES? 

iFVFRYTHTNO (iK? 

;DATA IS NOT HOMOiFFNEOHS 

i RESET NO, OF DTTS TO SKTF:' 

; DUMP TO NEXT WOF(D (INORM) 

,01 F AR DRii :?TATI.T:S 
I FIX H7F R0 AND V7ER0 

, IF NFOATIVF VAl HES 
iDTT ii SET? 

i NODPfJ FIN3 
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FINS: 

FIN4; 

IIRINl ; 

NSIZ: 

NS1ART: 

NINC: 

] BAT A 

INARM 

IBMFM 

IFR: 

NW: 

NXTRA; 

NIO: 

NNIP.: 

RF.SP; 

Ml AB: 

KNORM: 

MSI : 

MS7: 

MSS: 

IRK: 

MEM 

MS 4 

BIS #170000, (K'O) 
•1ST (BO) 4 

BIT #4000, (BO) 

BH O F- IN^ 

BIS #170000,(H0> 
RTS PC 

IN'IFRRllPT FRRtiR 
.INTFN 7 

MOV #177777,RO 

HOI T 

iSF-i BITS 

Bn 11 SF-r? 

Nil 

SF:1 BITS 1:7-1 S 

FIANIU F R 

STORAtiP I. fit::AT 1 iiNS 

. WfiRn 0 

. WtiRB 0 
WORD 0 

WtiRD 0 

. WtiRB 0 

. k'tiRn 0 

. k'tiRD 0 

. WtiRB 0 

. WiiFlD 0 

. Wt iRD 1 6. 

. WORD 1 

. BI. KW 10 

F ABI. FS 

. ASr:I I /Q1 Q7QSQ4H1 H7AI / 

. Bl KW iS:?. 

MtSSAl;iF^S 

.BYTE 15,1:7 
/■.ASCII /RFAIi BATA INTti FXPI tiFilFR MPMORY; 

.BYTE 700 

. BYTE IS,17 

. ASCII /EXPI. tlRER-S SIAHIS IS NO I R1AFT1 F-t.iR BATA IRANSEERS ! ' '/ 

. BYTE IS,17 
OR LIVE STATUS)/.ASCII /(CEIFCE EAR BISK ERRtiR, BISK ACTIVE, 

. BYTE 0 

BYTE 15,17 

. ASCII ./BAIA REAB PRAM I RACK / 

.ASCII /\ I Nit I MEMORY t^RAIIP / 
, BYTF 40, 40, 0 

BYIF 15, 17 
ACi;ESSEB BUE TO MEMORY/ASf:!] ./'MFMtiRY Bl tiCK REAl.lESIFOi t:ANNiil BF-

. BY1E 15, 17 
! I/. ASf:11 / ARt:il.lP SEI Ef:'nfiN AN MA1 Nl F(AMF ' 

. BYTE 0 

https://ARt:il.lP
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MS5: , )-:Y1F 1l:i, 12 

ASCII /riATA I RANSI-FRRI-1 noi-s MCI RFPRFShNt A SINAI I- FVFNT — / 

ASCII /TRY ACAIN!/ 
. RYTF A 

EVFN 

. FNH 



APPENDIX C 

CIRCUIT DIAGRAM OF THE AUTOMATIC IMPACTOR POWER SUPPLY 

and built toA capacitor discharge DC power supply was designed 

deliver 20 volts DC at 2 amps. The circuit diagram of the power supply 

and its internal components is shown in Fig. C-1. 
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APPENDIX D 

ROSENBROCK HILLCLIMB OPTIMIZATION METHOD 

Weapons Center,The program developed by Yancey and Spear of Naval 
minimum of a multivariable,China Lake, California, finds the maximum or 

constraints:nonlinear function subject to nonlinear inequality 

(D.l)
optimize F(Xi, X2, ■N 

(D.2)k = 1, 2, ..., Msubject to S - ^k - ‘^k 

., if any, are dependent functionsThe implicit variables .. X
m’ 

The upper and• • 9of the explicit independent variables, Xi, X2, . 

