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ABSTRACT

A theoretical and experimental research program was conducted to
provide basic information and guidelines for a comprehensive loose-parts
monitoring system suitable for industrial use. This work is an attempt
to bring together theoretical work on impact and elastic wave propagation
with the current needs of loose parts characterization in an industrial
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
and techniques developed first on a simple flat plate. The methods
were further improved using the Experimental Gas Cooled Reactor (EGCR)
structure at Oak Ridge National Laboratory (ORNL) as the test bed.

Several impact location techniques were developed and explored
extensively. Their effectiveness and accuracy are demonstrated on the
flat plate and the EGCR pressure vessel.

Furthermore, various impact characterization techniques were
developed utilizing the time dependent RMS and the relative power
spectrum of the impact signals.

The overall performance of the impact location and characterization
methods developed proved both useful and effective under noisefree and

simulated background noise conditions.
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CHAPTER 1

NATURE OF THE PROBLEM AND RELATED BACKGROUND
A. Problem Statement

The occasional presencé of metalic loose parts in primary coolant
system of today's nuclear reactors is a proven reality.! The potential
safety significance of thesé loose parts depends upon the size and
location of the part which is one of the factors in continuous safe

2,3 Thus, the characterization of a loose

operation of the power planf.
part as to its location, probable size, and an estimate of its origin
is valuable information for:continuing safe and economical operation
of a nuclear power plant.

The metal to metal impact causes the initiation of an impact wave
on the surface of the metalic structure. According to the size of the
loose part and force of imﬁact the elastic wave patterns vary in their
amplitude, wave frequency structure, and duration. This dissertation

presents a combination of theoretical insight and practical procedures

for detection of the impact wave pattern and characterization of the loose

part as to its location of impact and force of the impact relative to a

standard.

B.,

Background Information

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

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



wave propagation and basic impact theory are at least one hundred years

old. The pioneers are Hertz," Sokolinikoff,® Love® and many others.
|

These works are basically elaborate mathematical derivation and solution
|

7:85>9510

to various stress and strain equations using a spectrum of input
assumption and propagation ﬁedium simplification. In the past three
decades, as the electronic éra 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
in real world application o? simplified and purely theoretical results.

The complications which an experimenter is faced with in the

|

application of the theoretical solutions and the experimental results

are as follows:

ImEact

The concept of impact;encompasses a wide range of processes as
exemplified by the game of billiards, automobile accidents, the impinging
of tidal waves or air blasis upon structures, and even molecular
collisions. The complicated process of energy transfer under impact
conditions leads to seriods problems in the mathematical analysis.

Models representing the physical system must be idealized to render
them suitable to theoretical treatment, and the postulated dynamic
behaviour of such bodies ﬁust be verified by suitable experiments. As

a consequence, complete solutions have been obtained only for simple

geometrical configurations,’ utilizing the laws of conservation of

mass, conservation of momentum, and mechanical energy balance. Although



many different approaches to 'the same problem have been recorded,® no

general impact theory has been 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
half space assumption to simble geometrical shapes.“’12 The
difficulties imposed by practical problems on the simplified, yet
complicated, solutions of the impact wave propagation are immense.

These problems such as: finite thickness plates, weld discontinuity and
geometrical irregularity fotce the experimenter to abandon purely
theoretical solutions to empirical solutions and experimental correction
factors. The relevant problems of impact characterization associated

with propagation path are: wave attenuation'?® and wave dispersion.l“

Sensor

Probably the most understood part of loose-parts monitoring research
is the sensor used to detect the impact. The most widely used sensor is
an accelerometer'® which ig also used in structural vibration monitoring.
The design of this type sensor was possible after the discovery of
piezoelectric effect and méterial. A piezoelectric material has the
property that if deformed ﬁy external mechanical pressure electric
charges are produced on ité surface. This effect was discovered in
1880. The reverse phenomenon, according to which such a material, if
placed between two electrodes, changes its form if an electric potential

is applied, was discovered soon afterwards (1881). Piezoelectric




material either synthetic or(natural crystal is used as the sensing
element of the accelerometer%. When an accelerometer is attached to a
structure, the charge producbd by the piezoelectric elément is proportional
to the surface movement of tbe structure.

C. Objectiv% and Organization of This Work

There are two objectivés 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
vessel of the Experimental Cas Cooled Reactor (EGCR) located at Oak
Ridge National Laboratory (ORNL).

The secondary objectivé of this work is to extend the use of normal
noise analysis techniques t6 transient signal analysis. The adapted
methods are Root Mean Square (RMS) calculation and Power Spectrum
calculation. The normal ndise 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, wiﬁdowing, block averaging, frequency smoothing
and digital RMS calculatioﬁ are reviewed and new ground rules are
presented. ‘

The text of this diss%rtation is organized as follows: Chapter II
is dedicafed to theoreticai formulation of the simplified impacting

process and the accelerometer. The two dimensional impact wave

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

further experimental develophent of loose parts monitoring using the
The final

more realistic environment of the EGCR pressure vessel.

chapter contains the overall conclusions and recommendations for future

work.



'~ CHAPTER II

MATHEMATICAL FORMULATION OF AN IMPACT

AND THE SENSING DEVICE

"A. Introduction

The purpose of this chapter is to formulate the essential parameters
in impact generation, propagation and detection processes relevant to
loose parts monitoring. Thp process of impact between two bodies is a
complicated matter to mathematically formulate. Essentially the two
bodies under the process of impact will experience two states:
deformation and restitutioﬁ. If the restitution equates the deformation
no permanent deformation h;s occurred. If during the impact the dynamic
yield stress of a given body is reached and surpassed permanent

‘
deformation on the surface:of that body has occurred and part of the
kinetic energy has gone to deform the surface. Obeying the laws of
continum mechanics severalftypes of waves are started at the point of
impact. The surface wave or otherwise known as the impact wave travels
on the surface of the structure and can reach long distances before
attenuation diminishes the amplitude of the impact wave. The detection
process is performed using an accelerometer which is sensitive to
surface acceleration. Al#hough no exact formulation for the above
processes exists on a reaiistic structure (pressure vessel) it is
attempted to give idealized formulation in the following sections of

this chapter for a better understanding of impact generation, propagation

and detection.



B. Impact Considerations

Consider a solid body in a given phase space, under the action of
|

forces denoted by the Newton's Law
|

dv
ZF—ma"E
d dG
= HE-(mv ol ry (2.1)

where G is the linear momentum of the system. The general cartesian
coordinate system is illustrated in Fig. 1. The mass m is time invariant
and the coordinate system is fixed. The Eq. 2.1 can be integrated to

yield,

t2
[ (ZF)dt
t

1

G(t2) - G(ty)

AG | (2.2)

In addition to relations for linear momentum, an analogous set of

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

IM = r x IF

= dv
_erdt

d — —
= 5E'(r X mv)

_ dH
=3t (2.3)




Y

Fig. 1. General 3-dimensional coordinate system.




Hence, using

H=mdet | i J k

_
ZM - dt

and
to

(ZM)dt = H(tz) - H(t1)

t = AH

where
H(tz) = T(t2) X m V(tz)
H(ty) = T(t1) X m v(t))

(2.4)

(2.5)

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

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

AG

[}
o

AH

il
o

(2.6)

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

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

The general impulse momentum relation is applicable to all bodies.

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.
Consider particles M; and M, with velocities vi, v2 as illustrated

|
in Fig. 1. By conservation.of linear momentum

MiVig + M2Vao = MlVlf + MzV2f

MV, + MaVy, (2.7)

N

Physically the momentum eqqations state that initially the bodies have
velocities Vig, V2o. After contact the force builds as in Fig. 2.
This phase terminates when the bodies have a common velocity (VN).
Subsequently a restitution phase take over until the process ends.

A commonly used paraméter in this type of analysis is the

coefficient of restitution,e. By definition

e = — (2.8)

where F is the contact force between bodies and ta is the time at which
the restitution phase begins in Fig. 2. Based on momentum, an

equivalent definition is .

o = Vag = VN
VN - Voo
T
TV, - Vi
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_ Relative velocity of separation (2.9)
Relative velocity df approach ’

An elastic impact is defined by e = 1 and a plastic impact has an e = 0.
Using the previous definitions the major results of interest can
be classified as:

1. Residual velocities

_ 5 M2Vig - MaVag
Vig = Vio - L+ &) =y,
_ _ MiVig - MiVag
Ve = Vao - (1 + 9) TR (2.10)
2. Kinetic energy
The loss of kinetic energy in the system is given by
1 { MiM2 2 2
AK = §'<ET—;-M;> (1 - e“)(Vio - V20)
1 2 ‘
= E—M* V* (2.11)
where
- M
M* = T+3
! 1
V* = (1 - e2)? (V1o - V20), and
|
¢ is the mass ratio M1/Mz.
2. Impulse quantity.
The total impulse delivered to either body 1 or 2 is the
change in the mohentum
MM
AG = (1 + e) o——2— (Vio - V20) (2.12)

M; + M2
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Consider a one-dimensiohal impact problem described above and a

target of mass MT (reactor ﬁessel) and a loose part of mass ML' Given

the initial velocity of the:vessel to be zero. The residual loose part

and vessel velocities VL’ VT are given by

My - eMp

g e—Y
L ML + MT 0]

=
1

ML
= (1 + e)lg——|V; (2.13)
ool

The total impulse transferred to the vessel is given by

6= 153 MY
1 +e
= T+ ¢ CINIT (2.14)
where
¢ = M /M,
Vy = loose part velocity before impact
GINIT = loose part potential impulse

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

_ 1 2
Ep = 3 MpVp

_ 1+ e\?
= Bt [¢<1 > ¢> ] (2.15)
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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
Q(x + 8x, y + 8y, z + 8z) change by amounts (u + Su, v + &v, w + 6w)
respectively, Fig. 3. The Hisplacement components of Q can be expressed
in terms of those of P by a Taylor expansion, and if only the first
order terms are accepted corresponding to sufficient small values of

8x, S8y, 8z it follows that

_ du u | | ou
Su = X ox + 3y 6¥ * 5 8z
- 8—‘{- L] a—‘/— * BV L]
v = X Sx + 3y Sy + 2 Sz
— .a—w L aw L] ‘ aw L]
Sw = N §x + 3y Sy + Nz 6z (2.16)
or in operator notation
Su u Ox
v | =V« | v ‘Gy
Sw W 8z (2.17)

Thus, if the above dﬁfferential displacements are known (9Ju/9x,
|

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

P. For convenience, we will introduce the following quantities



Y

Fig. 3.
under strain.

Q'(x+sx+u+‘u,efc_)

1 P(x +u,etc.)

4
/Q(x+$x,etc.)

P(xy,z)

Displacement of two points P,Q in an elastic medium



_ du ov - ow

xx  8x ’ “yy 3y ®22 T Bz

(2.18)

(o]
I
(¢)
1
1

where e , e , e represent simple extention parallel to x, Yy, and z
xx’ Tyy zZZ

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

the shear components of the strain tensor.

e e e
XX Xy Xz
e = e e e
yx yy yz
®2x ezy 2z ‘ (2.19)

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

8, ~ tan 6, = %% D ey, - 2 (81 + 82)

0, = tan 02 —g‘lzl' : Q. = % (61 - 62) (2.20)

Same relations are true for the shear and rotation components in

xy and xz plane. Then, réarranging Eq. 2.16 we may write
|
du = (Qyéz - Qzéy) + (exxﬁk + exyéy + exzdz)

Sv

Q6 -Q6)+ (e 8. +e 8 +e 68)
z X xz’ | U YyX X yy'y Yz 2

W= (08 -08)+ (e & +e § +e §) (2.21)
Xy y X ZX X zy y 2Z 2



Fig. 4.

-
Y

Shear and rotation in YZ plane.



or in the operator notation,

6u 0 —QZ Qy Gx Gx

§ = ({8 0 -8 § + | e §

v z X Yy Yy

§ -2 Q.0 ) 8 (2.22)
w y X Z z

The terms in the first bracket in Eqs. 2.21 and 2.22 correspond to a
pure rotation of a volume element (as a rigid body), and when these are
all zero the deformation is irrotational and is described as pure
strain.

The stresses exerted on an elementary cube of material with its
edges along the x, y and z axes (Fig. 5) can be specified in terms of

the normal stresses T, T, T _ and the shearing components T
xx’> Tyy’ “zz X

s

y

T, T

yz zx*

In the generalized form of the Hooke's Law it is assumed that
provided the load does not exceed a given value, known as the elastic
limit, each of the six components of stress is a linear function of
all component of strain. In an isotropic medium the number of elastic
constants reduces to the two independent Lamé constants A and u. The

stress-strain relations may then be written®

- ou . _ -
Tx = AD + 2p T sz = Tyz = Zueyz
T =x+20 5 T, =T, = 2ue
Yy dy * "Xz zZX Xz
T =a+20 ¥ 5 T =T _ = 2ye (2.23)
zZ sz °’ Xy yX Xy ’



Fig. 5. Stress in an elastic medium.
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where the dilatation 0 = e + e + e . The relations between the
XX yy 72

Lamé constants A and u and the more familiar Young's modules E, Poisson's

ratio 0, and the elastic compression modulus K, are readily shown to be

E = U(SA + 2“2 . )\ = E
A+ ? 1+ 9 - 20)
5o . E
200w T zar o)
K=2x+22% i u=G

3

The rigidity modulus G is identical to Lamé constant \.