are either constants or function of thelower constraints and 

independent variables. 

automatic" method proposed byThe procedure is based on the 

1 7 > 1 8
H. H. Rosenbrock. This method is a sequential search technique 

where the variableswhich has proven effective in solving some problems 

are constrained. The algorithm proceeds until convergence is reached 

is entered, Theor a boundary zone in the vicinity of the constraints 

boundary zones are defined as follows: 

lower zone: • lO""*)G,; 1 Xk 1 (Gk * (Hjc ■ “k’ 

upper zone: \ i i “*k - f"k -

(D.3)k = 1, 2, ..., M 
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the constraintsThe procedure requires a starting point that satisfies 
The algorithm proceeds asand does not lie in the boundary zones. 

follows: 

= 1, 2, N1. A starting point and initial step sizes, S^, i 

are picked and the objective function is evaluated. 
for a2. Define by F° current best objective function value 

currentpoint where the constraints are satisfied, and F* the 
constraintsbest objective function value for a point where the 

are satisfied and in addition the boundary zones are not 

violated. 

F, is3. If the current point objective function evaluation, 

trialworse than F° or if the constraints are violated, the 

IS a failure and the procedure is continued. 

the objective4. If a current point lies within a boundary zone, 

function is modified as follows: 

(D.4)F(new) = F(old) - [f(old) - F*][3A - 4^^ + 2X^] 

where 

distance into the boundary zone 
A 

width of the boundary zone 

lO'** -S ^ - S) • ""k 
— (lower zone)

10'**^»k - ^k) • 

10”**\ - «k ^ - ^k^ • 
(upper zone)

10-‘t("k - • 

theat the inner edge of the boundary zone, A = 0, i.e., 

function is unaltered (F(new) = F(old)). At the constraint. 
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F*. Thus the function value isX = 1, and thus F(new) = 

the feasible
replaced by the best current function value in 

For a function whichand not in a boundary zone,region 

as a constraint is approached, the modified functionimproves 

has an optimum in the boundary zone. 

5. If an improvement in the objective function has been obtained 
F* is

without violating the boundary zones or constraints, 

set equal to F° and the procedure continues. 

6. The first variable Xi is stepped a distance Si parallel to 

If the value of Fthe axis, and the function evaluated, 

is termed success and Si increased byincreased, the move 

If the value of F decreased the movea factor a, a ^ 1.0. 

0 < 3 i 1-0,is termed failure and Si is decreased by a factor 3, 

and the direction of movement reversed. 

7. The next variable, X^, is in turn stepped a distance 
S. 

The same acceleration or decelerationparallel to the axis, 

and reversal procedure is followed for all variables in 

consecutive repetitive sequences until a success (increase 

in F) and failure (decrease in Fj have been encountered in 

all N directions. 

8. The axes are then rotated by the following equations, Each 

rotation of the axes is termed a stage. 

1,3 (D.5) 
1,3 N 1^2 

Z (D«)^ 
l=\ 
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where 

D (k) ^ ^(k) 

j-1 1 

D« = aW . I M, (k+1) . ^(k) . M„(k+l) 
1,1 1,1 n,l n,3 i,l

£=1 n=l 

j = 2, 3, ..., N 

aW = 
£=i
1 • <11,1 

where 

1 = variable index, 1, 2, 3, ..., N 

1 = direction index, 1, 2, 3, ..., N 

k = stage index 

D. . = sum of distances moved in the i direction since 
1,1 

the last rotation of axes 

M. . = normalized direction vector component 
1,1 

new9. Search is made in each of the X directions using the 

coordinate axes: 

vk vk ^ c(k) wCk)new X. = old X. + S> M_: < 
1 1 1 1,1 

10. The search procedure is terminated when the convergence 

criteria is satisfied. 

TheA flow sheet showing the above process is given in Fig. D-1. 

functionprogram consists of a main program and four user supplied 

subprograms (Function F, Function CX, Function CG, and Function CH). 
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I’ick Ikisc I'oiiit X. 

.intl Initial Step Sizes, S.
I 

1 I , 2 , 3 N 
niul l■,\■nlu;lte OI>ieeti\e l■■unetion 

0 1 

Inereinent X. I'roin Best Point I’DintX No 

A nistanee S.
I 

I’nrnl lei to Axi s ■^^•'ens iblt> 
and Pvaluate Abjective I'lnu-tion 

Yes 

NoYes Funetion No In 

Improve- Boundary 
\ment V done , 

Yes 1 Mod i f>' 
v, ^ Funet ion 

JL 

S.(new) = a S.(o1d1 S . ( ikm: ) = -P S . ( o Id1 
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Fig. D-1. Flow chart of the Rosenbrock Impact Location 
technique. 
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function.FUNCTION FCX, DA, N, NPAR) specifies the oijjective 
be constrained,FUNCTION CX(X, DA, N, NPAR, K) specifies function to 

lower bound of constraints.FUNCTION CG(X, DA, N, NPAR, K) specifies 

of constraints.FUNCTION CH(X, DA, N, NPAR, K) specifies upper bound 

The following is a description of the parameters used; 
-1 for 

M Problem controller; +1 for maximization. 

minimization. 

P Number of variables. 

K Point index. 

L Number of variables plus implicit constraints. 

LooPY Maximum number of stages to be calculated. 

PR Print controller Clumber of stages between output). 

ND Storage controller; 1 for storage in DA, 0 for no storage. 

DA General storage vector. 

NDATA Number of data points to be read in DA. 

NPAR Dimension limit in subroutines. 

E Vector of initial step sizes. 

X Vector of initial guesses for independent variables. 

N Dimension limit in subroutines, 

NSTEP Control on step sizes for each rotation; 0 for original 

step sizes, 1 for step sizes from previous rotation, 

DELY Convergence criteria, error in objective function 

(difference between current value and previous stage 

value). 

NI Input logical unit number. 
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NO Output logical unit number. 

Direction vector.V 

be modifiedThe DIMENSION statement in the main program should 

according to the requirements of each particular problem, Ihe parameters 

included in the following DIMENSION statement conforms to the input 

parameter definitions above: 

DIMENSION X(P), ECP), V(P,P), SA(P), D(P), G(L), H(L), AL(L), 

PH(L), A(L,L), B(L,L), BX(L), DA(NDATA), VV(L,L), EINT(P), VM(L) 

PROGRESS,The main program furnishes all printouts of STAGE, 

PROGRESSLATERAL progress, function value and variable values, 

represents the total progress in the direction of maximum change in 

the objective function. LATERAL PROGRESS denotes the change in the 

second most sensitive direction. When the problem has converged or 

the maximum number of iterations has been reached, the final values 

of the independent variables and objective function are printed out, 

number ofplus the final step sizes, direction vector components, 

function evaluations and a graphic representation of convergence process 

after each stage of iteration. 

of thisThe following test problem was chosen for illustration 

optimization process. The calculation and graphics were performed on 

a PDP 11/34 computer. 

Function: 

Minimize F(xo, yo> zo) of Eq. (4.18) 
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Detectors coordinates: 

xi(0.0, 0.0, -120.0)“^ 
-1

X2(-50.675, 87.7725, -64.2493) 

X3(-50.675, -87.7725, -64.2493) 
-1 

X4(101.351, 0.0, -64.2493) 
-1 

Implicit variable: 

P = x^ + 
0 0 0 

Constraints: 

-120.0 < xo ± +120.0 

-120.0 < yo 1 +120.0 

-120.0 < zo < +120.0 

P - 14400.0 < 288 

Starting point: 

Not a factor, it can be started from any point on the 

reactor vessel 

Parameters used: 

PR = 1E(I) = 0.9, I = 1, 3 

M = -1 ND = 0 

P = 3 NDATA = 0 

L = 4 NSTEP = 1 

LooPY = 1000 

RMS response of each detector: 

Ai = 0.417 , Aa = 2.0 , A3 = 1.7 , A4 = 0.21 
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Impact at: 

So(-101.351, 0.0, -64.2493)'^ 

Algorithm results: 

Sj(-96.000, 9.139, -71.450)'^ 

Error: 