The equations of motion are given by the set of equations.6

32 _
Pagr V) =V T (2.25)
where
u T T T
XX Xy Xz
V=|v ; T = T T T
yx yy yz
% T T T
ZX zy z7

Making use of the elastic relationships in Eq. (2.23) for the
stress components in Eq. (2.25), we have (see Appendix A for complete

derivation)

l 2
0 mrz = (A +u) V8 + uvov (2.26)

The above are the basic equations of motion of an isotropic

elastic solid and may be shown to correspond to propagation of two
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types of waves through the medium. Elimination of terms involving shear
strains (such as du/dy, etc.) from Eq. (2.26) leads to wave equation
for a dilatational (or irrotational or compressional) wave. See

Appendix A for details of derivation.

2
0
033 = O+ 2) V26 (2.27)
This indicates that compressional wave is propagated through the medium
with a velocity

o 2w)? [+ aws]?
&= [ ) ] [ o ] (2.28)

On the other hand, if 6 is eliminated from Eq. (2.26) we obtain

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

also presented in Appendix A.

BZQX
Poez = uVZQX
329y
_ 2
Ty I KV Qy
320
VA

- 2
D'ra'?ﬁ—— nv QZ (2.29)

In addition, if we impose the further restriction that 8 = 0, we obtain
the wave equations for transverse or shear waves
52

P 3z = WWu
52v

[+

P 5z © quv
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3%w

AW L p2
P oz = WV (2.30)

Waves of this type are propagated with a velocity

c. = HNp (2.31)

Any plane wave propagated through an isotropic elastic medium must
travel with one of the velocities Cq OT €y and it is important
to realize that both types can be propagated in a solid, but note that
for an ideal fluid u = 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, Cg» is less than the transverse wave velocity, Cy- 1f
the Poisson's relation A = u (0 = 1/4) holds, then cg = 0.9194 Cy- The
associated displacements are in directions normal and parallel to the
surface, the latter component being parallel to the direction of
propagation.

We have shown that the wave equation for a compressional or a

transverse wave is of the form

3%¢e 3%e . 3% . d%e
5z = ¢ Ve =cf <8x2 Pyt 322> (2.32)

1
where € stands for 6, 2, or u, and c = Cq = [(A + 211/9)]/i for 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

3% 3%¢
e 2 e (2.33)

The steady-state solution of this equation for the case where € is

simple harmonic is then

= g¢ exp(jwt)exp(-jwx/c)

m
I

€o exp[jw(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 o 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 can simply be described by a mass
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

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

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

The basic equation of motion of the mass M is given by

d?%x, dx;  dx2 -
-M T + C(ét - 4t + K(x, X)) =0 (2.35)

The displacement of M with respect to accelerometer housing is

given by
X = X1 - X2 (2.36)
and, therefore, Eq. (2.35) becomes

d2x dx

d2
T Otk =M X2 (2.37)

M dt2

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

constant coefficients leads to

2
%E§-+ 28w %%-+ w?x = -a(t) (2.38)
where
w = vYK/M , circular natural frequency
£ = C/2 V1/MK , ratio of actual to critical damping
a(t) = d®x,/dt? , time dependent acceleration input to the

system
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Fig. 6. A simplified accelerometer design.
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The relation (2.38) is the governing equation for an accelerometer
system with a(t) being the impact acceleration at the sensor location.
The sensitive element of an accelerometer (K in Fig. 6) is a

piezoelectric crystal which is in effect a capacitor, that produces a
charge, q, across its plate proportional to a force applied to the
crystal. The actual circuit diagram of an accelerometer is shown in
Fig. 7. The internal resistance and inductance can be ignored when
considering the general performance of an accelerometer. The output
voltage of the accelerometer is equal to the generated charge by the
piezoelectric element divided by the transducer capacitance. A
piezoelectric transducer can be used in either voltage or charge
sensitive mode. The simplified equivalent circuit for both modes 1is
shown in Fig. 8. The shunt resistance is usually the input resistance
of an associated amplifier and the external capacitance Ct is the
capacitance of the cable. Since the charge generated by the transducer
does not change as the cable capacitance changes (Ct’ long and short
cables), the charge sensitivity of the accelerometer system remains
unaffected. This characteristic explains the practical advantage of
a charge sensitive electréonics 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).
When using a voltage amplification system the factory voltage sensitivity
will change according to the type and length of cable used from the
transducer to the amplifier. The following two equations give the new

voltage sensitivity of the system.
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Fig. 7. Circuit diagram of a piezoelectric accelerometer.
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Fig. 8. Equivalent circuits for piezoelectric
transducer system.



28

+ C

C
_ p cal
- Ecal Cp + Ct (2.39)

where
E = new sensitivity being determined, mV/g
Q = factory supplied charge sensitivity, pe/g
Cp = transducer internal capacitance, pF
Ct = total capacitance external to the transducer, pF
Ccal = external capacitance used when calibrated at factory, pF
Ecal = factory supplied voltage sensitivity, mV/g

E. Remarks

The theoretical work indicates that the process of contact between
two bodies results in the generation of impact wave (surface wave) which
is detected by the accelerometer. The magnitude of the surface wave is
related to the momentum of the loose part through the coefficient
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

In this chapter, there are three primary objectives. The first
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
techniques. The final objective is to explore the impact signal in
time and frequency domain and obtain a correlation between the signal
characteristic and the impact characteristic. In particular the angle
between the missile and the target is of particular interest. The
relation between the impact angle and the signal characteristic will

be investigated, holding the missile impact energy constant.
B. Experimental Facility

The two dimensional impact experiments were conducted in the
laboratory on two types of structures. The first was a steel machinist
surface plate (44 x 64 x 2 cm), and the second was an aluminum slab
(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
aluminum slab was used in impact location and characterization studies.
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
Fig. 10. The aluminum slab was positioned on a set of U channels for

ground isolation.

Table 1. Accelerometer mounts tested

Mount
Designation Description

0 "Reference'"; 10-32 threaded stud torqued to 1.92 J
Angle hole stud mismount; hole axis ~10° off perpendicular
to surface

2 Short (bottomed) hole stud mismount; hole 0.8 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 V333 N.

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

7 Direct pressure mount, with and without silicone grease
couplant

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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C. Electronic and Data Acquisition System

The electronics and data acquisition system used consists of
Endevco Model 2236 accelerometers (charge sensitivity "66.0 PC/g's),
Endevco Model 2735 charge amplifiers, Endevco Model 2731 remote charge
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
and voltage) were used, no difference was noticed, since the distance
between the acceleromotor 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 DR11-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
some physical limitations or misinstallation, divergence from the
reference (stud mount) installation might occur. The effect of various
mounting techniques and mismounting are investigated here. Table 2
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
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Table 2. List of various impact tests on the steel plate

Impacta Acce}. Mount‘ e 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

6 2 1

7 3 0 Reference for impact 6

8 13 0 Reference for impact 9

9 15 2

10 7 1

11 9 2

12 {gezzgez 4 Reference was provided by impact 16

13 {between 5 First orientation

2 and 4
14 {between 5 Second orientation
2 and 4

s

16 4 0 For testing symmetry assumption;

17 6 0 also reference for impacts 12-15

18 4 7 5.9 kg (13 1bf) deadweight and
grease couplant

19 4 7 11.8 kg (26 1bf) deadweight and
silicone grease couplant

20 4 7 5.9 kg (13 1bf) deadweight;
no couplant

21 4 7 11.8 kg (26 1bf) deadweight;
no couplant

22 4 8 Reference was provided by impact 16

Ysteel ball diameter, 0.793 cm; mass, 2.04 g; and drop height,
73.66 cm. Impact energy, 1.47 x 10 2.J (0.011 1bf); momentum,
7.75 x 1073 N-s; and impact point, geometric center of plate.

bsee Fig. 9, page 31. °See Table 1, page 30.
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an impact enmergy of 1.47E2 joules. The resultant surface accelerations,
with no band pass restriction other than that imposed by the sensor and
the amplifier, were digitized (at 2 mHz for time comparison and 100 kHz
for frequency comparison) and stored into a single data block of 2048
points per impact.

Figure 12 shows several surface accelerations in nanocoulomb (charge
amplification system used) units? vs time after impact for selected
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
when presented in a normalized form, namely, as a ratio of the
acceleration spectrum from the mount under test to that from the
reference mount at the same relative position on the plate. Deviations
from the "reference" response are thus readily apparent in the figures
as departures from the dashed horizontal line at an ordinate value of
unity. The time- and frequency-domain data contain the same information,
but the signal distortions introduced by the various mounts are often
more clearly perceived in one form or the other. For example, the
time-domain plots show the initial wave passage and the time-varying

amplitude of the signal particularly well, whereas the normalized

The traces of Fig. 12 cannot be converted to '"g'" (9.80 m/sz) units
through the accelerometer's specified charge sensitivity of 66 pC/g,
because that figure is applicable only to the accelerometer's ''linear"
frequency range, namely, 2 Hz-8 KHz for the model 2236. The signals
of Fig. 12 are wideband.
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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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frequency spectra show the transfer function (filtration) characteristics
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 major axis of the plate (impacts 16 and 17), and the surface
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
between bounds of about 0.1 and 10 (Fig. 14), with a mean value of
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 "v10° off perpendicular. This type of mismount can be
anticipated in plant backfit situations where the mounting location of
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 ~2) 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
accelerometer does not make proper contact with the surface to which
it is affixed, can also be expected to occur where accessibility to
the mounting location is limited. As in the angle hole case, the time-
domain signal amplitude is attenuated a factor of somewhat more than 2
(Fig. 12) and a frequency-domain distortion also occurs (Fig. 16), in
this case a pronounced low-frequency enhancement in the narrow band of

n7 to 12 kHz.

Stud Torquing Mismount

The recommended mounting torque for the model 2236 accelerometer
is 1.92 J (17 in.-1bf). We performed several tests in which the
accelerometer torque was varied from 1.13 to 3.39 J (10 to 30 in.-1bf)
and concluded that over-torquing does not appreciably change the time
or frequency characteristics of the surface acceleration sensed, whereas
under-torquing (<15 in.-1bf for this accelerometer) is accompanied by a
significant signal amplitude loss (Fig. 12d), a marked low-frequency
enhancement (Fig. 17), and suppression of the accelerometer's resonant

behavior in the 23-27 kHz region.

Cylindrical Magnetic Mount

In reactor installations where direct threaded stud mounting to
the component of interest is not practical, it has been industry
practice to stud mount the accelerometer on a magnet which, in turn,

attaches itself to the reactor component (if it is a ferrous material).
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The data from tests of a cylindrical magnet having a holding force of
111 N (25 1bf) show, relative to the reference mount, a loss of signal
amplitude (Fig. 12) and a general suppression of the higher-frequency

surface accelerations (Fig. 18).

U-Shaped Channel Magnetic Mount

We also tested a U-shaped channel magnet, with the accelerometer

bolted to the magnet. The magnet had a holding force of V333 N (75 1bf).

Two orientations of the magnet relative to the direction of the wave
propagation were examined. The relative magnitudes of the time signals
appeared to be similar (Figs. 12f and 12g), but the initial wave passage
signal and the frequency content were different for the two orientations
(Figs. 19 and 20). Although perhaps not so corruptive as some of the
other mountings tested, the U-shaped channel magnet cannot be viewed as
providing a faithful acoustic coupling between the structure and the

accelerometer.

Eight-Pole Magnet

An accelerometer bolted to an eight-pole magnet (333 N holding
force) produced time-domain amplitude characteristics similar to those
for the other magnets (Fig. 12h), but the initial wave formation and
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

Direct pressure mounting of the accelerometer (often accomplished
at reactors with taut steel bands or clamps) was also examined
(Figs. 12i-12%; 22-25). Since the accelerometer case is not designed
to transmit the large forces that would be required to achieve good
acoustic coupling between two dry surfaces, the use of a liquid or gel
couplant between the accelerometer face and the mounting surface is
almost a necessity in this type mounting. Its presence results in
signal amplitude and frequency transfer characteristics that closely
approach the reference threaded stud mount (Figs. 12j and 12k, 23, and
24). Two pressures, V2.11 and "4.22 kg/cm? (30 and 60 1bf/in.?), were
applied by placing a deadweight atop the accelerometer, but the resulting
variations in the transfer characteristics were judged to be insignifi-
cant, so long as the couplant was present. Without the couplant, however,
signal distortion was appreciable, particularly for the lower pressure

case (Figs. 12 and 25).