E = 12.81 inches 

after eachThe graphical representation of the convergence process 

listing of thestage is shown in Fig. D-2, followed by the fortran 

algorithm. 
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c 

c 

C SOURCE I. aCAT ION PROGRAM USING ROSENIiROCK HILLCLIMB 
c 

C INPUT RF-QUIRMENT: 
C INIT IAL GUESS IN R,THETA, Z 

C 

C 

C MAIN LINE PROGRAM POR ROSENBROC:K HILLCLIMB 
C 

C E. SHAHROKHl AUG-3-1979 
c 

c 

IMPL ICIT REAL.-ts-8(A-H, 0-?) .
G (4 >, H(4 I , AL, (4),nI ME:NSion X ( S ), E < 3), V (3, 3), SA( S>, D(3 >, 

1), W (4, 4), E; INT (3), VM (4)?<PH ( 4 ), A (4, 4), B (4, 4), BX (4 ), UA ( 
COMMON KOLINT 

I «. JJJ, RRRCOMMON /BAT A/XX(4),YY(4), ZZ(4),AA(4) 
1NT EGER^^2 P, PR, R, C 
REALMS I..C 

C 

BEEINE FILE 1(200,34,U,IREC) 
CALL. ASSIGN( 1, -'I.iKO. ROSHIL. DAT', 14, 'NEW'’ ) 

IREO-l 

NI=^7 

NO-7 

C 

RRR-120. 00 

XX ( 1 )-0. 0 

XX (2)—GO. 670 
XX(3)--50. Z,70 
XX(4)-101, 301 

YY < 1 > =0. 0 

YY(2)-S7. 7720 
YY<3>--S7. 7720 
YY(4)-0. 0 

ZZ(1) 120. 0 

Z2(2)=-64. 2493 
ZZ(3)—64. 2493 

ZZ(4)—64. 2493 
WRITECNl, 900) 

900 FORMAT( ' ENTER A1,A2, A3, A4. .. ' . *) 
READ (NO, 901) (AA (^JM), UN- 1,4) 

901 FORMAT(4E10. O) 

C 

WRIT E(1 ' 1REC)(AA(JM),JM-1,4) 
M—1 

P-3 

L.=-4 
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C 

10 

001 

002 

013 

C 

20 

300 

30 

40 

61 

60 

65 
C 
C 

1000 

1 ..OOPY’^-1000 
PR:^1 

Nli-^O 

NllATA:-0 

NSTP.P--=1 

WRnP(Nl,001) 
PfJRMATClH , r-NTPR INH lAL OUPStt (R. THtTA) , i) 

REAM (N1,00'^ > RR. T MET A 
Pf.iRMAT(2P10. 0) 
THE 7 A- ( T HE T A*3. 14157 ) /180. 0 
X( 1 >^-RR^^MCOS( THETA) 
X(2)-RR*MS1N(THETA) 
X (8) ^^-M8«RT (RRR«RRR -X (1) #X (1) -X (2) #X (2) ) 

Ed) ^-0. P 

E(2):=-0. 9 

E (3) :-0. 9 

EORMATdHl,lOX,30HR0SENMR0CK HILLCLIMB PROCEDURE) 

IE(NM- l)30, 20, 30 
MO 300 KA^1,NMATA 
REAM(NI,002)MA(KA) 
CONTINUE 

LAP^-PR-1 

L.OOP-0 

lSW:-0 

INlT^-0 

K0UNT==0 

TERM:-0. 0 

MElY^-l. OE-6 

El^O. 0 

NPAR^^ NMAT A 

N=^L 

MO 40 K -1, L 

AL <K)-(CH(X. MA, N, NPEIR, K)-CO(X, DA, N, NPAR, K) )*0. 0001 

MO *0 1-1,P 

MO *0 ^.I:^1,P 

V d , ..J) :^0. 0 

IE ( I-...1)60, 61,60 
V d , ..J) ^ -1. 0 

(■.:ONT INUE 

MO 65 KK=a, P 
ElNT(KK)-E(KK) 

CONTINUE 

MO 70 ...l^^l,P 
lElNSTEP .Etc 0) E(..U:=E.1N1 (J) 
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SA(...I)-i!. 0 

70 D(J>^^^0. 0 

FBrf.ST=^=Fl 

80 )=-l 

IF (INI) F:Q. 0)00 TO 120 
VO no no i<-i,F' 

no X (K)=X(lO +F(1) (1,K > 
no 00 

50 H(K):-FO 

o 

0 

120 Fl-F (X, OA, N, NF'AR) 

Fn=M*Fl 

IF ( 18W . FO. 0) FO'-^Fl 
ISW-1 

1F (i:iABS (FBF ST -F 1 ) -BFI.-Y) 122. 122, 125 
122 1 P LAGE nFLAGF.+ l 

IFdFT.AGE .LT. 10) GO TO 129 
TERM-1. 0 

GO TO 450 

125 IFLAGF-O 

C 

C 

129 J:-l 

C 

130 XC=CX(X,BA,N,NEAR, J) 

I..O^CG( X, BA, N, NPP)R, ..D 
I..IC:-OH < X, BA, N, NF'P'lR, J) 
1F(XC . LE. I..O)GO TO 420 

IF(XO . GF. l,.IO)GO 10 420 

IF (FI . 1.1. FO)GO TO 420 

1F(X0 . I..T. l.,0+AL.< J) )G0 10 140 

1F(X0 . GT. UO-AL(J))GO TO 140 

H(J)-FO 

GO TO 210 

0 

C 

140 CONIINUF 

C 

BW= AL(J) 

C 

IF (XC . I.E. 1. 0 . OR. UC: I..E. XOGO TO 150 

1F(L(.) . I..T. XO . AND. XO . I..T. I..C+BW)GO TO 180 

IF (UO-BW . I..T. XO . ANB. XC . LT. UOGO TO 170 

FH(J)^a. 0 

GO TO 210 

0 

0 

150 PH(J)-0. 0 

GO TO 190 



155 

160 PW:- (L C+PW-XC ) /HW 
GO TO ISO 

170 PW:-(Xf.:-Oi:;:+Ir;W)/TSW 

ISO 0-3. 0^^•PW+4. (ntPW*PW-i'. 0«-PW*PW»PW 

190 P1:-^H(...I) + (P1-H( J) )-«-PH(J) 
C 

210 f.:ONT 1NI..IP 

1F(...I . PO. L.) 00 10 220 
J-J+1 

00 10 130 

C 

220 INIT: 1 

IP (PI I..1. PO) 00 10 420 
D ( 1 > -M ( 1 > +P ( 1 > 

P < I) ^3. 0^^P < 1 ) 

PO-Pl 

1P(3A(1) OP. 1.0) SA(1) = 1.0 
C 

230 DO 240 ..k.l=^l.P 

1P(SA(J..J) . OP. 0. 0) 00 10 440 

240 CONI INI.IP 

(■; 

C AXES KOI AllON 

c 

DO 200 P^^l.P 
DO 200 C-l-P 

200 W(C, R) ^^^0.0 

DO 260 R=1.P 

KR=-R 

DO 260 C=-1.P 

DO 260 P>KR.P 

260 VV (R. C ) -D (K) «-V (K. t; > +VV (R> C ) 
260 B(R, C) -W(R, C) 

BMA0:-0. 0 

DO 2S0 0-1, P 

DMAO- BMAO-HH ( 1. (;) *B < 1, C ) 
2S0 CONTI NI..IP 

BMACP- DSORT (BMAO > 

BX( 1 )^4riMA0 

DO 310 (>1,P 

310 V (1, C) =^B ( 1, C ) /BMAO 

C 

DO 390 R=^2, P 
C 

1R‘-^R-1 

DO 390 O1,P 

SOMVM-O. 0 

DO 320 KK-1,IR 

S(.IMAV^-0. 0 
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DO S3() 