Insulated Stud Mount

Electrically insulated, threaded studs are often used in loose-part
detection systems to avoid ground loops. Our tests showed that the
distortions introduced by a commercial insulated stud were not pronounced

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

Remarks
Any obstruction (in the form of an indirect mount) interposed

between the structural surface waves and the sensing surface of the
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accelerometer acts as a mechanical filter and thus, to some extent, it
can be expected to modify the electrical signal produced by the
transducer. Depending upon the application, this modification may or
may not be important. If the frequency-dependent transfer function of
the mount is constant with time and independent of the magnitude of the
acoustic wave being sensed, the distortions introduced by the mount can
be removed, if desired, by well-known signal processing methods.
Alternatively, measurement of the mount's signal transfer function can
serve to quality assure the accelerometer installation.

For all mismountings tested, perhaps the most notable effects were
(1) a significant loss (v2) in peak waveform amplitude, and (2) a
selective loss of the higher signal frequencies, often accompanied by
an accentuation of certain lower frequency bands. From the standpoint
of loose-part detection, the first effect is probably the more important
since, for a simple threshold discriminator logic system, mismounting
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
to wideband loose-part detection systems; narrowband systems would
conceivably be affected to a lesser degree, depending on the frequency
bands selected, and would require analysis on an individual case basis.

Since acoustic couplants can obviously greatly reduce the
distortions and signal losses accompanying accelerometer mismounting,
the practicality of their use in the high-temperature and high-radiation
environments encountered in loose-part detection applications might be

worthy of further study.
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E. Impact Location

The location of an impact is one of the parameters of interest in
loose parts monitoring. The general formulation for impact location on

a flat surface in two dimensional cartesian coordinate system is given

by

[ = %)%+ @y - ¥)%1% - [lx = %)% + (v - y®)7 = £(AL) 5

(3.1)

where

il

(x,y) = coordinate of the impact point

(xi,yi), (xj,yj) coordinate of accelerometer i and j

f(AL). . a function relating AL to a signal parameter
1)

(AL)ij difference in distance between i and j

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

approximated. The exact formulation is given by

- *
f(AL)ij Atij v (3.2)
where
V = impact wave velocity
Atij = time arrival difference from j to i

The velocity of impact wave propagation is either known or can be
measured and the time difference of the wave arrival can be measured

from the time signal. Now, Eq. (3.2) is substituted into (3.1) which
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represents the equation of a hyperbole. The impact is located at the
intersection of three hyperbolies obtained from the time of arrival
difference of three accelerometer signals.

The above impact location method was tested on the steel and the
aluminum plate. The impact wave velocity was measured using known
impact positions and accelerometer locations, and the time of arrival
differences was measured from accelerometers time domain signal at the
first major zero crossing.a The impact wave propagation velocity on
the steel was measured at 4213.1 meters/sec (cd = 5900 m/s, c, = 3080 m/s)
and for the aluminum plate at 6093.4 meters/sec (cd = 6320 m/s, 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
program was written and used to plot and solve for the three simultaneous
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
computer plot of the hyperbolas are given in Fig. 27. In some cases
there might arise an ambiguity of the solution (the three hyperbolas
intersect in two places on the plane of interest). This can be resolved
using the sign of one or more At's (i.e., if At;2 > 0 then t> - t; > 0
which indicates impact is closer to accelerometer number 1 and vice
versa if At,2 < 0 the impact is closer to accelerometer number 2). The
error in the impact location is systematic and is caused by the

digitization rate and is given by

20ther 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
Hsec Msec Hsec om
X-Ccm y-cm Ati12 Atzs Atis X-Ch y-cm Error
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
30.0 35.0 64.5 -4.0 60.5 30.4 34.7 0.50
40.0 15.0 60.5 1.5 62.0 39.85 14.91 0.17
25.0 40.0 36.5 -2.0 34.5 25.17 40.25 0.30
20.0 50.0 -5.5 -10.0 -15.5 19.92 49.7 0.31
Acc #1 at location #3  x = 28.76¢5" y = 34.98°"
Acc #2 at location #13 x = 5.07°'2m y = 48.6422
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
Hsec Msec Hsec
X-cm y-cm Aty Atog Atys X-cm y-cm Error ™
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
Acc #1 at location #1  x = 39.37" y = 39.37°"
Acc #2 at location #2  x = 82.55°% y = 39.37°"
| Acc #3 at location #3 x = 82.55" y = 82.55"

| Measured impact wave velocity = 6093.4 m/sec
|
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Error = * ZE-X velocity (3.3)

where

SR = the sampling rate

For the above cases, a sampling rate of 2 mHz was used so the error for
the steel plate is #0.421 cm and for the aluminum plate the error is
$0.609 cm.

The approximation method for impact location is given by

>
n

Ao/Li (3.4)

>
1]

Ao/Lj (3.5)

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

Ar/A2 = L2/1y

Az2/A3 = L3/L2

As/Ay = Ly/Ls ; Au/A1 = L1/Ly (3.6)
where

Ly = V(x - x1)* + (y - y1)?

Ly = y{x - x2)% + (y - y2)?
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Ly = /(x - x3)2 + (y - y3)?
Ly = /(x - x4)2 + (y - yu)?

Equations (3.6) can be solved for the coordinate of the impact
(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
indicates multisolution of Eq. (3.6), which turns out to be a set of
quadratic equations. The true solution (location of the impact) is the
x and y coordinates associated with the highest peak of the convergence

surface shown in Fig. 28.
F. Impact Characterization

The purpose of impact characterization is to observe the transient
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
force and the signal amplitude or signal RMS, relation between similar
impacts on opposite sides of a structure, and the general frequency
characteristic of a transient impact signal.

As the first step toward impact characterization the relation
between the sensor response as a function of vertical or azimuthal
angle of impact with the plane of the target was studied. The aluminum
plate was used in these tests and the vertical angle of impact was
varied by 1ifting the plate via a chain hoist. The azimuthal angle was

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

Impact Impact
coordinates Peak RMS (volts) location Error

X-cm Y-cm RMS, RMS» RMS3 RMS, 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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Fig. 28. A typical impact location plot using
attenuation model.
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missile was a small (0.8727 cm in diameter, 2.7135 gram) steel ball
magnetically released from a constant distance of 73.66 cm from the
release point to the impact point. Several accelerometer response
functions were used to determine the relative merits of each. Table 6

lists the various response measures used.

Table 6. List of response measures

Function Notes
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

Figure 29a,b,c, and d shows various measurements listed in Table 6
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
sensor and the targets with respect to the edge of the plate shown in
Fig. 30 is the cause of the skewness of low frequency RMS which is not
apparent in the other response functions. The functional dependence

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

graph was plotted using all the response functions in Table 6,
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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.
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Fig. 30. Target-sensor arrangement for
the angle of impact study.
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Normalized average response as a function of tilt angle.
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normalizing each to the corresponding response at the zero angle of tilt

according to the following formula.

_ 1 4 ri(e)
R(6) = 1(8) = 2 09 (3.7)
i=1 71
where
ri(e) = functions in Table 6 (i = 1 to 4)

8

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
responses were plotted vs drop height, Fig. 32(a,b,c,d). This
indicated that all the responses were a linear function of drop height
(or impact momentum), although all the impacts made some surface

deformation. Further examination of the relationship between the impact

energy and response was conducted using an assortment of steel balls
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




63

‘SId pueq 9pTM (P)

‘g Aousnboxy mol (o) ‘epnatidwe ead (q) ‘SWy [eATIx® 3SIT] (B)

-A8xsuo 3ovdWT JO UOTIOUNYI B SB 95UOdSSI IDIQWOIBTSIDY

(P)

0oL

0z

wo Yyblay
001 o8 09 oy (24 0
T T L{ L] ] — 1 v L L)
X .
x X X
X
X
x X
X -
cx XX
x x X
-
wo-4ybray
08 09 oy (14 0
] Ll T T Ll — 1) Ll T T
X
x —
x
< X
x X
X 4
x X X
x X
x X X

SI|OA-SW¥ PUPE 2PIM

"zs 814
(2)
w) - 44612 H
ool 08 09 oy (024 0
T L] 1 4 L — L L] ¥ 1
—
. o
£
-
X ®
X = .
X X z0 ob
x X o
X
xx % W
x J
<
o
X =
X
x .lﬂo.os
(o)
wH-1ybiay
0ol 08 09 oy [oX4 0
_\ T T T — Y T T T
-
I
ow
4
x %
x .
x X g
x X o1 —
X o
X Z
x XX 7
b <
x X X o
bre
-10Z




“STT®BQ 1993S 3O 3ULWAIOSSE Ue J0F ASIoue 1dedUT Snsaea opnitrdue Yesad °¢¢ ‘314

(‘w>-wpib) yopdw 4y ABiau3 |pjo)

006G oSy ooV 0S¢ 00¢€ 0sZ 002 oGl ool 0S
[ T | T ] T _ T _ T

64

SL97°|

L7480 @

0¢64°0m
wo-J3jpwnI(

o¢

00l

S”OA-)‘DOd




65

energy which is related to the elastic (linear portion) and the inelastic
(nonlinear portion) nature of the contact between the steel ball and the
aluminum plate.

The impact-sensor arrangement on the opposing side of the aluminum
plate indicated that the results are identical to that of impact and
the sensor on the same side of the plate both in the frequency and the
amplitude characteristics. The noticeable difference was the 180° phase
shift between the signals.

Further analyses were performed on the impact signals in the
frequency domain. The power spectruma of the transient impact signals
as a function of frequency were used to represent frequency characteris-
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
as the impact momentum increases is shown in Fig. 35(a,b). The change
in power level is very noticeable at several frequencies around the
resonance frequency of the accelerometer (17, 20, 22, 25, 30 kHz). The
change in the power spectrum is further illustrated in Figs. 36, 37 and
38 where the change in power level at two frequencies of interest
(22 kHz and 25 kHz) and the integral over the 50 kHz band wide of the
relative power spectrum is plotted against the drop height (or the impact
momentum). In order to have the ability to compare results each quantity
was normalized to their corresponding value in the reference impact

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

power spectrum is obtained from the magnitude square of the
complex fourier coefficients.
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Fig. 36. Normalized relative power spectrum as a
function of drop height at 22 kHz.
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frequency dependent quantities as the function of increasing impact
momentum. This is in agreement with findings of the previous section.
The above frequency analysis method along with the various response
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 1V

THREE DIMENSIONAL IMPACT WAVE PROPAGATION EXPERIMENT

EGCR PRESSURE VESSEL STUDIES
A. Introduction

The methods of impact location and characterization described in
the previous chapter are put to test in a more realistic environment
in this chapter. The purpose here is to identify the usefulness and
the shortcomings of the various time and frequency domain techniques on
a structure similar to a commercial power reactor. The Experimental
Gas Cooled Reactor was chosen for this purpose, because of availability
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
monitoring electronic is presented first followed by the results of
various methods for impact location and impact characterization in

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.
The carbon steel pressure vessel of the reactor has a 6.5 centimeter
thick cylinder wall with the top and the bottom head section 11.0

centimeters thick. The composite of the reactor vessel with the

72
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internal assembly section is shown in Fig. 39. The obstructions and
the discontinuities on the pressure vessel consists of fuel loading
ports on the bottom head, four instrumentation outlet bundles, two gas
coolant inlet pipes on the lower half of the vessel and two gas outlet
pipes and four instrumentation outlet bundles on the top half of the
vessel. The top head of the reactor vessel is provided with control
rod penetration ports. The reactor vessel has 15.0 cm (6.0 in.)
asbestos thermal insulation which is held against the vessel via wire
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
lower head of the vessel for the purpose of the direct accelerometer
attachment which is shown in Fig. 40. Access to the inside of the vessel
is possible through two manholes on the inlet coolant pipes. The
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
for the EGCR experiment. Two types of accelerometer attachment were
used. The first type was the direct stud mount to the bottom head of
the pressure vessel where three 10-32 by 1/4 in. deep stud taps were
drilled into the vessel wall 120° apart. Others were stud mounted on
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
head of the pressure vessel. Approximate location of the accelerometers
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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Fig. 39. The composite of the EGCR reactor vessel
with the internal assembly.
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EGCR pressure vessel and the removed

Fig. 40.
asbestos insulation.




76

Table 7. List of bottom head nozzle

Quantity ID (cm) Service
12 (a,b,c,f,j,k,o,r,v,w,x,y)a 42.8625 Fuel charge nozzles
9 (g,h,i,1,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

%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.

Three types of impact were used for the purpose of location and
characterization: (a) ball bearing impact, (b) stud tap, (c) solenoid

discharge action.