330 SI..IMAV^-SI.IMAV+VV (K. KJ ) #V (KK, KJ) 
320 SLIMVM-SI.JMAV»V (KK. C ) +SUMVM 
390 H (R, C > ^-W < R, C ) -SUMVM 

MO 340 R^-^2, P 

MBMAOj^O. 0 

MO 300 K^-l.P 

300 MBMAO--MMMAO(-M(R, K) wB(R. K) 
BBMAO =4)St!R 1 ( BBMAtj) 
DO 340 (0^1. P 

340 V (R. C ) '-^B (R. 0 ) /BBMAO 
I..00P--1.00P+1 
LAP=^=I..AP+ 1 

IP (I..AP . PO. PR) GO 10 400 

GO TO 1000 

420 IP (I NIT . PQ. 0) GO 10 400 
C 

MO 430 1X^-1, P 

430 X(IX):-^X(1X)-P(1)*V<1, IX) 
P( I )—0. 0*P(I ) 

1P(SA(1) . LT. 1. 0)SA( I )^-0. 0 

GO 10 230 

C 

440 CONIINUP 

C 

IP ( 1 . PQ. P) GO TO GO 
1 = 1 + 1 

GO TO 90 

C 

400 CONI 1 NOP 

C WRI TPONO. 003) 

003 PORMAl (//. 2X, OHSTAGP., GX. GHPUNCTION, 12X, GHPROGRPSb. yX. 

.?<1GHLATPRAI.. PROGRPGS ) 
C WRnP(NO, 004)L00P, PO. BMAG, BBMAG 
004 PORMAT(IH .10.3P20. G) 
C WRITE<NO.014)K0UN1 

. 18)
014 FORMAT(/.2X.33HNUMBER OP PONClION EVALUATIONS = 
C WRITP(NO.000) 

00?» FORMAT(/.2X.20HVAI.UPS OP X AT THIS STAGE ) 
C PR INI CURRENl VAL.UES OF X 

JM=1.P)C WR1 I E (NO. 006) (. JM. X (.,IM). 
WRITE (1 1 RPC) (I..OOP. X (UM ). .JM= 1. P ) 

006 FORMAT(/. 2X , 3(2HX(. 12. 4H) - . 1PP:14. 6. 3X) ) 
LAP=0 

lEdNIl . PQ. 0) GO 10 470 

IF (TERM . EQ. 1.0)00 TO 4G0 

IP (LOOP . GP. 1..00PY) GO 10 4G0 

GO 10 1000 

C 
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470 WRITE(NO.OOV > 

007 EORhlftK///, 2X. OlHlHfc STARTING POINTS MUST NOT VIOLATE THE 

^CONSTRAINTS. n APPEARS TO HAVE DONE SO. ) 

480 CONTINUE 

490 WRITE(NO.008) 

008 FORMAT (,//./. 2 X. 29HE INAL DIRECTION VECTOR MATRIX) 
DO GOO ...1-1. P 

GOO WR1T E (NO. 009)(..-!. I. V (^.1. 1 ). I -1. P) 
009 FORMAT(/,2X.3(2HV(,12.IH / » 12.4H) . Fll. 8. 3X) ) 

WRIT E (NO. on ) 

Oil FORMAT (/./. 2X. 16HF INAL STEP SIZES ) 
WR 1TE (NO. 012) (..J. Ir! (..I). 1. P) 

012 FORMAT (./ . 2X. 3 (2HS (. 12. 4H) - . 1PE14. 6. 3X ) ) 

C 

STOP 

END 

FUNCTION F(X.DA.N.NPAR) 
C 

1MPLIC1T REAI..^t8 (A-H. 0-Z ) 
DIMENSION X(N).DA(NPAR) 
COMMON KOI..INT 

COMMON /DATA/XX(4).YY(4). Z2(4).AA(4).dJJ.RRR 
El-0. 0 

F2-0. 0 

F3=0. 0 

C 

T2=(X(1)^^XX(2)+X(2)*YY(2)+X(3)*ZZ(2))/(RRR*RRR) 
1F(DADS(T2) . GT. 1. 0) GO TO 1 

1F(DABS(T2) . LT. 0. 01)ARC2-3. 14157/2. O 

1F(DABS(T 2) . GE. 0. 01)ARC2-UAT AN(DSRRT(-T2**2+1)/T2) 
1F(DABS(T2) . GE. 0. 01 .AND. T2 .LT. 0. 0)ARC2-3. 14157+ARC2 
Tl-(X(1)*XX(1)+X(2)*YY(1)+X(3)*ZZ(1))/(RRR*RRR) 
IF(DABS(T1) . GT. 1. 0) GO TO 1 