Ball Bearing Impact

This type of impact although not reproducible in magnitude, had
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
vessel (Fig. 40) were impacted upon with a steel bar. This introduced

distinct impact frequencies in the pressure vessel.
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Fig. 42. Horizontal view of the accelerometer
locations 1 through 9 on the EGCR pressure vessel.
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Solenoid Discharge Action

The need for an automatic and reproducible impactor proved essential
for this type of exploratory studies. Therefore, a commercially
available solenoid impactora was provided by TECb (see Fig. 43). A
capacitor discharge power supply was then designedc to provide DC
voltage ranging from O to 30 volts at 2 amperes. The circuit diagram

for this power supply is given in Appendix C.
C. Impact Location Methods

In this section several impact location methods are tested. A
description of each method is presented first followed by the actual
test results on the EGCR reactor vessel. The basic principals behind
the location methods here are similar to the ones described in the
previous chapter. The difference being the complication imposed by the
geometrical structure of the EGCR vessel and the obstructions, and the
various nozzles (Figs. 41 and 42) in the path from the impact to the
sensors. The impact location techniques used in this section are
divided into two categories: deterministic and heuristic.

The deterministic methods of impact location are based upon the
knowledge Qf the speed of impact wave propagation. The theoretical

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

ATEC model 1082-A2-100.

bTechnology for Energy Corporation, 10770 Dutchtown Road, Knoxville,
Tennessee.

“By 0. C. Cole (ORNL), and F. Shahrokhi (UT).
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practice one must determine this parameter experimentally. This is
warranted due to nonideal condition of practical structures such as
surface conditions, material thickness and obstructions. Similar

to an impact of a rain droplet in a calm swimming pool, a missile
impacting against a structure initiates a system of wave patterns.
Several strategically positioned accelerometers can detect the arrival
of the impact wave. Knowing the speed of propagation and the time of
impact wave arrival at several positions, a simple triangulation should
locate the impact.

Tests were conducted to determine the speed of the impact wave
propagation on the EGCR pressure vessel. Accelerometer configuration
of Figs. 41 and 42 were used utilizing accelerometers 1, 2, 3, and 4.
Two types of impact were used: ball drop and automatic impactor.
Results are tabulated in Table 8. Each velocity estimate is an average
of ten similar impacts. The error in each estimate is less than 10%.

The velocities were constructed from the combination of four

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

Sampli
gzt;ng V12a Vlaa Vlua Vzua Vsua
100 kHz 2601 2657 5778 3175 3228
50 kHz 2515 2503 7025 3177 3164
20 kHz 2710 2751 6017 3088 2918
100 kHz 2695 2615 6914 3190 3204

a .o . .
Velocities are given in meters/second.

bBall impact using 100 kHz sampling rate.
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accelerometers knowing the shortest path difference and measuring the
time of arrival difference on a digital scope. Three sampling rates
of 20, 50, and 100 kHz were used for data collection. The apparent
nonuniformity is obvious, but close observation indicates that similarly
positioned accelerometers result in uniform velocities (i.e., acc #2, 3,
4). This indication was futher proved using time of energy arrival
difference, which is when the short term RMS of the signal rises above
the background. Also, the same was true using the time difference
associated with the peak of time dependent RMS of each accelerometer.
The above observation indicates that the deterministic methods of impact
location involving impact wave velocities are in general slow and their
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
distance from the calibration impact point to all the sensor locations.

The heuristic impact location methods are based upon the fact that
given several monitoring positions on the reactor pressure vessel and
an unknown impact upon the vessel; the sensor closest to the impact has
the highest response. Three types of heuristic location techniques were
used here, where all utilized the above basic principal but differ in
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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vessel. A vector system is constructed originating from the center of
a circle passing through the three sensors with the vector magnitudes
proportional to the response and the vector direction toward each
respective accelerometer. Furthermore, the magnitude of the maximum
response vector is set to the radius of the circle and all other response
vectors are then normalized accordingly. A vector summation of the
above vector system will approximately locate the source of the impact.
Table 9 lists the numerical values of the peak time dependent RMS'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,

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

encompassing accelerometer 2, 3, and 4.

Table 9. Normalized peak of time dependent RMS response

Impact Impact at Peak RMS at Peak RMS at Peak RMS at
#2 (norm.) #3 (norm.) #4 (norm.)
A 2! 0.4095 0.9877 1.000
B 2! 0.5220 0.9846 1.000
C 3! 0.9590 0.4726 1.000
D 3 1.000 0.5016 0.8648
E 41 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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demonstrated here that it has limited use on a complicated structure
at EGCR pressure vessel. The limitations of this method are severe,
but its simplicity is attractive as a quick but not an accurate impact
location method.

The second and a more sophisticated method of impact location is

based upon a preassigned signal attenuation model such as:%

A, = - (4.1)

where
Ai = response of accelerometer i
?i = a vector from point of impact to accelerometer i
J = attenuation power
Ay = impact constant

From Fig. 45 the vector r  1is given by

|r| cos n 1+ |r| sinnj (4.2)

=
"

and

!
1

R cos ¢i 1 + R sin ¢i 3 (4.3)

For simplicity we assume all sensors are on one plane, although

this is not required, then we get

— L
T.| = [R® + r’% - 2Rr” cos (¢, - M]° (4.4)

aSuggested by Mr. Ron Canada, TEC.
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Therefore,
A, = A
Y O[R% + 72 - 2Rr” cos (4 - ny 1772 (4.5)
Now given Ai for i =1, 2, ..., N sensors and R and ¢i for i =1,
2, ..., N, then find v~ and n. To do this we sort A.'s in descending

order and form the following set of quotients,

A
Az As N
1, A, A > A, (4.6)
and denote Ai/Al by Bi—l for i = 2, 3, ..., N. Then we substitute
Eq. (4.5) in (4.6) appropriately to get,
B = RZ + "2 - 2Rr” cos (¢; - n) 1/2 4.7)
i RZ + r°2 - 2Rr” cos (¢i+1 - n) )

It can be seen that By > B, > B, ... > BN-]'
Finally the following least square formula can be written from
the above set of Bi's.

2

N-1 ) .2 . J/2
. ) R? + r7% - 2Rr” cos (¢; - n)
ETn) = ] [Bi } <R2 + 172 - 2Rr” cos (¢;+1 - n)) } (-8

i=1

Assuming J = 2 we must find the minimum of E varying the
independent variables r” and n. A simple computer program was written
to find the minimum of E(r”,n) using the method of direct variation

of the independent variables r” and n. Table 10 lists the impact
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location results using three accelerometers and the above technique.
The peak of the time dependent RMS was used as the sensor response.

The apparent success of this method on the impacts A through F of
Table 10 is misleading since the impacts were on the same- horizontal
plane of the accelerometers. The impacts G through M used the

accelerometers and the impacts on different horizontal planes and here

the accuracy of the method is diminished. The reason for this inaccuracy

is that the method approximates the path of the impact wave by the
vector ?& (Fig. 45) which is the straight line approximation of the
actual curved path. This approximation poses varied degrees of
inaccuracy depending upon the degree of the curvature which the vector
?i must approximate.

The third method of impact location is developed specifically for

spherical surfaces. The attenuation model is similar to the previous

model.

Ay

Ay = J
[1,]

i

(4.9)

The definition of the terms in the above equation are the same as that
of Eq. (4.1). The difference is the definition of li. In Eq. (4.9)

1i is the actual distance from the point of impact to the accelerometer
i. The distance 1i is given by:

N

1. = 2. S ( 4.10)
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(S
i

location of accelerometer i with coordinate ¢.(x;, ¥;» zi)_1

= location of impact with coordinate So(x0, Yo, zo)—1

wn
=1
1

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

———~ WRGi
= — 4.11
2; So = 130 ( )
where:
R = radius of the sphere
ei = smallest angle between two vectors 0¢i and 0S, (0 is the

center of the sphere)

Also it is known that the cosine of the smallest angle between any two
vectors is given by
00, « 0So
i

cos 8, = ‘Oéi 35, (4.12)

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

following equation can be derived.

_ XoX, * YoY. * ZoZ.
ei = cos ! [ = L 1] (4.13)

R2
i=1,2,3,...,n
Also using Eqs. (4.10) and (4.12) the following can be written.

_ Ao x 180°

( r9,)”
i=1,2,3,...,n

A.

i (4.14)
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Now, we sort Eq. (4.14) in descending order of (Ai's) where

Ay > A > A3 > Ay ... 2 An (4.15)

and form the following quotients

AL AL A
v e R (4.16)

Now we substitute Eqs. (4.13) and( 4.14) in (4.16) and solve for 6;.
For n = 4 (four accelerometers case) we form the following null

functions.

J 13
- XoXi1+tYoY11+Zo2 A _ + .
£1(x0,Y0,20) = |cos™? ( : ny 1) - K%' cos™! <Xon yggz ZoZZ) -0
(4.173)
r T J _ TJ
_ -1 [XpX1+YoY1+ZoZ Aj - XoX3t 3+Zo2
f2( X0,5Y0,20) = t-Cos ( 0 ng 0 1) - & |cos 1 ( 3 Y&Z 0 3> -0
) y (4.17b)
- 13 _ :
= -1 [XoX1tyoY1*ZoZ Ay - XgXy+ w+Zo2Z
f3(xo,Y0,20) = |cos ( VRZ 1) - 2 |cos 1 ( y Yéz 0 u> -0
) ) - (4.17¢)

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

2

F(XO’YO:ZO) = [fi(XO,YO,Zo)] =0 (4‘18)
i=1

1

il o~
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The unknowns in Eq. (4.18) are the coordinates of the impact point
Xo,Y0,Z0. An efficient optimization method known as Rosenbrock Hillclimb
method? is used to minimize Eq. (4.18) given the following constraints

on the coordinates of the impact point.

-R< xg <R, -R<ypo <R and -R<zp <R (4.19)

with an implicit variable P where

P=x§ +y§+ 25 (4.20)
The constraint on P is

[P - R*| < (3*d)* (4.21)

where d = thickness of the reactor shell.

The Rosenbrock Hillclimb optimization method developed by Yancey
and Spear starts with a user supplied initial guess which satisfies all
the explicit and the implicit constraints. The process continuously
changes the explicit variables toward the optimum value of the
functional F(x¢,Y0,z0) 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.

aComputer code developed by C. B. Yancey and R. C. Spear, Naval
Weapons Center, China Lake, California.
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A multitude of impact tests were performed on the EGCR pressure
vessel ranging from impacts on the outside of the vessel to the impact
from the inside of the vessel. Table 11 lists the coordinates of the
selected positions of the impacts in the cartisian system with the
center of the bottom head hemisphere as the origin. Due east as the
positive Y axis, due south as the positive X axis, and straight up as
the positive Z axis. The location of the accelerometers in the same
coordinate system is given in Table 12. All the impacts were then
further processed constructing the time dependent rs? plot for each
impact. Figures 46 and 47 show a typical impact time domain signal and
its corresponding time dependent RMS representation. The peak RMS was
then recorded for use in the Rosenbrock Hillclimb location scheme. A
typical location process is illustrated in Fig. 48, where each ''dot"
represents the best estimate of the location of the impact after each
stage of the optimization. The "box" is the final converged location
position and the '"X's" are the accelerometers in use. The z coordinate
is not shown in this figure because of the two-dimensional nature of
the plot, but is incorporated in the location process.

The results of impact location using in core impacts at locations
I1, I2, and I3 (see Table 11 for coordinates), and combination of various
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.

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

Impact X-cm Y-cm Z-cm Comments
11 40.8 40.8 -299.3  Inside middle of pipes h, i, m, n”
12 -122.4 -40.8 -276.15 Inside middle of pipes k, 1, r, s
13 122.4 -40.8 -276.15 Inside middle of pipes n, o, u, v
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
I9 257.43 0 -163.19 Outside at Acc 4

%5ee Fig. 42, page 78, for nozzle identification letters.

Table 12. Coordinates of the accelerometers

Accele # X-cm Y-cm Z-cm Comments
1 0 0 -304.8 Strap mount on pipe m?
2 -128.7 222.94 -163.19 Stud mount on vessel
3 -128.7 -222.94 -163.19 Stud mount on vessel
4 257.43 0 -163.19 Stud mount on vessel
5 0 163.19 -257.43 Strap mount on pipe b
6 -163.19 0 -257.43 Strap mount on pipe k
7 ~-81.59 0 -293.68 Strap mount on pipe 1
8 81.59 0 -293.68 Strap mount on pipe n
9 163.19 0 -257.43 Strap mount on pipe o
a

See Fig. 42, page 78, for nozzle identification letters.
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Table 13. Impact location error analysis
Error Error in
Impact Acc's in use in arc arc length Percent Average
at length (cm with improvement error
(cm) correction
13 5, 7, 9 99.83 91.87 7.97
13 5, 7, 9 99.80 92.23 7.59
13 7, 9, 3 128.52 101.12 21.32
13 7, 9, 3 111.79 52.73 50.82
13 5, 9, 3 96.70 75.13 22.30
13 5, 9, 3 98.45 93.24 5.29
13 2, 3, 4 46.36 40,28 13.10
13 2, 3, 4 36.65 30.15 17.74
13 1, 3, 4 75.13 71.96 4.23
13 1, 3, 4 63.02 54,69 13.22
13 1, 2, 3 137.01 55.12 59.77 a
13 1, 2, 3 101.75 51.28 49.60
12 2, 3, 4 137.95 108.53 21.32
12 2, 3, 4 178.51 156.95 12.08
12 2, 3, 1 13.06 22.38 -71.36
12 2, 3,1 9.42 22.71 -141.08
12 1, 3, 4 209.17 67.41 67.77 b
12 1, 3, 4 239.57 40.26 83.20
I1 2, 3, 4 69.85 64.01 8.36
11 2, 3, 4 56.92 24.71 56.58
I1 2, 3,1 111.71 60.66 45.70
11 2, 3, 1 141.76 60.22 57.52
11 3, 4, 1 141.98 71.04 50.31
11 3, 4, 1 173.66 71.12 59.02
I1 2, 4, 1 88.24 84.02 4.74 e
11 2, 4, 1 83.34 74.12 11.06
aWithout correction 91.25 + 30.6
With correction 67.43 + 23.38
bWithout correction 131.28 + 98.89
With correction 75.60 * 57.88
cWithout correction 108.43 = 40.85
With correction 63.94 + 17.62
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This error can be attributed to two causes: (a) systematic errors, and
(b) model error. The systematic error is caused by the extra paths
induced by the twenty-five fuel charging nozzles on the bottom head of
the pressure vessel (see Table 8, page 81, for nozzle sizes). A
correction process was then incorporated in the optimization program

to approximate the extra paths. This correction has drastically reduced
the error, where after the correction the above impact was located within
63.74 cm to 67.43 cm (see Table 13). The exact correction of extra

paths (the intersection of a cylinder and a hemisphere) could fqrther
improve the error.

The error attributed by the 1.0/(Distance)2'0 attenuation model
is also indirectly related to the nozzles which are welded to the bottom
of the reactor. Correction for this type error depends upon the type of
weld and the amount of weld in the.path of the impact wave and thus
judged to be out of the scope of this work.

The ex-core impact was located with more precision, because of
limited and unique impact positions which in turn cause less interaction
with the bottom head nozzles. This point is better illustrated in
Table 14 where according to the selection of accelerometer combinations
the correction for the pipe interference can help or impair the
location results. A closer look at the accelerometer combinations
used in Table 14'indicates that if one selects a set of accelerometer
where the nozzles on the bottom head section of the pressure vessel
does not interfere with the impact wave in an effective manner the

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

Impact Acc's in Error (cm)
at use Exrror {(cm) Correction Comments
14 2, 3, 7 11.6 63.35 Correction
15 2, 4, 7 17.34 78.12 has impaired
16 3, 4, 7 22.3 73.4 the location
16 3, 4, 7 27.17 68.1 process
14 5, 6, 7 190.3 16.1 Correction
14 5, 6, 7 193.3 21.8 has helped
15 4, 5, 6 228.77 14.59 the location
IS5 4, 5, 6 167.10 7.05 process
16 4, 5, 6 185.4 24.7

The results shown so far have been obtained under essentially zero
background noise levels except for the natural electronic noise. This
would not be the case with signals from an operating power reactor.

In order to test the above impact location technique under the presence
of background noise, the signals obtained from the EGCR reactor vessel
were digitally mixed with a 50 kHz bandwidth white noise (the same
process can be used if a tape recording of the natural noise background
of a power reactor was available). Since the noise added was digitally
controllable three types of real life conditions were simulated:

(a) all accelerometers in use had the same RMS noise level, (b) all
accelerometers in use had a constant signal-to-noise ratio, and

(c) all accelerometers in use had varying amount of both signal-to-noise
ratio and RMS noise level. The impact location results indicates that
if the peak of the time dependent RMS is used in the algorithm, the
crucial factor for the accuracy of the location is the minimum signal-

to-noise ratio among the set of accelerometers used in location. This
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is illustrated in Fig. 49 where the minimum signal-to-noise ratio in a
given accelerometer set is plotted against the error difference in
impact location from a noise free signal for a given impact. This
figure is indicative of an unacceptable added error with signal-to-noise
ratios of less than 5 (the noise free case was located within 10 cm of
the actual impact point).

The speed and the accuracy with which the Rosenbrock Hillclimb
algorithm optimizes the coordinates of an impact have also been studied.
The findings are as follows. The more accelerometer signals used the
slower is the convergence. This is simply due to added number of
equations in the functional. Accelerometers of similar mounting (all
stud mounts or all pipe mounts) result in more accurate and sharper
peak on the convergence surface. A mix of signals from the above two
types of accelerometer mountings results in shallow and flat convergence
surface which is directly related to slow convergence. A minimum of
three accelerometers are required for unique results but if the three
accelerometers favor a particular region of the structure, a multipeak
will occur on the surface of convergence with the taller peak being
the right answer. Use of more than three accelerometers will alleviate
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
various types and accelerometer selections. The Z coordinate has been
dropped from the plot because of the three-dimensional nature of the

figure, but every point on the surface has the correct Z coordinate.
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Fig. 50. Convergence plane of an impact at
location I2, with use of three and four accelerometers

for location.
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Impact at 12
# of Acc’'s 3
Regional
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Mixed Stud & Pipe Mount

Fig. 51. Convergence plane of regionally located accelerometers;
also an impact at I5 and location with a mix of stud and pipe mount
accelerometers.
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Fig. 52. Convergence plane of an impact
at I5 and location with all pipe mount
accelerometers.
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D. Impact Characterization Methods

The ability to characterize an impact one step further than location
as to its probable size and shape is also an objective of this work. Two
types of analyses are the basic tools to achieve these goals: time
dependent RMS (Root Mean Square) analysis and transient relative frequency
analysis. In this section the ideas of impact characterization are
presented first followed by experimental results using data from known
impacts on the EGCR pressure vessel. Basic computational procedures
used in this section are as follows: fast Fourier transform, windowing,
frequency smoothing, power spectrum calculation, block averaging, power
spectrum manipulation such as addition, subtraction and division, and
finally digital time dependent RMS calculation. The mechanics of the
above calculational procedures are detailed in Reference 12.

An alternate way of presenting transient time data is the time
dependent Root Mean Square representation. Contrary to stationary
time signals, the RMS of the transient signals are time dependent. The
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.

i-1° T) - X2 (ti-N) + Xz(ti+N)]

Mean Square (ti,T) = (4.22)

where

MS(t,,T) = xz(ti)/N

1

ne~122

i
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RMS(t, T) = AS(E,,T) (4.23)

where
T = averaging time

ith time estimate of the raw signal

”
~
ct
[ N
s
[l

number of time estimates in T

=z
i

The T dependence in Eq. (4.23) is an important parameter to be
considered. It can be seen in Fig. 53 the effect of the averaging time
on the shape and characteristics of an impact with mixed-in background
noise. Small averaging time (0.5 msec in this case) causes difficulty
in peak detection and overall instability in the shape of the time
dependent RMS. As the averaging time increases stability in the
background noise suppression appears and the peak of the time dependent
RMS tends to be more prominent and easier to detect and identify. On
the other hand, as the averaging time gets too large (above 8.0 msec
for this impact), the double peak character of the time dependent RMS
(believed to be impact wave reflection from a nearby nozzle) disappears.
This would cause errors in the impact location process which uses the
peak of the time dependent RMS. The optimum value of the averaging
time depends upon the locality of the accelerometer and the possible
strong reflection impact signal arrival in conjunction or close to the
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
using the solenoid automatic impactor positioned at location 14 (see
Table 11, page 94). The first impact was inside the pressure vessel
and the second impact on the outside wall of the EGCR vessel. The
similarities are obvious (rise time, duration, decay and general shape
of the curves). The slight difference in peak amplitude (approximately
11%) can easily be due to differences in impacting surfaces (concave

vs convex), surface texture, and solenoid mounting difficulties
although care was taken to prevent the above differences.

The time dependent RMS can also be applied in the impact wave path
identification and comparison. Figures 55 and 56 show impacts of similar
magnitude at accelerometer locations 2, 3, and 4 (Impacts 17, 18, and
19). The time dependent RMS's indicate that the path from accelerometer
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
and 34 are symmetric and the path 23 although the same distance is not
the same as 24 or 34 due to the inlet coolant gas pipe in the impact
wave path.

Further characterization is possible looking at the rise time of
the time dependent RMS. A fast rise time indicates a short contact
time between the_missile and the target, and a slow rise time is
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.




RMS (volts)

1.6

1.4

1.2

1.0

0.8

110

b WP

: o Ex-Core Impact

In-Core Impact

Y

| | | | 1 Y et ot |
20 40 60 80 100 120 140 160 180
Time (msec)

Fig. 54. Comparison of in-core and ex-core impacts
using time dependent RMS.
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Frequency domain analysis of impact signals is also used fqr
further characterization of an impact. The impact wave signals are of
transient deterministic nature. Therefore, no Fourier coefficient
averaging is required, a box-car window is used if the entire wave form
is contained in the time window, and frequency averaging is recommended
for smoothing the power spectrum curves. The power spectrum which 1is
the magnitude squared of the complex fourier coefficient of the time
signal is usually shown to present the frequency contents of an impact.

In theory an impact wave traveling in a structure carries with it
information of two types: (a) characteristic of the contact between
the missile and the target and (b) the characteristic of the path from
the point of impact to the sensor. The sensor (in this study an
accelerometer) detects surface acceleration, but as it was explained
in Chapter II, it is a resonating system and if it is confronted with
a pulse of short duration the response is the resonance of the
accelerometer at its preferred frequency (approximately 25 kHz). The
frequency analysis pursued in this study has been performed on the
analysis of the resonance frequency of the accelerometer. The reason
for this so-called high frequency analysis being the lack of low
frequency component which is due to quiet background conditions (no
pump, no flow, no vibration).

A typical power spectrum of a ball drop impact is shown in Fig. 58.
Notice the use of the aliasing (see reference 12) to translate 20-25 kHz
frequency range to 0-5 kHz. This was possible because of the lack of

significant frequency component of the power spectrum below 20 kHz.
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In other words frequencies appearing at say 24 kHz range now show up
(aliased) at 4 kHz range and so on. The use of aliasing is common in
other areas of signal analysis such as zoom process.

Further, more study indicates that relative change in power spectrum
between two accelerometers or the relative change in the power spectrum
of two impacts is a sensitive indicator which can be utilized in
characterization. The above two indicators can be formulated as follows:

PSa - PSb

P = S (4.22)
PSb

where

PS

, = power spectrum of accelerometer a

1]

PS

p, = power spectrum of accelerometer b

The P spectrum above is an indicator of impact wave travel path
similarity and an indicator of frequency dependent amplitude dispersion
of a given impact.

The second indicator is the I spectrum which is given by

PS - PS
1= —all)—é—ig (4.23)
a2

where

PSai = power spectrum of accelerometer a for impact i.

The I spectrum is a frequency dependent indicator of variations

between two impacts (1 and 2) detected at accelerometer position a.
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Also, the area under the P or the I pseudo-spectrum can be thought of
as a combined measure of the differences, accumulating the individual
frequencyidifferences. The use of P and I pseudo-spectrum or the area
under them must be combined with impact location process described in
the previous section, since the individual power spectrums (frequency
dependent) change magnitude according to the proximity of the impact to
the sensor and the obstructions between the impact and sensor.

The use of the I pseudo-spectrum is demonstrated in the following
example. Figure 59 shows two I pseudo-spectrums, the lower graph is
the I spectrum of two pendulum impacts on the inside wall of the EGCR
pressure vessel where the angle of deflection on the pendulum was
30 degrees. Notice that there are no significant activity appears
(similar impacts), and the area under the curve is relatively small
(14.28 vZ/sec). The area under the curve should have been zero if the
two impacts were exactly equal. The upper graph is the I spectrum of
two pendulum impacts, the first with a 30 degree angle of deflection
and the second with 15 degrees angle of deflection. The area under
this curve is relatively significant (93.38 vZ/sec). The I spectrum
shows relative change in the resonance frequency range between the two
similar impacts but with different impacting force. The difference
between the impact energy of the 30 and 15 degrees pendulum shots were
262.4 gr-cm or 0.019 ft-1b.

The P pseudo-spectrum renders the frequency dependence of the
different paths which an impact wave travels to reach an accelerometer

location. Since the various paths which an impact wave travels impose
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a unique frequency characteristic, a general conclusion could not be
reached from looking at various P spectrums of the EGCR impacts. The
only conclusive results are as follows: (a) similar impact wave travel
paths result in zero or near zero area under the P spectrum curve, but
the shape of the P spectrums may or may not be similar. This is due
to the fact that two impacts are rarely inflected in the same manner.
(b) Two types of path variations could be identified, the first being
path difference caused by distance; the two path lengths were similar
in the structural characteristics but different in length only. The P
spectrum showed activity in the resonance frequency range (24-26 kHz).
The second type of path variation identified was caused not only by
distance but also by the structural differences in the pathway. This
type of anomaly causes the P spectrum to show activity in a wider
frequency range around the resonance (20-30 kHz). The above two are

illustrated in Fig. 60.