1F(DABS(T1) .IT. 0. 01 )ARCl=-3. 14157/2. 0 

1F(DABS(T1) . GE. 0. 01)ARC1-DATAN(DSQRT(-T1**2+1)/T1) 
1F(DABS(T1) . GE. 0. 01 , AND. T 1 . LT. 0. 0)ARC 1-3. 14157+ARCl 
T 3-( X (1 ) »XX (3)+X (2)#YY(3)+X (3)^tZ2 (3) )/(RRR*RRR) 
1F(DABS(T3) . GT. 1. 0) GO T O 1 

IF (DABS(13) . I..T. 0. 01)ARC3-3. 14157/2. 0 

IF(DABS(T3) . GE. 0. 01)ARC3-DAT AN(DSQRT(-T3**2+1)/T3) 
1F (DAI^S(T3) . GE. 0. 01 . AND. T3 .I..T. 0. 0)ARC3-3. 14157+AR(;3 
T4-(X(1)#XX(4)+X(2)#YY(4)+X(3)»ZZ(4))/(RRR*RRR) 
1F(DABS(T4) . GT. 1. 0) GO TO 1 

IF(DABS(T4) . LT. 0. 01)ARC4=-3. 141G7/2. 0 
lF(nABS(T4) . GE. O. 01)ARC4-DATAN(DSQRT(-14**2+1)/14) 
IF (DABS(14) . GE. 0. 01 .AND. T4 .LT. 0. 0)ARC4-3. 14157+ARC4 
ARC 1 - ARC 1 * 180. 0/3. 14157 
ARC2-Ar^C2*180. 0/3. 14157 
ARC3-ARC3*180. 0/3. 14157 
ARC4-ARC4*180. 0/3. 1415.7 

https://FORMAT(/,2X.3(2HV(,12.IH
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F l^^ARf; 1 *ARC 1 -ARC2*Y->RC2<!-AA ( 2 ) /AA ( )1 
F 2~ARC 1 *ARC 1 --ARi^SttARC-^Y^AA (3) / AA ( 1 ) 
F 3=AR(.: 1 i!-ARC 1 -ARC4^i■ARC4•»^AA (4 ) /AA (1) 
F “F1 i^F I +F2<f-F2+F 3*F3 
F=r.il..OGK)(F) 
FOUNT :-K0I..IN7 + l 

RFTURN 

1 KOUNT-KOUNT 

F-1. 0F20 

RETURN 
'"‘lEND 

FUNCTION CX ( X. »A. N, NF'AR, K) 
C 

1MPLICIT REAI.-#S (A-H. 0-2 ) 
n 1 MENS ION X (N). LI A (NF'AR) 
1F(K . to. 4) 00 10 1 
CX==X(K> 

C 

RETT..IRN 

1 CX^-X (K-3) «-*2+X (K-2) *«2+X (K-1) 
RETURN 

END 

FUNCTION (;:G( X, DA, N, NEAR. K) 
1MF'I..1C1T REAl.TiG (A-H, 0-7) 
1.11 MENS I ON X (N), ).IA (NEAR) 

C 

1F(K EQ, 4) GO to 1 

CG:^-120. 0 

C 
RETURN 

1 CG:=^1425S. 0 
RETURN 

END 

FUNCT ION CH(X, LiA, N, NEAR. K) 
C 

1MEI.-1C1T REAI..^^8 (A-H, 0-7 > 
D1MENS1ON X(N),UA(NEAR) 

C 

1F(K . EG. 4) GO TO 1 
CH=120. 0 

RETT..IRN 

1 CH=-14G44. 0 

RETUF(N 

C 
END 
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