120

L
009 00S OO 00€ 002C

-oouexa33Tp yaed sand (g) pue 9dusxejyyIp yied pue
Tean3oniis (y) - SuoTlezIIoldeIRYd 3doedWT oy wniideds-opnesd-4 Jo asn YL 09 ‘314
(ZHM) Adousnbaiy

OE 62 82 LZ 9¢ 6S¢ ¥¢ €2 ¢<2¢ 12 O¢
T T T T T T T T T

0 00l-

0ol

(v)

wnioadg-d

(9) ) \




CHAPTER V

OVERALL CONCLUSIONS AND RECOMMENDATIONS

A. Summary

A combined theoretical and experimental research effort was
launched to develop new techniques for detection, location and
characterization of metalic loose parts in a nuclear reactor primary
or secondary coolant system.

The formulation for impact formation, wave propagation and the
detection sensor were presented. The theoretical work provides
understanding of impact wave generation based on elastic and inelastic
contact theory and the concept of restitution. The impact wave
propagation was then presented using elastic wave propagation theory
of stress and strain caused by an impact in a structure. The
theory of the accelerometer mechanical concept and use concluded the
theoretical part of this study.

Experimentally, two flat plates (steel, and aluminum) were used
in conjunction with a set of accelerometers for impact studies under
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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realistic condition considering the complexity of the vessel. New

methods of impact location were then studied and tested followed by

development of several mathematical procedures for impact characterization.

In the next section specific conclusions which were reached during

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
knowledge of surface wave effective velocity in the structure under
study. The determination of surface wave effective velocity in a
complicated structure is a tedious and unreliable task which deters the
use of this technique.

The heuristic method which involves modeling the impact wave
attenuation process was found to be an accurate method of impact location.
A 1.0/L and attenuation model were found to be effective on the flat
plates and the EGCR vessel. As an extension to this model an optimization
technique was utilized to determine the location of an impact using the
peak RMS of a minimum of three accelerometer transient signals. The
effect of background noise on the impact location was also studied, and
the results indicated that the minimum signal-to-noise ratio is the

controlling factor in the accuracy of this impact location method.

C. Conclusion on Impact Characterization

In theory an impact wave traveling in a structure carries with it

information of two types: the impact itself and the characteristic of
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the structural path which it travels to reach the sensor position. The
impact leaves behind two types of information: the mode of impact
(elastic or inelastic) and the restitution information of the loose
part. Thus, absolute characaterization is not practical in the absence
of detailed contact data and examination of the impact area at the time
of impact. So, relative characterization of comparative type must be
used. Time and frequency domain analysis were developed to perform this
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
contact. For example, sharp edges result in a fast rise time in the
time dependent RMS curve, and sustained impacts (scratch) result in
wide peaks in the RMS curve. Also, the peak of the RMS curve is related
to the magnitude of the impact.

The relative frequency domain analysis proved sensitive to
variations in impact energy and path length difference. Two types of
frequency dependent pseudo-spectrum were developed. The P pseudo-
spectrum which utilizes two accelerometers detecting an impact describes
path length difference and frequency dependent amplitude difference
which is also due to dispersion of the impact wave. The I pseudo-
spectrum, on the other hand, is a frequency dependent indicator of
changes in the energy of impact between two separate impact detected at
a given accelerometer location. For example, an energy of impact
difference of 262.4 gr-cm (0.019 ft-1b) was shown to be easily
detectable. The accelerometer resonance frequency band (20-30 kHz)

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

This work has shown that time and frequency analyses method
developed here are effective for metalic loose-parts detection, location,
and relative characterization. The following refinements are thus
recommended to further improve the accuracy of impact location and
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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The equations of motion in the operator format is given by7

82

APPENDIX A

DETAIL DERIVATION OF VARIOUS TYPES OF WAVE EQUATIONS

P 3¢z (v)y =V T

where

The

Eq. (A.1), and the x component of Eq. (A.1) is then given by

u
v displacement components
| W
T T T
XX Xy Xz
T T T stress tensor
yx o yy Yi

elastic relationships [Eq. (2.23)] are now substituted in

oT oT oT

d%u _ XX Xy . Xz
O3tz T Tax 3y 3z
From Eq. (2.23) we have

XX
T
Xy

XZ

_ du
= A0 + 2u %
= 2ueXy
- 2uexz
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(A.2)

(A.3)
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Upon substitution of (A.3) into (A.1l) we will get

de ae
3%2u _ , 36 3%u Xy Xz

Pagz = Aag F Mg P M TGy T ATy (A.4)
From Eq. (2.18) we have

du _ 9V

3y - x T % Sxy

EE. - éﬂ.+ 2

oz 9x ®xz

du _ v _ 9w _

AT =e ;5 3o 3 m-=e

9x XX ay Yy 9z 2z

0 =e + e + e (A.5)
XX yy A2

If the quantity u 96/0x is added to and subtracted from the right hand

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

de de de
3%u _ , 96 36 Xy Xz XX
"W‘*ﬁ*“&?”u(ay *—az->*2“——

Bexx a?YX, BeZZ
= U ax + BX + ax (A.6)

Further simplification yields

32u 36 30 3%u ) v
Pax A tMax M THay Tt Py

0 ow
ML T AP (A.7)
Then
3%u 20 36 52u  3%u %%
Pax “hax fVax” (axz 3yz © 922 (A.8)
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Equation (A.8) can also be derived for the w and v component of
displacement which is similar to above. A set of equations of (A.8)
type in x,y,z direction in operator format is then written as

2%V

paz = (A +WV8 + pv2y (A.9)

which is the basic equation of motion in an isotropic elastic solid.
If we set all the shear components of (A.9) to zero (i.e., du/ay;

du/dz; dv/dz; ow/dx; dw/3dy) we will get

d%u _ 36 3%u
P55z = (A + U)'g; A T X
%v _ 39 3%v
P Tz (A + ) 5;‘* H —§7
3%w ;] 32w
Pz = A+ W) 5o Y M aor ( A.10)

If we take 3/9x, 9/3y, 9/3z of the above three equations respectively

and add the results we will have

32 _ 326 . 3%6 . 3%8
Pz (exx * Cyy * €0 = A+ [3x2 Y oy? T ez2
Bzexx BZ?XXA azezz
T IR dy?2 3z2 (A.11)

Further simplification of (A.11) yields

3%6

Pz = (A ¥ 2u) %0 (A.12)

which is the compressional wave equation.
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If we eliminate 6 from (A.9) we will get the tortional wave equation.
To do this we will take 3/9y of the z direction of (A.9) and subtract

3/9z of the y direction of (A.9) from it which yields

0 3% faw v _ 3w, 3%, 3% _ v o ¥ 3’y
3tz \3y 9z M \5xZay " ay? ' B3z20y  ox%oz | dy2dz | 9z?

From Eq. (2.18) we have

2L fow _3v -
Qx ) <8y Bz> (A.14)
If (A.14) is substituted in (A.13) we will get after simplification

%q
P agz = uvra, (A.15)

Similarly

329y
P 5tz X

"
=
<
N
Eo)

3%
Z

Jt2 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
DR11-C hardware. The following is a listing of this FORTRAN callable

subroutine.
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TITVE DATRAN

i ROUTINE 100 TRANSFER DATA FROM EXFEORER 100 FOF 11 VIA A IR0

FIATRAN:

FORTRAN ©ALLARLE

COLL TITRONCONST 7, NSTART, NITNG, THAt @, INCRM, THMEM)D

w3 INFLIT FARAMETERS st

NB17 = TN AL NUMRE R DF WOk 00 BE TRANSEERRET
(T, 10wA, wObE, A0P6)

NSTART = STARTING ALMKE =S TN FXFLORERTS DTSEREAY MEMORY
FOR DESIREL BATA (=x048 10 -E041)

MINC: = ALDRESS INCREMENT RETTWEFN DETA FOTNTS BESTRER
(1, w04, 8)

10ATA = INVEGER ORRAY FORCSTORTNG THE TRANSFERREN IATA

TNCIRM = INTEGER ARRAY FOR CSTORING NORMAL 17 TNG THNEORMATTON
(A WORIE L EING)

1MEM = INTEGER CONTATNING W0 LETIERS TNDTEATING MEMORY
GRUOE FROM WHICH DaTa U5 70 BE TAKEN
CEEL, 0, 3 A 14T, H, AL

#a3t TF FRROR ENCOUNTERFTL  NSTZ 35 GRET 100 O e

CGLOREL NATRAN

CMEALL L Vs s REGIEF, . FRINT, O TTYIN, D INTEN
LV

CRFGHEF

NRCAR= 1467760

DROLIT= 1677467

MOV (RN, TER VEAVE ANDIKE S35 FOR FRROR ENDEAT LJONS
MUY @ (RED) -, NRTY P GETO AL LING ARGUMENT=
MOV @RS+, RY

ALl R
ARl R
ASL R

ARl RY

MOV R NET AR P BHTETED 4 RIS P ERT

MEWV @RS+, RY,

ARl R

Asl RY

AL RY

ASL. RY

MW R, NTNI POVNCREMENT 3 ERTT=SHTETEID 4 kL


https://ORO)+.R2

NIALG:

TTY:

EXERR:

RETATE:

TXFERY:

TXFERZ:

NOF X

MOV (RO +, 11ATA
MOV (RUD) 4+, INORM
MOV @ (RS)+, TTIMEM

MY HDRTNT, EHDRVEL

CLR @RGSR
MOV H#MEL, RO
CFRINT

MWV HREFSF, R
CTIYIN (RE)+
CMER 417, RO
ENETTY

CMER RESE, #1146
FNE TXFERY

CLR @HIRCER
LR @IER

RIS R

MOV #MEY, RO
CRRINT

i DTG

TR @HNIIRCEIR
KL BEITATE
THTR @RGSR
BEL RETATE

MOV 4, EHTIRCER
CER@HDROLEY
MW @HIIRIN, RO
M RO

BYC #177770, RO
FNE NOFLX

My #E, RO

AN #4A0, RO
MOV RO, @40 RE
MOV H17, ERDIRIUT
MOV @HIOIRIN, RO
EM RO

BYU #XTTT70, RO
A=l RO

MOV RO, K1

AN #MTAR, RO
MY RO, K1

MOWE (RO)Y 4, MEM
MOVR  (RO), MEM+)
MV #MEE, RO
CFPRINT

CMFR (K1), H101
BEG A0E

M (R, TTIMEM
FHEG A0

CMER O O(RL), ITIMEM
HiF ERM
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P ATARE SRS DR DR (RRAY

p ADIRFERS TIFE NORFSL T 7 TG WOREES
P FI EDIR MEMORY KL DK

PEET OINTRRREURT VEUTOR

P EAR NIRRT ST ATLE

P REARE DATA FROM EXPLIKER

P RESFONGE JRLUEFFER
DINELT @ DHARAETER
P EVERYTHING 1N

i Ny

P TRONSFER N HOESTREE

VEYRIORFR DN TNARFROFRIATE STOTE

P TRY AGATN

PUHECE S1OTHS DR BEXFLORER
FETATUIS N RGHT Y

P 1T FLAGREANY

P HFET L0 AU IVESD
V=LK, 0, AT, RTER/EL =0
P READ DEEKETTE TROCE SFLFCTOR

PETORE VoL L TN MESS
PRI " 74 FPRNE AT IV GUSSCOR LB Bt A S BT
P KEATY MEMORY  GROUE SELECTOR

i mOVE POk CHEDES
P ETORE AVALLIE TN MR

PTRLE WHFRE DA RESIDES IN

i THE EXELORER

i MEMORY S FCTT0R=A0 T

PMEMORY SR FCTORSMEMORY . REGLIESTER

PLE OIRT L ETHRER sAMe
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LIHIE:

ERM:

ACHK

v

niL 0P

CIONT:

TN R

MOVE  (IMEM+1, K3
UMPFH R3S HE2

BLE S CHE

SN #7, )R
CMPFRO(R1T), R
Bl A

ML #ME4, RO
CFPRINT

JMEP EXERK

MOV HENTRM, R3
MOV H1A S, NTA
MOV NE1Z, R4

M #7, RS

AZR R4

=D R

i NIVvE

MOV R4, NW

MOV NSTART, K1
MOV TDATAH, RZ
MV R1, RO

AL NINC R

M, RO

MO RO, @HDROGLT
TN
NIET @)
THETR EHNIRCER
EFL TEY

TN @HIDRICSR
N @RLIRIE
TETR EUDRCSER
ML TRTH
MOV @HNRIN, (RZ)
COM (R

=R (R

AR (RY)

ARR (R

AR (R +

i, RS

T4 R4
HEEOCONT

RO RS

ROK (R3)

kT N4

Y CONT

NE: R4

TST (R +

MOV #1140, N1A
NIEC NSYY

Es L O
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s MEMORY R OE REGUSETET CANNDT
i FE ACHTFVET

P EME STORAGE FOR NORM. RIS
P16 RITE FER WOKD

PUALTL NDIMEER GIF

i NURMAL 17 ING BTTS 10 STRIE
i IIVITEN RY 14

P SRR FOR TRANSRER

P AVNRF S5 FOR TAGTA

P MOV TRONSERER @NIRESS 10 KO
JINCREMENT 10 NEXT TRAONSFER ALIIRE S5
FCOMPLEMENT FOR NEFGATIVE LDGTE

PHET OAINRESE FOR CTRANSEER

i PSR 10 KRR

i HOS FYPLORER RFCELIVEL ADIRESS
L EE L0 BTER
P 1EEXFLORER DIATA KEADYY

P REAN NAaTa INTO FOE MEMORY
P COMEEEMENT DATNA
P HHTEY LN 4 =17

SAVE  NOIRMAL T 7 TNG 12TT 1R PRESENT
HOVE (L NEEMOL L7 ING RTTE
FREEN STRIFPFET
STORE NOERMAL 12 ING KT
TN ENDOIRM ARE G
COMELETERD A WORD

P HUIME 100 NEXT WORD

3 DML FTETD ) RANSE ERTY
P CTHE NEXT ONE !



i NOW  FLIT

NECQOP:

NI FO:

NLF1:

NLE?:

NI.F4:

NI

HOMO:

NI Fé

FINZ:

MV
MY
MV
MV
ASR
A%
Y
M
KT
MV
MV
MV
MV
JHP

LK

NORME 17 ING BITS
14 , NN1A
HENDRM, R
TNDRM, K3

NU, R4

R4

R4

R4

R4, NYXTRA

N LR

(R7)+, (R +
(R&)+, (RA)+
(R4, (K3 +
(R#Y 4+, (R3)+
FIN

(H)

N

(R3)

R

FRONLF

R
MOV
AT
BT
MOV
=0
Y
R
RIOR
EI
TINIE
JIEL
R
C:kik
T
MV

(R
NYTRA, R
M4

NI F 2

#14. . NN1A
(R +
N1A

RO

(RZ)
N+

RO

R4

NIL.F4

RO, R
NLF&
#MED, RO

CPRTINT

NINIE
MLV
=
5
RRY
MWV
Y
B0

K
MV
ME
11

Bk

EXERR
NYXTRE, R4
NY.TRA, N1A
NI
(RZ2)+

#1464 ,N1A
N

N
CHIIRSR
TROIRM, RO
(RO)Y+, (RO)+
#4000, (R0O)
FIN
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INTG 4 W

i AT
i JiF =T
P2 I

P N

i NFFT
i MOVE
i MOV
3 MOIVE
i MOVE

i Rl

i RO
i TEME

UL
i TEMP

i LM
i ELIME

i HELE

i READ
i FVER

i TIATA

i REHF

i RLIME

i EA
i F1X

i TF
BT

i NI

RIS ANDY CHECE EXTRA RS

Fes OE NORMAE 7 TNG RBTTES

TNATTON FOR A4 NORMAL Y7 ING WORTES
CONDL OF BUTE D CMP & SEIF

D )L E T
T CHELE
HINT IR M
VNIHM
H7ERI
V72ERI

HH1ET
EXTROS

BT0OINTOD O

COTNTE NCHRMAL 1 70T TON ARRAY
LATE FOR SELRFRFED BITS

OENTOE NOIRMAL 1207 10N ARRAY
CAYVE FDR CSETREETD RYTE

C TN
(ENORM)

0 NEXT WORD
FIT CTRINTER

THIS RKIT

YoOTO CHECE SRIRREL R1TEY

YTHING DK

TE N HOMOGENEDLES

TONCL O RIS CTO SKIE

TOLNFXT WOREE CITNDORM)

ROOTIRED ST
H7ERDE ANDY VZERD
NE G IVE VALLES
11 H5ETY
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BLS £170000, (RO) PRET ORLTE P10
FINZ: THY (RO)Y+
BT #4000, (RO) P K I T I S S ey
HETT FINA i NI
HIS #170000, (RO) PHET OIYE 1E-15
FIN4: RTS P
P INTEFRRUFT ERROKR HANDLER
PDRINT: CINTEN 7
MOV ®177777, KO
HAOLT
i STORAGE LOCAT TN
N=12: CWORD O
NETART: . WORD O
NTNC:: CWORD O
1DATA: CWORTE O
TNORM: CWDRDE O
ITMEM: CWORD O
TER: CWORD O
NW: CWORD O
NYXTRA: CWORD O
N1b4: CWORD 14,
NN1&: CWORD 14
RESP: CBELEW 10
i TARLER .
[ RNAVEN COECT T/ GERRHAHIHYNL
KNCIRM: CBRLKEW S

MESSAGES

CRYTE 1h, 1w

CAECTY ZREAD DATA INTO EXFLORER MEMORY: /

CRYTE 200

ME: CRYTE 15, 1%
CASCTT ZEXPLORERSS STATLE 1E N RIGHT FOR DATA TRANSFRERS!! v
CBYTE 1%, 17
CASCTT Z(CHFCE FOR DUSEK FRROR, BTEK ARTIVE, OR LIVE STATUE) /7
CREYTE O

ME3: CRYTE 1 ¥
CASCTI /DATA REAL FROM TROACE /7

THRE: CASCTT /1 INTO MEMORY GROUE /

MEM: CRYTE A0, 40, 0

M54 CRYTE 15 1

CASCTY AMEMORY M DK RESUORSTEID CANNDY RE S ACCESSETE DLE T MEMORY /

CRYTE 1%, 1

CRAECTT / GROUE SELECTION ON MATNERAME !/

CRYTE O

g - - -
oy
-
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CRYTE 18, L
CAECTT O RATA TROANSFERRED TI0F R N0 REFRESENT O STNGEE BEVENT —— 7/
/TRY QGOAINY 7

CRYTE O



APPENDIX C
CIRCUIT DIAGRAM OF THE AUTOMATIC IMPACTOR POWER SUPPLY

A capacitor discharge DC power supply was designed and built to
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

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

nonlinear function subject to nonlinear inequality constraints:

optimize F(X15 X25 coe» xN) (D.1)

subject to Gk f_xk E_Hk k=1, 2, ..., M (D.2)
The implicit variables Xeyps o000 Xpo if any, are dependent functions
of the explicit independent variables, Xi, Xz, ..., X The upper and

lower constraints Hk and Gk are either constants or function of the
independent variables.

The procedure is based on the "automatic" method proposed by
H. H. Rosenbrock.'7?!® This method is a sequential search technique
which has proven effective in solving some problems where the variables
are constrained. The algorithm proceeds until convergence is reached
or a boundary zone in the vicinity of the constraints is entered. The

boundary zones are defined as follows:

. . -y

lower zone: Gk f_xk f_(Gk + (Hk - Gk) 10Y)

. _ - . “4

upper zone: Hk z_xk Z-(Hk (Hk Gk) 10 ")
k=1,2, ..., M (D.3)
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The procedure requires a starting point that satisfies the constraints
and does not lie in the boundary.zones. The algorithm proceeds as
follows:>

1. A starting point and initial step sizes, Si’ i=1,2, ..., N
are picked and the objective function is evaluated.

2. Define by F° current best objective function value for a
point where the constraints are satisfied, and F* the current
best objective function value for a point where the constraints
are satisfied and in addition the boundary zones are not
violated.

3. If the current point objective function evaluation, F, is
worse than F° or if the constraints are violated, the trial
is a failure and the procedure is continued.

4. 1If a current point lies within a boundary zone, the objective

function is modified as follows:
F(new) = F(old) - [£(old) - F*][3X - 4A% + 2A°] (D.4)

where

\ = distance into the boundary zone
width of the boundary zone

= Gk ' (Hk _ Gk) 0oy (lower zone)
(Hk - Gk) + 107
. -y
= K Hk ' (Hk _ Gk] 1 (upper zone)
(Hk - Gk) + 107%

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

function is unaltered (F(new) = F(old)). At the constraint,
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A = 1, and thus F(new) = F*. Thus the function value is
replaced by the best current function value in the feasible
region and not in a boundary zone. For a function which
improves as a constraint is approached, the modified function
has an optimum in the boundary zone.

If an improvement in the objective function has been obtained
without violating the boundary zones oT constraints, F* is
set equal to F° and the procedure continues.

The first variable X, is stepped a distance S, parallel to
the axis, and the function evaluated. If the value of F
increased, the move is termed success and S; increased by

a factor o, o > 1.0. If the value of F decreased the move

is termed failure and S; is decreased by a factor B, 0 < g < 1.0,
and the direction of movement reversed.

The next variable, Xi’ is in turn stepped a distance Si
parallel to the axis. The same acceleration or deceleration
and reversal procedure is followed for all variables in
consecutive repetitive sequences until a success (increase

in F) and failure (decrease in F) have been encountered in
all N directions.

The axes are then rotated by the following equations. Each

rotation of the axes is termed a stage.

k ()
Mi(,;1)= - Ll (D.5)
(k)y2
L (g )

=1
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where
k) _ (k)
Di 1= A1
k) ke ), (kD)
Dy = A, - ¥ | LM e ASTL e M, ,
i,j 71,0 g2y lp;p Ml n,j 1,1

Ay = 1oaf ey
s 2= >
where
i = variable index, 1, 2, 3, ..., N
j = direction index, 1, 2, 3, ..., N
k = stage index
Di,j = sum of distances moved in the i direction since
the last rotation of axes
Mi,j = normalized direction vector component

9. Search is made in each of the X directions using the new
coordinate axes:

new X5 = o1d XX + s &)
i i i i,j

10. The search procedure is terminated when the convergence
criteria is satisfied.
A flow sheet showing the above process is given in Fig. D-1. The
program consists of a main program and four user supplied function

subprograms (Function F, Function CX, Function CG, and Function CH).
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Pick Base Point X.
and Initial Step Si:cg, S.
P= 1, 2,3, .., N
and Evaluate Objective Function

Increment X. From Best Point
A Distance S, Paratlel to Axis

Y

and Evaluate Objective Function

Modi fy
l‘unction

- N
S.{(new) = a S, (old) S.(new) = -R S.(old)
1 AT | 1 [ |
a - 1 | 0« k=1
L
No
N
i= 1+ 1

One
success
and One Fail
urc In Each
Direction
?

|R0tut0 AXCSs I

Sct Step Sizey

Fig. D-1. Flow chart of the Rosenbrock Impact Location

technique.
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FUNCTION F(X, DA, N, NPAR) specifies the objective function.

FUNCTION CX(X, DA, N, NPAR, K) specifies function to be constrained.

FUNCTION CG(X, DA, N, NPAR, K) specifies lower bound of constraints.

FUNCTION CH(X, DA, N, NPAR, K) specifies upper bound of constraints.

The following is a description of the parameters used:

M

LooPY

PR

ND

DA

NDATA

NPAR

NSTEP

DELY

NI

Problem controller; +1 for maximization, -1 for
minimization.

Number of variables.

Point index.

Number of variables plus implicit constraints.

Maximum number of stages to be calculated.

Print controller (number of stages between output).
Storage controller; 1 for storage in DA, 0 for no storage.
General storage vector.

Number of data points to be read in DA.

Dimension limit in subroutines.

Vector of initial step sizes.

Vector of initial guesses for independent variables.
Dimension limit in subroutines.

Control on step sizes for each rotation; 0 for original
step sizes, 1 for step sizes from previous rotation.
Convergence criteria, error in objective function
(difference between current value and previous stage
value).

Input logical unit number.
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NO Output logical unit number.

\Y Direction vector.

The DIMENSION statement in the main program should be modified
according to the requirements of each particular problem. 7he parameters
included in the following DIMENSION statement conforms to the input

parameter definitions above:

DIMENSION X(P), E(P), 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)

The main program furnishes all printouts of STAGE, PROGRESS,
LATERAL progress, function value and variable values. PROGRESS
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,
plus the final step sizes, direction vector components, number of
function evaluations and a graphic representation of convergence process
after each stage of iteration.

The following test problem was chosen for illustration of this
optimization process. The calculation and graphics were performed on
a PDP 11/34 computer.

Function:

Minimize F(Xy, Yo, Zo) of Eq. (4.18)



149

Detectors coordinates:
x1(0.0, 0.0, -120.0) !
X5 (-50.675, 87.7725, -64.2493)7*
X3(-50.675, -87.7725, -64.2493)""
x4 (101.351, 0.0, -64.2493)7*
Implicit variable:

P = x2 + y2 + z2
0 0 0

Constraints:
-120.0 < xo < +120.0
-120.0 < yo < +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:

E(I) = 0.9, I =1, 3 PR = 1
M= -1 ND = 0
P=3 NDATA = 0
L =4 NSTEP = 1
LooPY = 1000

RMS response of each detector:

Ay = 0.417 , A, = 2.0 , A3 = 1.7, Ay = 0.21
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Impact at:
So(-101.351, 0.0, -64.2493)}
Algorithm results:
Sg(-96.000, 9.139, -71.450) ?
Error:
E = 12.81 inches
The graphical representation of the convergence process after each

stage is shown in Fig. D-2, followed by the fortran listing of the

algorithm.
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SOURCE LOCATION FROGRAM USING ROSENBROCK H1LLCLIMB

INPUT REGLITRMENT:
INITIAL GUESS IN R, THETA, Z

MAIN LINE FROGRAM FOR ROSENBROCK HILLCLIMB

F. SHAHROKH]T AUG=3-1%7%

IMPLICLIT REAL#E(A=H, 0-7)

NIMENSTON Y (R, EA3), V3 3), 3ACH, D3, G(4), H(4), AL.(4),
&FH(4).0(4.4):3(4'4).BX(4).DA(l),VV(4,4),EINT(3).VM(4)
COMMON KOUNT

COMMON ZDATAZXX(4), YY(4), ZZ2(4), AAL4), JJJ) RRR

INTEGER#Z F, PR, R, €

REAL#+S L

DEFINE FILF 1(200, 34, U, IRELD)

CALL ASSIGNC1, “DKO: ROSHIL. DAT”, 14, “NEW")
1REL=1

NT=7

Ni=7

W)=
RRR=120. 00
XX{1)=0. 0

XX () =-T00

XR (R

XX (4):=101, 3051

YY(1)=0. 0

YY (2)=87. 77450

VY (3)=~87. 7720

YY (4)=0. 0

17 (1)==-120. 0

1702y =b4. 2493

222 =—ha, 243

270A4)Y=~b4. 24Y3

WRITE (N1, 700)

FORMAY (7 ENTER Q1 AZ, A%, A4 .. 7 %)
READ (NG, 201) (AACJIM), JM=1, 4)
FORMAT (4F10. O)

WRITE (17 1REC) (AA (M), JM=1, 4)
Ms-1
Pl
L4
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LOOPY:= 1000
FRe=1

NL1=0

NDAT A0
NSTEP:=1

10 WRITE(NL, 001)

001 EORMAT CIH , “ENTER INIT1AL GUESS (R, THETA) Ty $)
REALI(NL, OOZ)IRR, THETA

00z FORMAT (ZF10. O)

THETA= (CTHETA#3, 14157)/180. 0

¥ (1) =RREDCOS CTHETA)

X (2)=RRAGSINCTHETA)

X () emLISRRT (RRFERRR=X (1) #X (1) =X (2 #X(Z))

F(1)=0. Y
E(2)=0. %
F(3)=0 %
WRITE (N(1, 013)
013 EORMAT (1H1, 10X, 30HROSENBROCK H1LLECL IMB PROCEDURE )
C
1F (NI1--1) 30, 20, 30
20 o 200 KA=1, NDATA
READINI, 00Z) A KA)
300 CIINT INLE
30 lL.aF=FR-1
LR =0
15W:=0
INLT=0
KOLNT =0
TERM=0, O
DELY:=1, OF—6
Fi1=0.0
NFEAR=NDATA
Ne=|..
DO 40 K=1, L.
40 AL(K)z(EH(X.UA.N.NPQR.K)—CG(X.DA,N.NPAR,K))*0.0001
N A0 1=1,F
M) 60 J=1, P
VT, =00
1F (1= 60, &1, 60
&1 VT, )1, 0
60 CONT INUE
Dy &5 kK=1,F
EINT (KK)=E(KK)
65 CONT INLIE
C
Cc
1000 oy 70 =1, F
1F (NSTEF . Ei 0) EGH=RINT (D)
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SACDH =L 0
70 N =0, 0
FREEST=F1
30 =1
WWCINLTY CER OGO 10 120
70 D 110 k=1, F
110 XD =Y () HE (L) #V L, KD
[ S0 K=1, L
50 H (k) =FO

120 F1=F (X, DA, N, NFAR)
F1==M#F1
TF(15W . EQ 0) FO=k1
I5W:=1
IF (DARS (FREST-F 1) -DELY) 122, 122, 125
122 1FLAGE:= 1FLAGE+1
IFCIFLAGE LT, 10) GO T 129
TERM:==1. O
GO TO 450
12% 1FL.AGE=0

DaUH O DA Ny NFAR, W)
LFOXG L LE. LEDGO T 420
1IF O . GE. OGO 10 420
1IF (KL LT FOYGD TO 420
FOXG LT, LE+AL DGO H 140
1E (X0 . GT. UC=ALGJI)IGO 1D 140
H(=FO
GO T 210

C

140 CONTINLUE

C
BW=AL ()

IEONG L LE. LG L OR. UG LE. X260 T 150
IECLG . LT, X AND. XC L LT, LC+HBWIGH TO 160
IE(UC-RW LT, XC . AND. XC . LT, UC)GO 70 170
FH(J) =1, O

GO T 210

50 FH(J)=0. O
6N TO 150
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160 FW= (LC+RW-X0) 7BY
GO 180
170 Fl= ( XTC=LIC+EW ) /156
180 PH(J) =1, 0-35. 0%FPW+4. OrFWaPR—2 O#PW#PWHFW

190 Fl=H(D+(F1-H0D Y #PFHOD
™
210 CONT INLEE
1F ) . ER L) GO0 220
BENES|
G010 130
C
220 INLT::1
1E (K1 LY. FOY G0 TO 420
DCLY =R Y +E (1)
F(I)=3 O#EC(L)
FO=F1
1IF(sAa(1) . GE. 1.9) S8A(L)=1. 0

230 no 240 Jud=1, F
1IF(SAGLD CGE. 0 5 6O TO 440
240 CONT INUE

»,

AXES ROTATION

oo

Doy 20 KR=1, F
Do 250 G=1,F
250 VWG, R)Y =00
no 260 R=1,F
KR=R
M) 260 C=1,F
265 B=EKR, F
A VVFG 0 =D KD #V K G +VWW IR, ©)
260 R(R, 0 =UV(R, )
BMAG-0. O
Do 250 C=1, ¥
EMAG= BMAGHR (L, D) #BOL, ©)
280 CONT INUE
BMAG=TESRRT (BMAG)
BX (1) :=1MAG
Wy 310 =1, F
310 VL, CYy=R(1, C)Y/BMAG
C
po 390 R=2Z, F
[
1R=R~-1
G 3v0 D=3,P
SLUMVM=-0. O
[ 3x0 Kk=1, 1R
SUMAV:=0, 0
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370
390

390

340

¥
440
[

4350

003

004
014
[
0%
°

006

156

0 Kul=1, P

MAV+UV (I, K1) #V (KK, KJ)
=5 IMAVEV (KK, () +5LUMVM
BOR, G =WV R, ) —5LUMVM

N0 340 R=2, P

BEBEMAG=0, O ’

[ 350 k=14, F
REMAG:=REMAGHE (R, K)#RIR, K)
REBMAG=DSERT (BEBMAG)

o 340 =1, F

VR, 0 =ROR ) Z7RRMAL
LR CP+1

LAF=L AR+ 1

1IE (AP | Fi PR)Y GO 10 450
GO 10 1000

1FCINIT CER. 0O) G0 TO 450

i A30 1X=1, P
XCIXD=X1X)~-ECL)Y#V (L, 1X)
EC) =0, G#ECLD)

1IE(SAC)Y LT, 1. 5)8AC1)=0. 0
GO T 230

CONT INLE

IF(L . EQ F) GO0 80
1=1+1
GO TO %0

CONT INLIE

WRYTE (N1, O03)

FORMAT (77, 2%, SHSTAGE, 8X, BHFUNCTI0N, 12X, SHPRUGRESS, 9X,
216HLATERAL. PROGRESS )

WRTTE (ND, 004 LOOF, 0, BMAG, BRMAG

FORMAT (LH 15, 3E20. 8)

WR1TE (N3, 014) KOLINY

EORMAT (7, 22X, 33HNUMBER DF FUNCTION EVALUATIONS = , 18)
WRITE (N, 000

FORMAT (/> %Y, 25HVALUES OF X AT THIS STAGE )

FRINT CURKENT VALUES OF X

WRITE (N5, 006) CIM, X G, JM=1, F)

WRITE (17 IREC) (LOOP, X (M) JM=1, 1)

EORMAT (/, 2%, 3CZHX (4 12, 4H) = , LPEL4. &, 3X) )

LAF:=0

IFCINIT . EQ 0) 60 T0 470

IF(TERM | EQ. 1. O)YGD 10 A20

IE(LOOP . GE. LODFY) GO TO 480

G0 T 1000
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007

430
490
008

500
009

011

012

C

WRITE (NG, OO7)

EORMAT (/77 2%, S1IHITHE STARTING FPOINTS MUST NOT VIOLATE THE
SCUNSTRAINT S, 11 AFPEARS TO HAVE DUNE 50.)

CONT INUE

WR1TE (N, O08)

EORMAT (/7 7, 2%, 29HF INAL DIRECTLON VECTOR MATRIX)

o 500 =1, F

WRITE (NG, 009) (0, 1L, VG 1), =1, P)
FORMAT (/7 2% 3(ZHV (G 12, 1H, » 12, 4H)
WRITE (NCH O11)
FOURMAT (/7 2%, 16HF INAL. STEP SIZES )
WRITE(NO, 012) (J EGH, J=1, P)

FORMAT (/) 2%, 3(ZH5( 12, 4AH) = , 1FE14. 6, 3X))

»F11.8,3X))

il

STOF
ENI
FUNCTVION F (X, LA, N, NPAR)

IMFLIGCIT REAL#S(A-H, (-7)

NIMENSION X (N), DACNFAR)

COMMUN KOHINT

COMMON Z7DATAZXX(4), YY{4), 72(4), AA(4), JJJ: RRR
F1=0. 0

FZz=0. 0

Fa=0. 0

T (X (1) RXN (VX CZI#YY O +X (3 #Z27(2)) 7/ (RRR#RRR)
1F(BARS(T2) . GT. 1.0) GO To 3

IF(DARSCTZ) . LY. 0. 01)ARCZ=3 14157/2. 0

IE(DARS (TZ) . GE. 0. 01 ARCZ=DATAN(DSERT (~T2##2+1) /T2)
1E(DARS(TZ) . GE. 0. 01 . AND. TZ . L.T. 0. 0)ARCZ=3 14157+ARCZ
T (X (L) BXX (LI X (YYD +X () #ZZ (1)) / (RRR#RRR)
IF(IABS(TLY . GT. 1.0) G0 70 1

IF(DARS(TL) . LT, 0 O1)ARCT=3 14157720

IF(DARS(TL) . GE. Q. 01)ARCI=IATAN(DSRRT (-T1##2+1)/T1)
IF(DAES(T1) . GE. 0. 01 . ANDL T1 . LT. 0. 0)ARC1=3 14157+ARC1
TR=(X (1)XX(3)+X (2 RYY (3)+X (3 #7272 (3) )/ (RRR*RRR)
TEADARS(T2)Y L GT. 1.0 GO T 3}

IF(DARS(T3) LT, 0. 01)ARCE=3 14157720

IF(DARS(TIE) . Gk O, 01)ARI DATANISART (-T33##2+1) /73)
IF(DABS(13) . GE. 0. 01 . AND. T3 . L.T. 0. 0)ARC3=3. 14157+ARC3
Th= (X (1) #XX (A +X (2 RYY (8)+X(3) #Z1(4)) / (RRR#KRRR)
IF(DARS(TA) . GT. 1.0) GO TO 1

[F(NARS(TA4) LY. 0. 0)ARCA=3. 1415772, 0

IF(NABS (T4) . GE. 0. 01)ARCA=IATAN (DSRKT (~14##2+1)/T4)
IEC(DARS (T4) . GE. 0.01 . AND. T4 _LT. 0. 0)ARC4=3 14157+ARC4
ARG =ARCT#180. O/3. 14157

S2=ARCI#180. O/3 14157

=ARCIHABO. O/F 14157

ARCA=ARCA®180. 0/3. 14157
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F1=0RC T #ARE T ~ORCZ#ARCZFANCY) 7AACL)
Eo=ARC 1 #ARE L -ARC3HARCIFAA () /AACL)
Ea=ARG L #ARG 1 -ARCARARCARAA(4) /AACL)
E=F 1k LR a2 +F 333

F=IN0GLOF)

KOUNT =-KOLINT +1

RETLIRN

KOUNT =k TUNT

F=1. OF2C
RETURN
END
FUNCTION CX X, DA N, NFAR, K)

IMELICIT REAL®E (A-H, 0-1)
HIMENSION X (N), DA (NFAR)
1F(K . ER 4) GO TO 1
CX=X(K)

RETLIRN

XX (K=3) ##2+ Y (K=2) ##2+X (K~1)##2
RETURN

ENI

FUNCTION GG, DA, N, NFAR, K)
IMPLIGLT REAL#E (A-H, 01-7)
DIMENSION X (N), LAINFAR)

IF(K FR. 4) GO 101
G=~120. 0

RETHIRN

Ch=14256. 0

RETURN

END

FUNCTION CHOX, DA, N, NPAR, KD

IMPLLGIT REALES (A-H, 0-7)
DIMENSION X (N, BANPAR)

1E(K . B 4) GO 101
LH=120. 0

RETLIRN

H=14%544. 0

RETLIRN

END
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